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ABSTRACT

Background: Metal exposures could possibly affect allergic responses in pregnant women, although no studies have yet shown a
clear relationship between the two, and such exposures might also affect the development of allergic diseases in children.

Methods: We investigated the relationship between metal concentrations in whole blood and immunoglobulin E (IgE; total and
specific) in 14,408 pregnant women who participated in the Japan Environment and Children’s Study. The subjects submitted
self-administered questionnaires, and blood samples were collected from them twice, specifically, during the first trimester and
again during the second=third trimester. Concentrations of the metals Cd, Pb, Hg, Se, and Mn, as well as serum total and
allergen-specific IgEs for egg white, house dust-mites (HDM), Japanese cedar pollen (JCP), animal dander, and moth, were
measured. Allergen-specific IgE(s) were divided based on concentrations <0.35 or ≥0.35UA=mL, and the metal levels were
divided into quartiles.

Results: Multivariable logistic regression analysis showed that there was a significant negative correlation between HDM- and
animal dander-specific IgEs and Hg and Mn concentrations. Conversely, there was a significant positive relationship between
JCP-specific IgE and Hg and Se concentrations.

Conclusions: Metal exposures may be related to both increases and decreases in allergen-specific IgEs in pregnant women.

Key words: metal concentrations; specific IgE; pregnant women; maternal health; allergic sensitization

Copyright © 2019 Mayumi Tsuji et al. This is an open access article distributed under the terms of Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

INTRODUCTION

Allergic diseases can potentially affect the course of pregnancy,1

and poorly controlled allergic diseases during pregnancy are
associated with high mortality, low birth weights, and congenital
malformations.2 Maternal sensitization to allergens also affects

the onset of allergic diseases in children.3,4 This is because
the maternal allergy is associated with an increase of cord
blood immunoglobulin E (IgE),3 which can potentially induce
T helper (Th) 2 shifts in the neonate,3,4 and these Th2 shifts
may contribute to the development of allergies in subsequent
children.4
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Currently, two types of IgE information are measured clinically
in common allergy diagnoses.5,6 One type involves the measure-
ment of total IgE, in which the antibody activity toward specific
allergens is unclear. Total IgE concentrations are known to be
associated with the development of allergic symptoms and
sensitizations.7 The other type involves the measurement of
specific IgEs, and these data show the antibody activity against
specific allergens. Recently, the immunotoxic properties of metals
have been pointed out and some studies have reported that there
are relationships between metal exposures and IgEs. In human
studies, positive associations between exposures to mercury (Hg)=
lead (Pb) and serum levels of IgEs were reported.8–10 On the other
hand, other studies have reported that there were relation-
ships between Hg, cadmium (Cd), selenium (Se), and manganese
(Mn) exposures and IgEs.10–12 However, the number of study
subjects ranged from about only several tens of individuals to
approximately one thousand, and there have been no studies that
measured both total IgE and several specific IgEs at the same time.

Various changes occur in pregnant women compared to those
who are not pregnant, and pregnant women tend to have higher
metal concentrations in their bodies. For example, Cd absorption
increases when iron stores are depleted.13 Therefore, the blood Cd
concentration increases throughout the pregnancy period because
pregnant women tend to exhaust iron stores.13 Additionally,
bones are known reservoirs for Pb.14 Pregnancy and lactation are
powerful stimuli for bone resorption, and Pb that reenters
circulation can raise blood Pb levels in pregnant women.14,15 In
this way, although the relationships between many metal con-
centrations and pregnancy have not been fully clarified, metals
that women have been exposed to may have different in vivo
metabolic fates and effects in pregnant women than those in
women who are not pregnant.

Taken together, it is very important to survey maternal metal
exposures and IgE levels for both maternal and childhood health.
Therefore, we have tried to clarify the relationships between
metal concentrations in blood and total and specific IgEs in
pregnant women who participated in the Japan Environment and
Children’s Study (JECS).16,17 This study is a cross-sectional study
and the first of its kind in Japan to use JECS data to elucidate the
connection between metal concentrations in blood and IgEs.

MATERIALS AND METHODS

Ethical approval and informed consent
JECS has been conducted based on the Ethical Guidelines for
Epidemiological Research proposed by Japan’s Ministry of
Health and Welfare (currently the Ministry of Health, Labour
and Welfare). The JECS protocol was reviewed and approved by
the Ministry of the Environment’s Institutional Review Board on
Epidemiological Studies and by the Ethics Committees of all
participating institutions. The JECS was conducted in accordance
with the Helsinki Declaration and Japanese national regulations,
with written informed consent obtained from all participants.16,17

Subjects and questionnaires
The target subjects of this study were pregnant women (median
age: 31 years) who participated in the JECS. They were recruited
from January 2011 through March 2014. These women lived in
one of 15 JECS study regions covering a wide geographical area
of Japan, and they were recruited during early pregnancy at
obstetric facilities and=or local government offices.16

Of the 15,592 women that had both IgEs and metal concen-
trations measured, we excluded those for whom data were
missing (n = 895) and those on medication (n = 289). The final
study population was 14,408 pregnant women (Figure 1).

Self-administered questionnaires were distributed to the women
during their first trimester (T1) and second or third trimester (T2)
at prenatal examinations or via mail. Data from the questionnaire
given at T1 were used in this study because IgE levels were
measured using T1 blood samples. Questionnaire data for the
present study is based on the “jecs-ag-ai-20160424” dataset,
which was released in June 2016 and revised in October 2016.

Blood collection
Maternal blood samples were collected during T1 (median
pregnancy week: 15) and T2 (median pregnancy week: 26) of
pregnancy.17,18 In one round, 33mL of blood were collected from
each pregnant woman. Total IgE and allergen-specific IgE levels
were then measure using T1 blood samples. Metal concentrations
were measured using T2 blood samples. Blood sample data for
the present study is based on the “jecs-mtl-ai-20170403” dataset,
which was released in April 2017.

