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Abstract The Hokkaido Study on Environment and

Children’s Health is an ongoing cohort study that began in

2002. The study consists of two prospective birth cohorts,

the Sapporo cohort (n = 514) and the Hokkaido large-scale

cohort (n = 20,940). The primary goals of this study are to

first examine the potential negative effects of perinatal

environmental chemical exposures on birth outcomes,

including congenital malformations and growth retarda-

tion; second, to evaluate the development of allergies,

infectious diseases and neurodevelopmental disorders and

perform longitudinal observations of the children’s physi-

cal development to clarify the causal relationship between

these outcomes and environmental chemicals; third, to

identify individuals genetically susceptible to environ-

mental chemicals; finally, to identify the additive effects of

various environmental factors in our daily life, such as

secondhand smoke exposure or low folate intake during

early pregnancy. In this paper, we introduce our recent

progress in the Hokkaido study with a cohort profile

updated in 2013. For the last ten years, we followed

pregnant women and their offspring, measuring various

environmental chemicals, i.e., PCB, OH-PCB and dioxins,

PFCs (Perfluorinated Compounds), Organochlorine pesti-

cides, Phthalates, bisphenol A and mercury. We discovered

that the concentration of toxic equivalents (TEQ) of dioxin

and other specific congeners of PCDF or PCDD have

effects on birth weight, infants’ neurodevelopment and

immune function. There were significant gender differ-

ences in these effects; our results suggest that male infants

have more susceptibility to those chemical exposures than

female infants. Interestingly, we found maternal genetic

polymorphisms in AHR, CYP1A1 or GSTs that significantly

modified the dioxin concentrations in maternal blood,

suggesting different dioxin accumulations in the bodies of

individuals with these genotypes, which would lead to

different dioxin exposure levels. These genetic suscepti-

bility factors influenced the body size of children born from

mothers that either smoked or were passively exposed to

tobacco smoke. Further studies investigating the correla-

tion between epigenetics, the effects of intrauterine expo-

sure to environmental chemicals and developmental factors

related to health and disease are warranted.

Keywords Birth cohort � PCB/dioxin � PFCs

(PFAAs) � Gene–environment interaction � Gender

difference

Introduction

In 1997, Theo Colborn et al. [1] warned of the dangers of

environmental chemicals, which act as endocrine disrup-

tors and can eventually led to impairments in reproductive

capacity. Since that warning, a myriad of animal and epi-

demiological studies have been conducted to evaluate the
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adverse health effects of these endocrine-disrupting

chemicals (EDCs) [2–4]. Currently, these chemicals are

considered to contribute to numerous adverse health

effects, including growth retardation of fetuses and infants

and disturbances in neurodevelopment, thyroid, immune

and reproductive systems. Additionally, these chemicals

may exert genetic or epigenetic effects when metabolized.

On the other hand, in 1986, Barker and Osmond [5]

suggested the relationship between poor nutrition in early

life and later risk for ischemic heart disease. This obser-

vation, which had linked the importance of the intrauterine

and early childhood nutritional environment and later dis-

ease risk, as well as dozens of additional epidemiological

studies suggested a relationship between low birth weight

and future risk of certain diseases such as cardiovascular

disease, type 2 diabetes, obesity, schizophrenia and asthma.

Today, these concepts have been expanded from birth

weight to the entire fetal and infantile development, which

led to the establishment of the Developmental Origin of

Health and Disease (DOHaD) hypothesis [6, 7].

In light of these two groundbreaking concepts, there is a

great concern that the consequences of intrauterine growth

restriction or intrauterine insults caused by prenatal expo-

sure to the environmental chemicals might linger

throughout one’s life.

Among the environmental chemicals, two of the most

studied substances in environmental epidemiology are

polychlorinated biphenyls (PCBs) and dioxins. Thus far,

various cohort studies have been conducted to estimate the

effects of these substances on fetal and infantile health.

These studies inferred that prenatal exposure to PCB/

dioxin could result in fetal growth restriction, cognitive and

motor developmental retardation, disrupted sexual dimor-

phic behavior or reproductive health, and weakened

immune systems [8–14].