Measurements of metal (Cd, Pb, Hg, Se, and Mn)
concentrations in blood
The method used for measurements of metal concentrations in
blood has already been published in our earlier paper.19 Briefly,
blood samples were collected in tubes lined with sodium ethyl-
enediaminetetraacetic acid (EDTA) and stored at −80°C until use.
A standard solution of all target elements except Hg was prepared
in 0.14M nitric acid. A standard solution of Hg was produced in a
mixture of 0.056M nitric acid, 0.5% w=v H4EDTA, and 1% v=v
tetramethylammonium hydroxide (TMAH). The final concen-
trations of Hg, Pb, Cd, Mn, and Se in the standard solutions were
200, 200, 20, 600, and 2,000 ng=g, respectively. Internal standards
(yttrium, indium, and thallium, 250 ng=g) were prepared in 0.14M
nitric acid. Blood samples (200 µL) were diluted to a 1:19
ratio using a solution of 2% v=v butan-1-ol, 0.1% TMAH, 0.05%
w=v polyoxyethylene (10) octylphenyl ether, and 0.05% w=v
H4EDTA, and then, samples were vortex mixed prior to analysis
with inductively coupled plasma mass spectrometry (ICP-MS).

Metal levels in the blood were measured using an Agilent
7700 inductively coupled plasma mass spectrometer (Agilent
Technologies, Japan). Method detection limits for each analyte
were calculated as described previously.20 The total concentration
of the Pb isotypes is given as the sum of the concentrations
of 206Pb, 207Pb, and 208Pb. To correct the spectral overlap
from molybdenum oxide (95Mo16O), the concentration of 111Cd
was calculated using the following equation: [Cd] = [m=z 111
concentration] − [m=z 95 concentration] × [95Mo16O generation
rate]. The 95Mo16O generation rate was derived using the equation
[95Mo16O generation rate] = [concentration of m=z 111 when a
standard solution of 100 ppb 95Mo was analyzed]=[concentra-
tion of m=z 96 when a standard solution of 100 ppb 95Mo was
analyzed].

Total and allergen-specific IgE assays
Serum total and allergen-specific IgE levels were analyzed using
immunological assays with the ImmunoCAP system (Thermo
Fisher Scientific, Sweden) at a clinical laboratory under contract.
The following specific allergens were detected: egg white, house
dust-mite (HDM; Dermatophagoides pteronyssinus), Japanese
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cedar pollen (JCP), animal dander, and moth. The results of the
ImmunoCAP system were given as exact values in UA=mL, and
these data were scored using the following system of seven
classes ranging from 0–6: class 0: <0.35, class 1: 0.35–0.69, class
2: 0.70–3.49, class 3: 3.50–17.49, class 4: 17.50–49.99, class 5:
50.00–99.99, and class 6: ≥100. In the results, values of 0.35
UA=mL or higher were taken as a sign of sensitization.21

Statistical analyses
The distribution of metals was skewed; therefore, natural
logarithmic conversions were applied to the variables before
two-group comparisons using Welch’s t-test and multivariable
regression analysis. The associations between specific IgE classes
and metal concentrations were analyzed using multivariable
regression. Adjusted means, 95% confidence intervals, and P
values were calculated using multivariable logistic regression and
multivariable regression analysis with adjusted factors, such as
age, body mass index (BMI) before pregnancy, allergic diseases
(asthma, allergic rhinitis, atopic dermatitis, allergic conjunctivitis,
food allergy, drug allergy), smoking habits, partner’s smoking
habits, alcohol consumption, ownership of pets, the month of T1
blood sampling, and geographic region.

Participants were asked to report allergic diseases diagnosed by
clinicians. For the category of smoking habits, current smokers
and never-=former-smokers were categorized as “Yes” and “No,”
respectively. For alcohol consumption, women who consumed
alcohol during pregnancy were grouped as “Yes” and women
who had never consumed or quit drinking during pregnancy were
grouped as “No.” We treated smoking and alcohol consumption
as categorical variables in the statistical models.

We divided all subjects into four groups depending on the
concentration levels of each metal, so that each sub-group
consisted of close to one-fourth of the total subjects (ie,
a “quartile”; 1st quartile = Q1, 2nd quartile = Q2, 3rd quartile =
Q3, 4th quartile = Q4), and we used these sub-groups in the
multivariable logistic regression analysis.

All analyses were performed in STATA version 14 (Stata
Corporation, College Station, TX, USA), and statistical signi-
ficance was assumed when P < 0.05 (two-sided).

RESULTS

Table 1 shows the characteristics of the study population, and
Table 2 shows the total and allergen-specific IgE classes in
serum. No subject had an egg-specific IgE class of 4 or higher or
a moth-specific IgE class of 5 or more. On the other hand, the
subjects had HDM-, JCP-, and animal dander-specific IgE results
that were distributed across all of the classes.

The concentration of Cd in the samples from those who had the
low egg white-specific IgE was significantly higher than that from
subjects who had high IgE values for that allergen. A similar
tendency was also observed for HDM-specific IgE and Pb, as
well as animal dander-specific IgE and Cd, Hg, and Se. However,
the Hg and Se concentrations in samples with high JCP-specific
IgE values were significantly higher than those in samples with
low IgE values for the same allergen (Table 3).

To further assess the association between metal concentrations
and IgE levels, while considering adjusted factors that could have
influences on allergic sensitizations, we conducted multivariable
logistic regression analyses using the quartile variables of the

The number of all pregnancies registered (N=103,099)

Blood samples collected during early pregnancy period (n=89,434) Blood samples collected during mid-late pregnancy period (n=96,098)

Concentration of total IgE and specific IgE were measured       Randomly selected samples for measuring concentrations of metals 

(Specific IgEs: egg-white, dust, cedar, animal dander, moth) (n=89,434) (Cd, Pb, Hg, Se, Mn) (n=20,000)

Withdrawals before analysis (n=2)

Measurements did not meet quality control criteria (n=1,999)

Withdrawal before data confirmation (n=1)

Confirmed measurements (n=17,998)

Confined to the data of the first registration Confined to the data of the first registration

when the same women registered more than once during when the same women registered more than once during

the recruitment period (n=5,196) the recruitment period (n=417)

Pregnant women (n=84,238)                                   Pregnant women (n=17,581)

Pregnant women who measured both IgEs and metal concentrations (n=15,592)

One or more of the following questions are missing (n=895):

age at sampling, month at sampling, BMI, allergic histories, 

smoking habits, smoking habits of partner, drinking habits, owning pet

Medications (antiallergic agent, steroid, immunosuppressant) (n=289)

Final study population (n=14,408)

Figure 1. Flow chart showing the selection of the study subjects
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metal concentrations. The allergen-specific IgEs were divided into
the following two groups: low: <0.35 or high: ≥0.35 (UA=mL).
There were significant relationships between HDM-specific IgE
and Hg Q4; JCP-specific IgE and Hg Q3 and Q4; JCP-specific IgE
and Se Q2, Q3, and Q4; animal dander-specific IgE and Hg Q3
and Q4; animal dander-specific IgE and Se Q3; and animal
dander-specific IgE and Mn Q2 and Q3. The odds ratio (OR) of
HDM- and animal dander-specific IgE decreased as the Hg
concentration increased (P values for the trends were 0.010 and
0.006, respectively). Conversely, the OR of JCP-specific IgE
increased as the Hg and Se concentrations increased (P values for
the trends were both <0.001) (Table 4). There were significant
relationships between total IgE values and Se Q4; and moth-
specific IgE and Cd Q3. However, the ORs of total IgE and moth-
specific IgE did not increase or decrease significantly as the Se and

Cd concentrations changed (P values for the trends were 0.842 and
0.206, respectively) (eTable 1).