Furthermore, as a result of recent growing concerns

about the adverse health effects of perfluorinated com-

pounds (PFCs), several epidemiological studies were con-

ducted to evaluate the health effects of intrauterine PFCs

exposure. Three studies reported correlations between

prenatal PFOS/PFOA exposure and reduced birth weight

[15–17]. Moreover, in a Danish study, the authors sug-

gested that prenatal PFOA exposure could also increase the

risk for obesity and the levels of insulin and leptin in

females at 20 years of age [18], which was in line with the

Developmental Origin of Health and Disease hypothesis. In

addition, recent studies indicated that prenatal exposure to

PFCs could also affect fetal and infantile thyroid function

[19] as well as the immune system [20, 21].

These adverse health effects were considered to result

from the endocrine disrupting activities of the environ-

mental chemicals [3]. However, at this moment, the

adverse health effects of prenatal exposures to the

environmental chemicals are controversial; despite evi-

dence from animal models, there is insufficient epidemio-

logical evidence to substantiate this assertion [9, 11]. In

addition, this assertion is complicated by the fact that the

effects of these chemicals in humans are still not fully

understood. Many toxicological studies in animals suggest

the dose-additive effects of chemicals acting on common

endocrine pathways. However, it is challenging to estimate

the effects of these compounds in humans that are con-

stantly exposed to a wide variety of chemicals in their daily

life [22].

Conversely, it is plausible that the adverse effects of the

EDCs are attributed not only to their exposure dosage but

also to the activities of the enzymes that metabolize these

chemicals in the body and the binding affinity of these

chemicals to their receptor, which may result in inhibition

or facilitation of the expression of genes essential for

human development. The function and expression levels of

proteins are influenced by genetic factors such as single

nucleotide polymorphisms (SNPs) and copy number vari-

ations (CNVs). Therefore, it is important to uncover

genetic risk factors to environmental chemical exposure

because there are currently few studies that take these

factors into account. Thus, to clarify the effect of prenatal

exposure to environmental chemicals on children’s health,

it is important to study the effects of exposure to EDCs via

both genetic and environmental approaches as well as

evaluating gene–environment interactions.

One of the examples of the gene–environment interac-

tions is the etiology of hypospadias. Hypospadias is a

common congenital anomaly caused by an incomplete

fusion of the urethral folds. In our previous studies, we had

clarified the etiology of hypospadias with genetic factors

that were related to fetal endocrine activity such as the

estrogen receptors (ESR1 and 2) and 17b-hydroxysteroid

dehydrogenase type 3 (17bHSD3) and maternal hormonal

activity such as the cytochrome P450 1A1 (CYP1A1) in a

retrospective case–control study [23–26]. Because devel-

opment of the urethral and external genital system in the

male fetus is androgen-dependent, abnormalities in the

synthesis and metabolism of androgens resulting from

EDCs exposure can result in abnormal genital development

phenotypes.

However, there were some limitations in our previous

studies. First, in the retrospective case–control study, there

was not sufficient evidence to support a causal relationship

between hypospadias and the environmental exposures

because it was impossible to obtain relevant information

about EDCs exposure levels prior to the study baseline.

Second, there was both information and selection bias, i.e.,

recall bias, etc. Thus, we established the first large-scale

birth cohort study in Japan in 2002 because of the need for

investigating the effects of environmental exposures
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prospectively combined with genetic predispositions to

evaluate the development and health of individuals from

the prenatal period to adolescence (up to 13 years old) [26].

This study was primarily concerned with (1) examining

the possible negative effects of perinatal environmental

chemical exposures on birth outcomes, including congen-

ital anomalies and growth retardation, (2) following the

development of allergies, infectious diseases and neuro-

developmental disorders and performing a longitudinal

observation of child development, (3) identifying a high-

risk group classified by genetic susceptibility to environ-

mental chemicals and (4) identifying the additive effects of

various chemicals encountered in the daily environment.

The purpose of this review is to summarize the results of

our recent studies and to address the necessary issues to be

solved in the future.