We analyzed the relationships between allergen-specific IgE
classes and metal concentrations that had significant differences
(Table 4). Hg concentrations decreased significantly depending
on the class of HDM-specific IgE (P = 0.002). Hg and Mn
concentrations decreased significantly depending on the classes of
animal dander-specific IgE (Hg: P < 0.001; Mn: P = 0.033). On
the other hand, Hg and Se concentrations increased significantly
depending on the classes of JCP-specific IgE (Hg: P < 0.001; Se:
P < 0.001) (Table 5).

DISCUSSION

This study demonstrated that there is a positive relationship
between JCP-specific IgE and Hg and Se concentrations in the
blood of pregnant women. However, HDM- and animal dander-
specific IgE had a negative relationship with Hg concentrations.

Hg and Se are both taken in mainly from seafood, and since
there is a high interest in Hg intake in Japan, the Japanese
government has announced precautions regarding the consump-
tion of seafood during pregnancy. There are only a few
epidemiological studies that have reported on the association
between Hg and IgEs in humans. Grandjean et al reported that
prenatal methylmercury (MeHg) exposures were slightly
associated with an increase in total IgE; however, grass-specific
IgE was inversely associated with prenatal MeHg exposures in
children.11 Weidinger et al reported a positive relation between
Hg and total IgE but not specific IgE in children.8 In a study using
human peripheral blood mononuclear cells to investigate the
effects of MeHg and inorganic Hg (InHg) on immunologic
dysfunction, interleukin 4 (IL-4) increased in association with
both MeHg and InHg exposures, and in particular, the increases
in concentrations of IL-4 were lower for MeHg than those for
InHg.22 In studies using rats and mice, InHg was found to induce
the activation of Th2 cells and the upregulation of IL-4, and it
activated polyclonal B cells and increased the level of IgE in
circulation.23–25 Although the different mechanisms of the
influence of Hg exposures on total IgE and specific IgE are not
known, considering human and animal studies together, increased
IgE may be due to the secretion of IL-4 from Th2 cells activated
by Hg exposures.

In an investigation of the natural history of the allergens, an
analysis of the distribution of sensitization over time revealed that
JCP-specific IgE reaches a peak in humans at the age of 40 years
and then decreases rapidly thereafter.26 Since the average age of
the participants in this study was 31 years, and 97% of the
subjects were under 40 years of age, it is possible that current Hg

Table 1. Characteristics of the study population

Characteristics

Mean (SD) age, years 30.9 (4.9)
Mean (SD) BMI, kg=m2 21.2 (3.2)
Asthma
No=Yes (%) 12,890 (89.5)=1,518 (10.5)

Allergic rhinitis
No=Yes (%) 9,359 (65.0)=5,049 (35.0)

Atopic dermatitis
No=Yes (%) 12,134 (84.2)=2,274 (15.8)

Allergic conjunctivitis
No=Yes (%) 12,988 (90.1)=1,420 (9.9)

Food allergy
No=Yes (%) 13,750 (95.4)=658 (4.6)

Drug allergy
No=Yes (%) 14,048 (97.5)=360 (2.5)

Smoking during pregnancy
No=Yes (%) 13,723 (95.2)=685 (4.8)

Smoking during pregnancy (partner)
No=Yes (%) 7,847 (54.5)=6,561 (45.5)

Alcohol consumption during pregnancy
No=Yes (%) 12,959 (89.9)=1,449 (10.1)

Own pets
No=Yes (%) 11,214 (77.8)=3,194 (22.2)

Total IgE concentration, IU=mL
≤173=>173 (%) 11,133 (77.3)=3,275 (22.7)

Mean (SD) metal concentration, ng=g
Cd 0.75 (0.38)
Pb 6.44 (2.86)
Hg 4.17 (2.41)
Se 171 (20.4)
Mn 15.8 (4.61)

BMI, body mass index; IgE, immunoglobulin E; SD, standard deviation.

Table 2. Serum allergen-specific IgE data for the study population

Number of the subjects (%)

Specific IgE concentration classa 0 1 2 3 4 5 6

Egg white 14,260 (99.0) 101 (0.7) 45 (0.3) 2 (0.01) 0 (0) 0 (0) 0 (0)
HDM 7,606 (52.8) 809 (5.6) 1,639 (11.4) 2,356 (16.4) 1,352 (9.4) 474 (3.3) 172 (1.2)
JCP 6,453 (44.8) 708 (4.9) 1,984 (13.8) 2,900 (20.1) 1,629 (11.3) 549 (3.8) 185 (1.3)
Animal dander 11,438 (79.4) 948 (6.6) 1,413 (9.8) 454 (3.2) 118 (0.8) 31 (0.2) 6 (0.04)
Moth 10,331 (71.7) 1,345 (9.3) 2,146 (14.9) 557 (3.9) 29 (0.2) 0 (0) 0 (0)

IgE, immunoglobulin E.
Values are given in numbers and percentages.
aclass 0: <0.35, class 1: 0.35–0.69, class 2: 0.70–3.49, class 3: 3.5–17.49, class 4: 17.5–49.99, class 5: 50–99.99, class 6: ≥100 (UA=mL).
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exposures might affect the Th2 responses and increased the JCP-
specific IgE in this study. In addition, this allergen is only present
during a specific season. A strong increase in pollen-specific IgE
was observed during the pollen season, and although it decreased
once the season ended, it remained elevated for 1 year.27