Methods

Study areas and subjects

The Hokkaido study on Environment and Children’s

Health is an ongoing cohort study that began in 2002. The

study consists of two prospective birth cohorts: the Sapporo

(Toho hospital) cohort with one obstetric hospital in Sap-

poro City and the Hokkaido (large-scale) cohort with 37

hospitals and clinics in the Hokkaido prefecture. Hokkaido

is the northern most prefecture and the second largest

island of Japan; it has an area of 83,457 km2, equivalent to

that of Austria. The population of Hokkaido is about 5.4

million, which is similar to that of Finland (Fig. 1).

The enrollment of the Sapporo cohort (Toho hospital)

was conducted from July 2002 to October 2005. The sub-

jects were women that were enrolled at 23–35 weeks of

gestation and delivered at the Toho hospital. All of the

subjects were residents of Sapporo City or surrounding

areas.

From February 2003 through March 2012, the Hokkaido

(large-scale) cohort had conducted the enrollment of

women during early pregnancy (\13 weeks of gestational

age) that visited one of the associated hospitals or clinics in

the study area for prenatal health care in the maternity unit.

This cohort consists of 20,940 pregnant women. In total, 37

hospitals and clinics in the Hokkaido prefecture partici-

pated in the study (the names of the hospitals are listed at

the end of the paper). The study was conducted with the

informed consent of all subjects in written form. The

Institutional Ethical Board for Human Gene and Genome

studies at Hokkaido University Center for Environmental

and Health Sciences (CEHS) and Hokkaido University

Graduate School of Medicine approved the study protocol.

Study design

The protocol for the study that is currently being conducted

(subjects, outcomes and exposure measurement items) was

partly described in the previous review [27]. In the current

paper, the complete study design (up to 8 years), including

the continued observation of subjects, has been described

in Fig. 2 (the Sapporo cohort) and Fig. 3 (the Hokkaido

large-scale cohort).

When examining subjects in the Sapporo cohort

(Fig. 2), observations were focused on the association

between child growth, neurodevelopment, allergy and

infectious diseases, and low-level exposure to environ-

mental chemicals during pregnancy and infancy. In this

cohort, a self-administered questionnaire was completed at

the time of enrolment to obtain baseline information

including parental demographic characteristics, dietary

Fig. 1 The geographical

distributions of the

collaborating hospitals in

Hokkaido, Japan. The large

circled dot indicates Sapporo

city (the prefectural capital of

Hokkaido). The black dots

indicate the geographical

distributions of the

collaborating hospitals and

clinics outside of Sapporo City
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habits including the amount and species of fish consumed,

exposure to chemical compounds in their daily life,

smoking history, alcohol consumption, caffeine intake and

household income. Information on pregnancy complica-

tions, gestational age at birth, infant gender and birth size

was obtained from maternal and infant medical records.

Follow-up questionnaires were also used at 18 months,

3.5 and 7 years of age to obtain relevant information

including allergies, dietary habits and the smoking history

of mother and her partner. Additionally, in the follow-up

questionnaires, we also obtained information pertaining to

the medical history of the children such as atopic derma-

titis, asthma, allergies, otitis media, pneumonia or bron-

chitis and chickenpox. At 18 months and 3.5 years of age,

infants were defined as having allergies or an infection if

there was a diagnosis from a doctor, the infant was hos-

pitalized or the infant received medical treatment. At

7 years of age, the International Study of Asthma and

Allergies in Childhood (ISAAC) criteria was used to

determine if the children had allergies or an infection [28].

Fig. 2 Design of the Sapporo Toho hospital cohort study: obtaining

information and specimens. SNPs single nucleotide polymorphisms,

BSID-II The Bayley Scales of Infant Development-Second edition,

FTII The Fagan Test of Infant Intelligence, EES the evaluation of

environmental stimulation, DDST The Denver developmental screen-

ing tests, K-ABC The Kaufman-Assessment Battery for Children,

WAIS-R The Wechsler Adult Intelligence Scale-Revised, CBCL Child

Behavior Checklist, WISC-III The Wechsler Intelligence Scale for

Children-Third edition, WCST-KFS Wisconsin Card Sorting Test-

Keio-F–S version, PSAI-J Pre-School Activities Inventory-Japanese

version, ISAAC International Study of Asthma and Allergies in

Childhood

Fig. 3 Design of the Hokkaido large-scale cohort study: obtaining

information and specimens. SNPs single nucleotide polymorphisms,

ISAAC International Study of Asthma and Allergies in Childhood,

ADHD attention deficit hyperactivity disorder, Conners3P The

Conners Third edition Parent, ADHD-RS attention deficit hyperactiv-

ity disorder-rating scale, PSAI-J Pre-School Activities Inventory-

Japanese version, EES the evaluation of environmental stimulation,

Life Event life event questionnaire for parents, ASQ autism screen-

ing questionnaire, CBCL child behavior checklist, WISC-IV The

Wechsler Intelligence Scale for Children-Fourth edition, PSI Parent-

ing Stress Index
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In addition, we followed the neurodevelopment of the

children using several behavioral examinations at 6–7,

18 months, 3.5 and 7 years of age to assess the effect of

low-level intrauterine exposure to toxic chemicals on

childhood neurodevelopment. More detailed protocols and

information regarding neurodevelopmental examinations

are described in the ‘‘Outcome Measurement’’ section

below.

The Hokkaido cohort (Fig. 3) was established to assess

the prevalence of congenital anomalies including cleft lip

and palate, congenital heart defects, hypospadias and

cryptorchidism. In addition, this cohort was used to

explore the possible causes of these malformations, as well

as the prevalence of childhood allergies and neurodevel-

opmental disorders including Attention Deficit Hyperac-

tivity Disorder (ADHD). In this cohort, a baseline

questionnaire survey was conducted at the time of

enrollment during the first trimester to obtain parental

information such as demographic characteristics, medical

and obstetric history, dietary supplement intake during

pregnancy, smoking history, alcohol and coffee con-

sumption and chemical exposures at work. Perinatal data

such as birth weight, infant gender, mode of delivery,

multiple conception and the diagnosis of congenital

anomalies were obtained from birth records completed by

an obstetrician. We classified 55 congenital anomalies as

‘‘representative congenital anomalies’’ according to the

classification by Konishi [29] with some additional

anomalies by our study group such as congenital heart

diseases, hypospadias, cryptorchidism etc., to study the

effect of mutagens and teratogens among EDCs. The first

follow-up questionnaire was used on infants at 4 months

of age to obtain relevant data including birth size, gesta-

tional age at birth and parental smoking history during the

second and third trimester. The successive follow-up

questionnaires were administered at 1, 2, 4, 7 and 8 years

of age to obtain relevant information such as child height

and weight measurements obtained at regular health

checkups, vaccination history, dietary habits and parental

smoking history. In these follow-up questionnaires, we

also asked about the medical history of the children.

Specifically, we determined if the children developed

atopic dermatitis, asthma, allergies, otitis media, pneu-

monia or bronchitis, chickenpox, heart disease, hypospa-

dias or cryptorchidism, thyroid gland malfunction,

epilepsy or developmental disorders. At 1, 2, 4 and 7 years

old, allergy and infection information was obtained by

using the International Study of Asthma and Allergies in

Childhood (ISAAC) [28] and the American Thoracic

Society-Division of Lung Disease (ATS-DLD) [30]. At 1

and 2 years of age, infants were defined as having allergies

or an infection if there was a diagnosis by a doctor, the

infant was hospitalized or the infant received medical

treatment. At 8 years old, several examinations for neu-

rodevelopmental disorders were conducted to investigate

the effects of perinatal and postnatal chemical exposure on

children’s health, specifically neurodevelopment.

Specimen collection and biochemical measurements

In the Sapporo cohort, maternal blood samples were col-

lected during late pregnancy, usually after the 30th week of

gestation. Cord blood and placenta were taken immediately

after birth. Maternal hair samples were also collected

within 5 days following delivery, and breast milk from

nursing mothers was collected within 4 weeks following

birth. In the Hokkaido cohort, maternal blood was collected

3 times: between 6 and 14 weeks of gestational age to

represent the organogenetic period, during the third tri-

mester and at delivery. Cord blood was taken immediately

after birth in the same manner as done in the Sapporo

cohort study.