Therefore, the relationship between JCP-specific IgE and Hg
exposures could be explained by the direct promotion of Th2 by
Hg exposures during the JCP pollen season, but it is necessary to
consider other mechanisms during the non-JCP-pollen season. It
has been reported that information is relayed to the immune

system by IgE-switched B cells, which are not responsive to IL-4-
mediated signals.27 Previous studies have shown that B cell
receptor (BCR) signaling can be activated by spleen tyrosine
kinase (Syk) via phosphorylation reactions in B cells.28 And
Vaillant et al indicated that the BCR signaling pathway was also
related with an increase in antibody production.29 When JCP
enters the human body as an allergen, IgE-switched B cells may
not die because of the abnormal BCR signaling pathway, and this
may promote the formation of memory B cells and long-lived
plasma cells, which can induce excessive IgE production

Table 3. The relationships between metal concentrations and total and allergen-specific IgEs

Metal concentration median
(25th, 75th)

Total IgE, IU=mL Egg white-specific IgE, UA=mL HDM-specific IgE, UA=mL

Low
(≤173; n = 11,133)

High
(>173; n = 3,275)

P valuea
Low
(<0.35; n = 14,260)

High
(≥0.35; n = 148)

P valuea
Low
(<0.35; n = 7,606)

High
(≥0.35; n = 6,802)

P valuea

Cd 0.66 (0.50, 0.90) 0.65 (0.49, 0.88) 0.059 0.66 (0.50, 0.90) 0.60 (0.47, 0.84) 0.018 0.66 (0.50, 0.90) 0.65 (0.49, 0.90) 0.454
Pb 5.91 (4.78, 7.40) 5.99 (4.81, 7.49) 0.402 5.93 (4.79, 7.43) 5.62 (4.63, 7.35) 0.274 5.98 (4.80, 7.46) 5.88 (4.77, 7.39) 0.016
Hg 3.63 (2.57, 5.13) 3.58 (2.53, 5.12) 0.732 3.62 (2.56, 5.12) 3.64 (2.43, 5.41) 0.971 3.63 (2.58, 5.19) 3.61 (2.54, 5.09) 0.240
Se 169 (157, 182) 169 (157, 183) 0.526 169 (157, 182) 170 (157, 188) 0.389 169 (158, 183) 169 (157, 182) 0.045
Mn 15.2 (12.5, 18.5) 15.2 (12.6, 18.4) 0.952 15.2 (12.5, 18.5) 16.0 (12.7, 19.1) 0.320 15.2 (12.5, 18.5) 15.2 (12.6, 18.5) 0.683

Metal concentration median
(25th, 75th)

JCP-specific IgE, UA=mL Animal dander-specific IgE, UA=mL Moth-specific IgE, UA=mL

Low
(<0.35; n = 6,453)

High
(≥0.35; n = 7.955)

P valuea
Low
(<0.35; n = 11,438)

High
(≥0.35; n = 2,970)

P valuea
Low
(<0.35; n = 10,331)

High
(≥0.35; n = 4,077)

P valuea

Cd 0.66 (0.50, 0.91) 0.66 (0.49, 0.89) 0.308 0.66 (0.50, 0.90) 0.64 (0.48, 0.88) 0.003 0.66 (0.49, 0.90) 0.66 (0.50, 0.90) 0.574
Pb 5.92 (4.77, 7.43) 5.94 (4.79, 7.43) 0.837 5.93 (4.78, 7.43) 5.93 (4.79, 7.42) 0.594 5.90 (4.77, 7.41) 6.00 (4.81, 7.46) 0.105
Hg 3.48 (2.47, 4.91) 3.76 (2.64, 5.28) <0.001 3.65 (2.58, 5.16) 3.52 (2.50, 5.02) 0.006 3.64 (2.58, 5.13) 3.58 (2.50, 5.12) 0.237
Se 168 (156, 182) 170 (158, 183) <0.001 169 (157, 183) 168 (157, 182) 0.024 169 (157, 183) 169 (157, 182) 0.574
Mn 15.2 (12.5, 18.5) 15.2 (12.5, 18.5) 0.797 15.2 (12.6, 18.5) 15.1 (12.3, 18.5) 0.056 15.2 (12.6, 18.5) 15.1 (12.5, 18.4) 0.097

IgE, immunoglobulin E.
aP values were obtained using Welch’s t-test with natural log transformed values.

Table 4. Results of multivariable analysis in the relationship between quartile concentration of metals and allergen-specific IgEs

Quartile
concentration of
metals (ng=g)

HDM-specific IgE, UA=mL JCP-specific IgE, UA=mL Animal dander-specific IgE, UA=mL

Low
(<0.35;
n = 7,606)

High
(≥0.35;
n = 6,802)

OR (95% CI)a P valuea
Low
(<0.35;
n = 6,453)

High
(≥0.35;
n = 7,955)

OR (95% CI)a P valuea
Low
(<0.35;
n = 11,438)

High
(≥0.35;
n = 2,970)