The items that were measured biochemically from the

specimens are described in Table 1. In the Sapporo cohort,

the levels of cord serum immunoglobulin E (IgE) and

immunoglobulin A (IgA) were also determined [31].

Thyroid stimulating hormone (TSH) and free thyroxine

(FT4) levels of the mother and newborn were measured as

part of a mass-screening program conducted in Sapporo

Table 1 Items measured in the Hokkaido study on environment and

children’s health

Specimen Measurement

Exposure measurement

Maternal blood PCB and dioxin; PCDD and PCDF (congeners)

OH–PCB (congener level)

PFCs (PFOS, PFOA and other PFAAs)

MEHP (phthalate metabolite)

Chlorinated pesticides

Cotinine

Maternal hair Me–Hg

Cord blood BPA

Child urine Cotinine

Phthalate and phosphate esters (7-year-old)

House dust Phthalate and phosphate esters (7-year-old)

Biochemical measurements

Maternal blood TSH, FT4, Folic acid, 11 Fatty acids

Cord blood IgE, TSH, FT4, 9 Steroid hormones

PCB polychlorinated biphenyls, PCDF polychlorinated dibenzofu-

rans, PCDD polychlorinated dibenzodioxins, OH–PCB hydroxylated

polychlorinated biphenyl, PFCs perfluorinated compounds, PFOS

perfluorooctane sulfonate, PFOA perfluorooctanoic acid, PFAAs

perfluoroalkyl acids, MEHP mono-2-ethylhexyl phthalate, Me–Hg

methylmercury, BPA bisphenol A, TSH thyroid stimulating hormone,

FT4 free thyroxine
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City. The levels of 9 key sex hormones in the cord blood

(e.g., Estradiol, Testosterone, Progesterone, etc.) and the

levels of 11 fatty acids in the maternal plasma were also

measured by liquid chromatography-tandem mass spec-

trometry (LC–MS/MS) and gas chromatography-mass

spectrometry (GC–MS), respectively. In the Hokkaido

cohort, maternal serum was used to measure folic acid

levels [32].

Exposure measurements

PCBs, OH-PCBs and Dioxins

In the Sapporo cohort, the levels of 29 congeners of dioxins

and dioxin-like polychlorinated biphenyls (DL-PCBs) [7

polychlorinated dibenzodioxins (PCDDs), 10 polychlori-

nated dibenzofurans (PCDFs), 4 Non-ortho PCBs and 8

Mono-ortho PCBs], 58 congeners of the other PCBs and 5

congeners of hydroxylated polychlorinated biphenyls (OH-

PCBs) in maternal blood and breast milk were measured

using a high-resolution gas chromatography/high-resolu-

tion mass spectrometer (HRGC/HRMS) at the Fukuoka

Institute of Health and Environmental Sciences [33–37].

The Toxicity Equivalency Quantity (TEQ) levels were

calculated by multiplying the levels of individual congen-

ers by its toxic equivalency factor (TEF) values of WHO

2005 [38].

PFCs

In the Sapporo cohort, PFOS and PFOA levels in maternal

blood, cord blood and breast milk were analyzed by LC–

MS/MS at Hoshi University [39, 40]. For the Hokkaido

cohort study, among PFCs, 11 perfluoroalkyl acids

(PFAAs) [perfluorohexanoic acid (PFHxA), perfluorohep-

tanoic acid (PFHpA), perfluorooctanoic acid (PFOA),

perfluorononanoic acid (PFNA), perfluorodecanoic acid

(PFDA), perfluoroundecanoic acid (PFUnDA), perfluor-

ododecanoic acid (PFDoDA), perfluorotridecanoic acid

(PFTrDA), perfluorotetradecanoic acid (PFTeDA), per-

fluorohexane acid (PFHxS) and perfluorooctane sulfonate

(PFOS)] were measured in maternal plasma using simul-

taneous analysis with ultraperformance liquid chromatog-

raphy in combination with triple quadrupole mass

spectrometry (UPLC-MS/MS) at the Research Faculty of

Agriculture, Hokkaido University [41].