OR (95% CI)a P valuea

Cd
Q1 (≤0.495) 1,841 1,754 1.00 (referent) 1,586 2,009 1.00 (referent) 2,797 798 1.00 (referent)
Q2 (0.496–0.657) 1,924 1,674 0.92 (0.84–1.02) 0.100 1,628 1,970 0.94 (0.85–1.04) 0.228 2,831 767 0.98 (0.87–1.10) 0.746
Q3 (0.658–0.897) 1,943 1,661 0.94 (0.85–1.04) 0.225 1,570 2,034 1.04 (0.94–1.15) 0.464 2,905 699 0.90 (0.80–1.02) 0.097
Q4 (≥0.898) 1,898 1,713 1.04 (0.94–1.15) 0.498 1,669 1,942 0.98 (0.89–1.09) 0.747 2,905 706 0.94 (0.83–1.07) 0.368
Pb
Q1 (≤4.78) 1,866 1,734 1.00 (referent) 1,623 1,977 1.00 (referent) 2,860 740 1.00 (referent)
Q2 (4.79–5.92) 1,855 1,736 1.00 (0.90–1.10) 0.935 1,618 1,973 1.00 (0.91–1.11) 0.953 2,850 741 0.99 (0.87–1.11) 0.815
Q3 (5.93–7.42) 1,937 1,670 0.92 (0.84–1.02) 0.103 1,591 2,016 1.06 (0.96–1.17) 0.252 2,858 749 1.01 (0.90–1.14) 0.870
Q4 (≥7.43) 1,948 1,662 0.91 (0.83–1.01) 0.073 1,621 1,989 1.04 (0.94–1.15) 0.407 2,870 740 0.99 (0.88–1.12) 0.885
Hg
Q1 (≤2.55) 1,858 1,726 1.00 (referent) 1,754 1,830 1.00 (referent) 2,801 783 1.00 (referent)
Q2 (2.56–3.61) 1,926 1,680 0.91 (0.82–1.00) 0.057 1,684 1,922 1.06 (0.96–1.18) 0.214 2,845 761 0.93 (0.83–1.05) 0.238
Q3 (3.62–5.11) 1,856 1,727 0.98 (0.89–1.08) 0.734 1,543 2,040 1.23 (1.12–1.36) <0.001 2,865 718 0.88 (0.78–0.99) 0.031
Q4 (≥5.12) 1,966 1,669 0.86 (0.78–0.95) 0.003 1,472 2,163 1.35 (1.22–1.49) <0.001 2,927 708 0.81 (0.72–0.92) 0.001
Se
Q1 (≤156) 1,755 1,659 1.00 (referent) 1,624 1,790 1.00 (referent) 2,680 734 1.00 (referent)
Q2 (157–168) 1,878 1,719 1.00 (0.90–1.10) 0.951 1,617 1,980 1.15 (1.04–1.27) 0.008 2,813 784 1.06 (0.94–1.19) 0.355
Q3 (169–181) 1,948 1,663 0.91 (0.82–1.01) 0.063 1,593 2,018 1.17 (1.06–1.30) 0.002 2,912 699 0.88 (0.78–1.00) 0.046
Q4 (≥182) 2,025 1,761 0.94 (0.85–1.04) 0.233 1,619 2,167 1.26 (1.14–1.39) <0.001 3,033 753 0.95 (0.84–1.07) 0.414
Mn
Q1 (≤12.4) 1,856 1,628 1.00 (referent) 1,550 1,934 1.00 (referent) 2,711 773 1.00 (referent)
Q2 (12.5–15.1) 1,924 1,704 1.01 (0.92–1.12) 0.793 1,666 1,962 0.97 (0.87–1.07) 0.494 2,900 728 0.87 (0.77–0.98) 0.024
Q3 (15.2–18.4) 1,907 1,754 1.03 (0.94–1.14) 0.519 1,614 2,047 1.03 (0.93–1.14) 0.594 2,941 720 0.83 (0.74–0.94) 0.002
Q4 (≥18.5) 1,919 1,716 1.01 (0.92–1.12) 0.794 1,623 2,012 1.02 (0.92–1.13) 0.681 2,886 749 0.90 (0.79–1.01) 0.070

IgE, immunoglobulin E.
aOdds ratios and corresponding 95% confidence intervals and P values were obtained using multivariable logistic regression analysis adjusted for age, BMI,
allergic diseases (asthma, allergic rhinitis, atopic dermatitis, allergic conjunctivitis, food allergy, drug allergy), smoking during pregnancy, smoking habits of
partner, alcohol consumption during pregnancy, owning pets, month of T1 blood sampling, and geographic region.
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resulting in an allergic response.30 McCabe et al31 reported that
low levels of InHg attenuate the BCR signaling pathway, and
Caruso et al32 reported that Hg alters the BCR signaling pathway,
especially through inducing changes in Syk activity in experi-
mental studies. In short, abnormalities in the BCR signaling
pathway may occur in subjects who have been exposed to Hg,
and consequently, IgE-switched B cells do not die and JCP-
specific IgE is more likely to be produced throughout the year.

Deficiencies of Se, which is an essential element, generally
pose a risk for negative effects on the immune systems and brains
of pregnant women and fetuses.33 However, Se is toxic to humans
when taken in at high doses through acute inhalation or dermal
contact.34–36 Hoffmann37 reported that the relationship between
Se and Th2 responses is not dose-dependent. One possible effect
of Se is the induction of the Th1 immune system according to the
mouse model38; however, this relationship is not consistent with
the results in humans. Therefore, further studies are necessary
to clarify the relationship between Se exposures and allergic
responses.

The HDM-specific IgE had a negative relationship with Hg,
and animal dander-specific IgE had a negative relationship with
Hg and Mn. The mechanism of IgE sensitization to aeroallergens
can change depending on the patient’s age.39 Unlike JCP, HDM
and animal dander sensitizations are prominent in children,40 and
HDM tends to not become a newly sensitized antigen as a person
grows to adulthood.39,40 In addition, once HDM-specific IgE
responses increase in childhood, it is difficult for decreases to
occur.41 Therefore, adulthood HDM and animal dander-specific
IgEs do not necessarily indicate accurately sensitizations in
adulthood and it was difficult to draw a clear conclusion from the
results of this study. In order to clarify the relationship between
HDM- and animal dander-specific IgEs and metal exposures,
further studies that include metal exposures and the allergic
sensitization situation during childhood will be necessary.

Based on our discussion and the results of previous research,
we offer the following hypothesis on the mechanism for the
upregulation of IgE production by heavy metals, which is related
to allergic disease (Figure 2). There are mainly two pathways that
produce IgE, specifically, pathways that are responsive or non-
responsive to IL-4.30,42,43 Several researchers have reported that
IL-4 expression is induced in the presence of Pb and Hg in both
in vivo and in vitro studies.22–24,44,45 Hg exposures were also

reported to alter the phosphorylation status of Syk in the
BCR signaling pathway associated with IL-4-independent IgE
production in WEHI-231 cells, a murine immature B lymphoma
cell line.31,32 Taken together, Hg may interact with some
components involved in the pathway of IgE production, and this
is followed by an increase of IgE.

The present study has some limitations that merit discussion
and further research. First, our target subject was only pregnant
women. Pregnancy hormones, such as progesterone and human
chorionic gonadotrophin, promote Th2 immunity.46 There is a
notable study that showed that IL-4 can be produced under the
influence of progesterone.47 Therefore, it is impossible to deny
the possibility that pregnancy itself affects IgE production, and
that the relationship between metal exposures and IgE might
show stronger results in pregnant women compared to non-
pregnant women. Regardless, a study targeting non-pregnant
women is also needed in the future. Second, we could not
determine the source of the exposure to the metals. According to
the Japanese Ministry of Health, Labor and Welfare, however,
more than 80% of Hg intake, which was significant in the present
study, is derived from seafood.48 However, an investigation of
whether occupational exposures are a factor is also needed. Third,
because of the limited volume of blood collected from each
pregnant woman, IgE and metal concentrations were measured
using blood specimens collected at different times. The half-life
of Hg in fish-eating humans is a few months.49 In the case of
continuous exposure, a single-compartment model with a 70-day
half-time predicts that the whole-body steady state (where intake
equals excretion).49 In the present study, the food frequency
questionnaire survey was conducted twice, in T1 and T2, and
only 1% of the participants changed their fish consumption
between the two surveys. Thus, we assumed that Hg exposure
levels used in the present analysis reflect the exposure levels in
T1, when blood IgEs were measured. The half-life of other metals
is about 10 years for Cd, 5 years for Pb, a few months for Se, and
a month for Mn.50,51 In particular, Mn has a short half-life and the
fact that the periods for Mn and IgE measurements were different
might have influenced our results. Further investigations using a
proper study design for such metals are warranted to confirm our
findings. Fourth, Cd, Hg, and Mn concentrations in our samples
were higher than those in other countries, while Se and Pb levels
were similar.52–54 Therefore, it is unknown whether similar results

Table 5. The relationship between metal concentrations and allergen-specific IgE scores

Adjustedb mean (95% CI) of the metal concentration, ng=g
Antigen-specific IgE
classesa

0 1 2 3 4 5 6
P for
trendc

HDM

Hg 3.67 (3.63, 3.71) 3.64 (3.61, 3.67) 3.61 (3.57, 3.64) 3.58 (3.53, 3.62) 3.55 (3.49, 3.61) 3.52 (3.44, 3.59) 3.49 (3.39, 3.58) 0.002
JCP

Hg 3.49 (3.45, 3.54) 3.57 (3.54, 3.61) 3.65 (3.62, 3.69) 3.74 (3.70, 3.78) 3.82 (3.76, 3.88) 3.91 (3.83, 3.99) 4.00 (3.90, 4.10) <0.001
Se 169 (168, 169) 169 (169, 170) 170 (170, 170) 171 (170, 171) 171 (171, 172) 172 (171, 173) 173 (172, 174) <0.001
Animal dander

Hg 3.66 (3.63, 3.70) 3.58 (3.54, 3.61) 3.49 (3.43, 3.56) 3.41 (3.32, 3.51) 3.33 (3.21, 3.46) 3.25 (3.10, 3.41) 3.18 (3.00, 3.37) <0.001
Mn 15.2 (15.1, 15.3) 15.1 (15.0, 15.2) 15.0 (14.9, 15.2) 14.9 (14.7, 15.2) 14.9 (14.6, 15.2) 14.8 (14.4, 15.2) 14.7 (14.2, 15.1) 0.033

CI, confidence interval; HDM, house dust mites; JCP, Japanese cedar pollen.
aclass 0: <0.35, class 1: 0.35–0.69, class 2: 0.70–3.49, class 3: 3.5–17.49, class 4: 17.5–49.99, class 5: 50–99.99, class 6: ≥100 (UA=mL).
bAge, BMI, allergic diseases (asthma, allergic rhinitis, atopic dermatitis, allergic conjunctivitis, food allergy, drug allergy), smoking during pregnancy, smoking
habits of partner, alcohol consumption during pregnancy, owning pets, month of T1 blood sampling, and geographic region were adjusted for.
cP for trend was obtained using multivariable regression analysis with natural log transformed metal concentrations.
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would be obtained in other countries, and additional research is
warranted.

Conclusion
This is the first study to link metal concentrations with IgEs in
pregnant Japanese women. We showed that metal exposures may
be related to both increases and decreases in allergen-specific
IgEs and that JCP-specific IgE, in particular, was positively
related to Hg concentrations.

ACKNOWLEDGEMENTS

We would like to thank the members of the Japan Environment
and Children’s Study (JECS) as of 2015 (principal investigator
Toshihiro Kawamoto), including Hirohisa Saito (National Center
for Child Health and Development, Tokyo, Japan), Reiko Kishi
(Hokkaido University, Sapporo, Japan), Nobuo Yaegashi (Tohoku
University, Sendai, Japan), Koichi Hashimoto (Fukushima
Medical University, Fukushima, Japan), Chisato Mori (Chiba
University, Chiba, Japan), Shuichi Ito (Yokohama City Uni-
versity, Yokohama, Japan), Zentaro Yamagata (University of
Yamanashi, Chuo, Japan), Hidekuni Inadera (University of
Toyama, Toyama, Japan), Michihiro Kamijima (Nagoya City
University, Nagoya, Japan), Takeo Nakayama (Kyoto University,
Kyoto, Japan), Hiroyasu Iso (Osaka University, Suita, Japan),
Masayuki Shima (Hyogo College of Medicine, Nishinomiya,
Japan), Yasuaki Hirooka (Tottori University, Yonago, Japan),
Narufumi Suganuma (Kochi University, Nankoku, Japan), Koichi
Kusuhara (University of Occupational and Environmental Health,
Kitakyushu, Japan), and Takahiko Katoh (Kumamoto University,
Kumamoto, Japan).

We would also like to thank Editage (www.editage.jp) for
English language editing.

Conflicts of interest: None declared.

Funding: This work was supported by the Ministry of the
Environment, Japan. The findings and conclusions of this article
are solely the responsibility of the authors and do not represent
the official views of the above government agency. The funding
source had no role in the study design; in the collection, analysis,
and interpretation of data; in the writing of the report; and in the
decision to submit the article for publication.

Author contributions: MT, CK, YI, MY, KY, KK, YB, KO,
MU, AO, and TK designed the study and wrote the manuscript.
MT, YB, KO, AS, SA, ES, SM, MS, HK, MS, and KK
contributed to data collection efforts. MT, RT, and CK performed
the statistical analyses and interpretations of the results. All
authors read and approved the final manuscript.

APPENDIX A. SUPPLEMENTARY DATA

Supplementary data related to this article can be found at https:==
doi.org=10.2188=jea.JE20180098.

REFERENCES

1. Pali-Schöll I, Namazy J, Jensen-Jarolim E. Allergic diseases and
asthma in pregnancy, a secondary publication. World Allergy Organ
J. 2017;10:10.

2. Blais L, Forget A. Asthma exacerbations during the first trimester
of pregnancy and the risk of congenital malformations among
asthmatic women. J Allergy Clin Immunol. 2008;121:1379–1384.e1.

3. Sandberg M, Frykman A, Ernerudh J, et al. Cord blood cytokines
and chemokines and development of allergic disease. Pediatr
Allergy Immunol. 2009;20:519–527.

4. Abelius MS, Lempinen E, Lindblad K, et al. Th2-like chemokine
levels are increased in allergic children and influenced by maternal
immunity during pregnancy. Pediatr Allergy Immunol. 2014;25:
387–393.

5. Incorvaia C, Fuiano N, Canonica GW. Seeking allergy when it
hides: which are the best fitting tests? World Allergy Organ J.