Organochlorine pesticides

In the Sapporo cohort, the levels of persistent organo-

chlorine pesticides in maternal blood were analyzed by a

gas chromatography/negative-ion chemical-ionization

mass spectrometry (GC/NCIMS) and a gas chromato-

graphy/high-resolution mass spectrometry (GC/HRMS) at

IDEA Consultants, Inc. [42].

Metals

In the Sapporo cohort, total mercury levels in maternal hair

samples were measured by an oxygen combustion-gold

amalgamation method using an atomic absorption detector

at the National Institute for Minamata Disease [43, 44].

Phthalate esters and organophosphate flame retardants

In the Sapporo cohort, to determine maternal phthalate

exposure levels, MEHP (a metabolite of DEHP) levels in

maternal blood were analyzed by GC–MS at Nagoya

University [45]. In the Hokkaido cohort, 7 phthalates and

11 organophosphate flame-retardants were measured from

dust samples using GC–MS (SIM) analysis. House dust

mites were also measured using the ELISA method. The

method to analyze 7 phthalate metabolites in urine samples

by GC–MS was established, and urine samples from the

children were measured to examine the correlation between

these metabolites and asthma and allergies [46, 47]. Home

visits were also conducted for the children that lived in

Sapporo City. During the home visit, house dust and urine

samples from the child were collected. In addition, trained

researchers evaluated the home interior and dampness.

Bisphenol A

In the Sapporo cohort, Bisphenol A concentrations in

maternal and cord blood were analyzed by isotope dilution-

liquid chromatography-tandem mass spectrometry (ID-

LC–MS/MS) at IDEA Consultants, Inc. [48].

Cotinine

In the Sapporo and the Hokkaido cohorts, cotinine con-

centrations in maternal serum were measured using an

enzyme-linked immunosorbent assay (ELISA) kit to eval-

uate smoking exposure levels [49].

Outcome measurements

The Sapporo cohort

In the Sapporo cohort, with the purpose of assessing the

neurodevelopment of the children, several behavioral

examinations were conducted during each study period.

The Bayley Scales of Infant Development second edition

(BSID-II) was used at 6–7 and 18 months of age. The
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Fagan Test of Infant Intelligence (FTII) was performed to

measure visual recognition memory and cognitive ability in

infants aged 6–7 months. To examine developmental pro-

gress, the Japanese version of the Denver Developmental

Screening Tests (DDST) was used at 18 months of age. At

3.5 years of age, child and maternal intelligence was

measured using the Japanese version of the Kaufman

Assessment Battery for Children (K-ABC) and the

Wechsler Adult Intelligence Scale-Revised (WAIS-R),

respectively. At 7 years of age, the Wechsler Intelligence

Scale for Children third edition (WISC-III) and the Wis-

consin Card Sorting Test (WCST-KFS version) were used

to assess the intellectual development and executive

function of the children [50, 51]. The Evaluation of Envi-

ronmental Stimulation (EES) was used to investigate the

environmental conditions of children at 6, 18 months and

3.5 years of age. The Japanese version of the Child

Behavior Checklist (CBCL) was used to collect informa-

tion on child behavior at age 3.5 and 7 years of age. The

check list of play behavior, Pre-School Activity Inventory-

Japanese version (PSAI-J), which was translated from the

original version of PSAI, was used to assess the play

behavior of the children at 7 years of age [52]. In addition,

we also obtained the children’s medical history from the

follow-up questionnaires performed at each study period.

The children’s medical history contained information per-

taining to the development of atopic dermatitis, asthma,

allergies, otitis media, pneumonia or bronchitis and

chickenpox.

The Hokkaido cohort

In the Hokkaido cohort, the development of allergies at 1,

2, 4 and 7 years of age and neurodevelopmental disorders

at 8 years of age were examined in detail. For allergy

assessment, follow-up questionnaires were distributed to

children aged 1, 2, 4 and 7 years old, which included

questions pertaining to asthma and allergies from the

ISAAC and ATS-DLD questionnaires [28, 30]. We also

obtained the medical history of the children from the fol-

low-up questionnaires during each study period. The

medical histories contained information pertaining to the

development of atopic dermatitis, asthma, allergies, otitis

media, pneumonia or bronchitis, chickenpox, heart disease,

hypospadias or cryptorchidism, thyroid gland malfunction,

epilepsy and developmental disorders. In addition to the

questionnaire survey, mothers were asked to collect house

dust and a sample of the child’s urine when the child

reached 7 years old.