Figure 2. Hypothetical mechanistic scheme for the modulation of IgE production by heavy metals. There are mainly two
pathways that are involved in the production of IgE; these include a Th2-derived IL-4 dependent pathway and T
follicular helper (Tfh) cell-dependent, IL-4-independent pathway. Our results and previous work indicate that Pb or Hg
exposures can induce several types of IgE. Additionally, these exposures can reportedly stimulate IL-4 production,
thus suggesting that heavy metal-dependent increases in IL-4 levels might be one of the causes of IgE production.
Also, Hg exposures are known to alter the phosphorylation status of Syk (spleen tyrosine kinase), which mediates B
cell differentiation. This could be an alternative for the induction of IgE production, especially by Hg.

Metal Exposures and IgE Concentrations in Pregnant Women

484 j J Epidemiol 2019;29(12):478-486

http://www.editage.jp
https://doi.org/10.2188/jea.JE20180098
https://doi.org/10.2188/jea.JE20180098
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=28286601&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=28286601&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=18410961&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=19175890&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=19175890&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=24953298&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=24953298&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=23815816&dopt=Abstract


2013;6:11.
6. Tu YL, Chang SW, Tsai HJ, et al; PATCH study group. Total serum

IgE in a population-based study of Asian children in Taiwan:
reference value and significance in the diagnosis of allergy. PLoS
One. 2013;8:e80996.

7. Park SC, Kim JH, Lee KH, et al. Association of serum eosinophilia
and total immunoglobulin E concentration with the risk of allergic
symptoms and allergic sensitization, respectively: a 2-year follow-up
study. Int J Pediatr Otorhinolaryngol. 2016;86:167–171.

8. Weidinger S, Krämer U, Dunemann L, et al. Body burden of
mercury is associated with acute atopic eczema and total IgE in
children from southern Germany. J Allergy Clin Immunol. 2004;
114:457–459.

9. Pizent A, Macan J, Jurasović J, et al. Association of toxic and
essential metals with atopy markers and ventilatory lung function in
women and men. Sci Total Environ. 2008;390:369–376.

10. Kim JH, Chang JH, Choi HS, et al. The association between serum
lead and total immunoglobulin E levels according to allergic
sensitization. Am J Rhinol Allergy. 2016;30:e48–e52.

11. Grandjean P, Poulsen LK, Heilmann C, et al. Allergy and sensiti-
zation during childhood associated with prenatal and lactational
exposure to marine pollutants. Environ Health Perspect. 2010;118:
1429–1433.

12. Oluwole O, Arinola OG, Adu MD, et al. Relationships between
plasma micronutrients, serum IgE, and skin test reactivity and asthma
among school children in rural southwest Nigeria. J Biomark.
2014;2014:106150.

13. Akesson A, Berglund M, Schütz A, et al. Cadmium exposure in
pregnancy and lactation in relation to iron status. Am J Public
Health. 2002;92:284–287.

14. Rothenberg SJ, Khan F, Manalo M, et al. Maternal bone lead
contribution to blood lead during and after pregnancy. Environ Res.
2000;82:81–90.

15. Tēllez-Rojo MM, Hernāndez-Avila M, Lamadrid-Figueroa H, et al.
Impact of bone lead and bone resorption on plasma and whole blood
lead levels during pregnancy. Am J Epidemiol. 2004;160:668–678.

16. Kawamoto T, Nitta H, Murata K, et al; Working Group of the
Epidemiological Research for Children’s Environmental Health.
Rationale and study design of the Japan environment and children’s
study (JECS). BMC Public Health. 2014;14:25.

17. Michikawa T, Nitta H, Nakayama SF, et al; Japan Environment and
Children’s Study Group. The Japan Environment and Children’s
Study (JECS): a preliminary report on selected characteristics of
approximately 10 000 pregnant women recruited during the first year
of the study. J Epidemiol. 2015;25:452–458.

18. Michikawa T, Nitta H, Nakayama SF, et al; Japan Environment and
Children’s Study Group. Baseline profile of participants in the Japan
Environment and Children’s Study (JECS). J Epidemiol. 2018;
28:99–104.

19. Tsuji M, Shibata E, Morokuma S, et al; Japan Environment &
Children’s Study Group. The association between whole blood
concentrations of heavy metals in pregnant women and premature
births: the Japan Environment and Children’s Study (JECS). Environ
Res. 2018;166:562–569.

20. Currie LA. Detection and quantification limits: origins and historical
overview. Anal Chim Acta. 1999;391:127–134.

21. Yamamoto-Hanada K, Yang L, Ishitsuka K, et al; Japan Environ-
ment and Children’s Study Group. Allergic profiles of mothers and
fathers in the Japan Environment and Children’s Study (JECS): a
nationwide birth cohort study. World Allergy Organ J. 2017;10:24.

22. de Vos G, Abotaga S, Liao Z, et al. Selective effect of mercury on
Th2-type cytokine production in humans. Immunopharmacol
Immunotoxicol. 2007;29:537–548.

23. Gorrie MJ, Qasim FJ, Whittle CJ, et al. Exogenous type-1 cytokines
modulate mercury-induced hyper-IgE in the rat. Clin Exp Immunol.
2000;121:17–22.

24. Ochel M, Vohr HW, Pfeiffer C, et al. IL-4 is required for the IgE and
IgG1 increase and IgG1 autoantibody formation in mice treated with
mercuric chloride. J Immunol. 1991;146:3006–3011.

25. Gardner RM, Nyland JF, Evans SL, et al. Mercury induces an

unopposed inflammatory response in human peripheral blood mono-
nuclear cells in vitro. Environ Health Perspect. 2009;117:1932–
1938.

26. Okawa T, Konno A, Yamakoshi T, et al. Analysis of natural history
of Japanese cedar pollinosis. Int Arch Allergy Immunol. 2003;131:
39–45.

27. Niederberger V, Ring J, Rakoski J, et al. Antigens drive memory IgE
responses in human allergy via the nasal mucosa. Int Arch Allergy
Immunol. 2007;142:133–144.

28. Geahlen RL. Syk and pTyr’d: Signaling through the B cell antigen
receptor. Biochim Biophys Acta. 2009;1793:1115–1127.

29. Justiz Vaillant AA, Ramphul K. Immunoglobulin. StatPearls.
Treasure Island (FL): StatPearls Publishing StatPearls Publishing
LLC; 2018.

30. Haniuda K, Fukao S, Kodama T, et al. Autonomous membrane IgE
signaling prevents IgE-memory formation. Nat Immunol. 2016;17:
1109–1117.

31. McCabe MJ Jr, Laiosa MD, Li L, et al. Low and nontoxic inorganic
mercury burdens attenuate BCR-mediated signal transduction.
Toxicol Sci. 2007;99:512–521.

32. Caruso JA, Carruthers N, Shin N, et al. Mercury alters endogenous
phosphorylation profiles of SYK in murine B cells. BMC Immunol.
2017;18:37.

33. Varsi K, Bolann B, Torsvik I, et al. Impact of maternal selenium
status on infant outcome during the first 6 months of life. Nutrients.
2017;9:486.

34. Fan AM, Kizer KW. Selenium. Nutritional, toxicologic, and clinical
aspects. West J Med. 1990;153:160–167.

35. Kehrig HA, Seixas TG, Di Beneditto AP, et al. Selenium and
mercury in widely consumed seafood from South Atlantic Ocean.
Ecotoxicol Environ Saf. 2013;93:156–162.

36. Zhang H, Feng X, Chan HM, et al. New insights into traditional
health risk assessments of mercury exposure: implications of
selenium. Environ Sci Technol. 2014;48:1206–1212.

37. Hoffmann PR. Selenium and asthma: a complex relationship.
Allergy. 2008;63:854–856.

38. Mahdavi M, Mavandadnejad F, Yazdi MH, et al. Oral administration
of synthetic selenium nanoparticles induced robust Th1 cytokine
pattern after HBs antigen vaccination in mouse model. J Infect
Public Health. 2017;10:102–109.

39. Shin JH, Lee DH. How does the pattern of aeroallergen sensitization
change over time across all ages? Int Forum Allergy Rhinol. 2017;
7:652–659.

40. Fasce L, Tosca MA, Olcese R, et al. The natural history of allergy:
the development of new sensitizations in asthmatic children.
Immunol Lett. 2004;93:45–50.

41. Pajno GB, Morabito L, Barberio G, et al. Clinical and immunologic
effects of long-term sublingual immunotherapy in asthmatic children
sensitized to mites: a double-blind, placebo-controlled study.
Allergy. 2000;55:842–849.

42. Galli SJ, Tsai M. IgE and mast cells in allergic disease. Nat Med.
2012;18:693–704.

43. Zuidscherwoude M, van Spriel AB. The origin of IgE memory and
plasma cells. Cell Mol Immunol. 2012;9:373–374.

44. Dietert RR, Lee JE, Hussain I, et al. Developmental immunotox-
icology of lead. Toxicol Appl Pharmacol. 2004;198:86–94.

45. Hsiao CL, Wu KH, Wan KS. Effects of environmental lead exposure
on T-helper cell-specific cytokines in children. J Immunotoxicol.
2011;8:284–287.

46. McFadden JP, Thyssen JP, Basketter DA, et al. T helper cell 2
immune skewing pregnancy=early life: chemical exposure and the
development of atopic disease and allergy. Br J Dermatol. 2015;
172:584–591.

47. Piccinni MP, Giudizi MG, Biagiotti R, et al. Progesterone favors the
development of human T helper cells producing Th2-type cytokines
and promotes both IL-4 production and membrane CD30 expression
in established Th1 cell clones. J Immunol. 1995;155:128–133.

48. Ministry of Health, Labor and Welfare. About mercury contained in
seafood; 2010. https:==www.mhlw.go.jp=topics=bukyoku=iyaku=
syoku-anzen=suigin=; Accessed 08.02.18.

Tsuji M, et al.

J Epidemiol 2019;29(12):478-486 j 485

http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=23815816&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=24278361&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=24278361&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=27260601&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=15341030&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=15341030&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=18045657&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=26980386&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=20562055&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=20562055&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=26317027&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=26317027&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=11818307&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=11818307&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=10677148&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=10677148&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=15383411&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=24410977&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=25912098&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=29093304&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=29093304&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=29966876&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=29966876&dopt=Abstract
https://doi.org/10.1016/S0003-2670(99)00105-1
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=28811862&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=18075863&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=18075863&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=10886234&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=10886234&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=2016536&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=20049214&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=20049214&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=12759488&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=12759488&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=17057411&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=17057411&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=19306898&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=27428827&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=27428827&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=17656488&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=28716125&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=28716125&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=28492511&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=28492511&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=2219873&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=23628606&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=24377354&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=18588550&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=27026241&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=27026241&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=28518538&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=28518538&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=15134898&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=11003448&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=22561833&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=22561833&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=22885525&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=15236947&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=21726182&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=21726182&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=25354210&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=25354210&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=7541410&dopt=Abstract
https://www.mhlw.go.jp/topics/bukyoku/iyaku/syoku-anzen/suigin/
https://www.mhlw.go.jp/topics/bukyoku/iyaku/syoku-anzen/suigin/


49. International Programme on Chemical Safety. Environmental Health
Criteria 101. http:==www.inchem.org=documents=ehc=ehc=ehc101.
htm; Accessed 09.25.18.

50. Morita M. Metabolism and tissue distribution of heavy metals in
mammals. J Synth Org Chem Jpn. 1981;39:1083–1096 (in Japanese).

51. International Programme on Chemical Safety. Cadmium. http:==
www.inchem.org=documents=pims=chemical=cadmium.htm; Ac-
cessed 09.25.18.

52. Crinnion WJ. The CDC fourth national report on human exposure to

environmental chemicals: what it tells us about our toxic burden and
how it assist environmental medicine physicians. Altern Med Rev.
2010;15:101–109.

53. Li J, Wang H, Hao JH, et al. Maternal serum lead level during
pregnancy is positively correlated with risk of preterm birth in a
Chinese population. Environ Pollut. 2017;227:484–489.

54. Wang H, Liu L, Hu YF, et al. Association of maternal serum
cadmium level during pregnancy with risk of preterm birth in a
Chinese population. Environ Pollut. 2016;216:851–857.

Metal Exposures and IgE Concentrations in Pregnant Women

486 j J Epidemiol 2019;29(12):478-486

http://www.inchem.org/documents/ehc/ehc/ehc101.htm
http://www.inchem.org/documents/ehc/ehc/ehc101.htm
https://doi.org/10.5059/yukigoseikyokaishi.39.1083
http://www.inchem.org/documents/pims/chemical/cadmium.htm
http://www.inchem.org/documents/pims/chemical/cadmium.htm
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=20806995&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=20806995&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=28494400&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=27381872&dopt=Abstract