At 8 years of age, a specific follow-up questionnaire was

used to assess the development of neurodevelopmental

disorders, specifically ADHD. The questionnaire contained

questions pertaining to health status including the treatment

the subject received for ADHD, the hours of rising and

bedtime as a daily rhythm, and the number of hours the

subject enjoys audio-visual tools. To assess ADHD, the

Conners third Edition-Parent Japanese version (Conners3P)

and the ADHD Rating Scale-IV (ADHD-RS-IV) were

used. We also used the Pre-School Activities Inventory

Japanese version (PSAI-J) to assess the play behavior of

the children. The Evaluation of Environmental Stimulation

(EES) was used as a questionnaire to assess the subject’s

home environment [53]. We also assessed any stressful life

events of the children by using the Life Event Question-

naire for Parents (Life Event) [54].

After receiving responses from the 8-year questionnaire,

additional questionnaires were distributed to collect more

information about the family. The additional questionnaire

assessed the working status and health of the parents, the

mental condition of the mother, and the use or lack of use

of supportive education. To assess a child-rearing envi-

ronment, we asked about the parent’s social networks and

supports during child rearing. To assess developmental

disorders such as Autism and Asperger syndrome, we used

the Japanese version of the Autism screening Questionnaire

(ASQ). Additional assessments of the children we obtained

using the Japanese version of the Child Behavior Checklist

(CBCL) and The Wechsler Intelligence Scale for Children

fourth edition (WISC-IV). We also used the Parenting

Stress Index (PSI) in Japanese.

Genetic analyses

Genes that were already analyzed using the SNP assay are

described in Table 2. Genetic polymorphisms were deter-

mined by means of the Taq Man (Applied Biosystems, Inc.,

Foster City, CA, USA) polymerase chain reaction (PCR)

method using minor groove binder (MGB) probes. The

polymorphisms analyzed thus far are rs4646903 (T [ C,

MspI) and rs1048963 (A [ G, Ile462Val) of CYP1A1

(cytochrome P450, family 1, subfamily A polypeptide 1),

rs762551 (A [ C) of CYP1A2 (CYP1 subfamily A poly-

peptide 2), rs1056836 (C [ G, Leu432Val) of CYP1B1

(CYP1 subfamily B polypeptide 1), rs2066853 (G [ A,

Arg554Lys) of AHR (aryl hydrocarbon receptor),

rs2292596 (C [ G, Pro185Ala) of AHRR (AHR repressor),

rs1800566 (C609T) of NQO1 (NAD(P)H: quinone oxido-

reductase 1), rs3813864 (-1294G/C) of CYP2E1 (CYP2

subfamily E polypeptide 1), rs1801133 (C677T) and

rs1801131 (A1298C) of MTHFR (methylenetetrahy-

drofolate reductase). In addition, copy number variations

(CNVs) in GSTM1 (glutathione S-transferase mu-1) and

GSTT1 (glutathione S-transferase theta-1) were also eval-

uated [55–58].
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Results

The characteristics of the participants of the Hokkaido

study

A total of 514 mothers were registered in the Sapporo

cohort, and another 20,940 mothers were registered in the

Hokkaido cohort as of the end of April 2012. The profile of

the Sapporo cohort and the partial profile (n = 2,777) of

the Hokkaido cohort had been described previously [27].

We also estimated the prevalence of congenital anomalies

in the Hokkaido prefecture. Among the 19,680 mothers

included in the Hokkaido cohort between 2003 and 2012,

there were 378 subjects with congenital anomalies. The

most frequent congenital anomaly was congenital heart

defects (35.6 per 10,000 persons), followed by cryptor-

chidism (15.2), down syndrome (12.2), polydactyly (9.7),

hypospadias (9.1) and hydronephrosis (7.6). The total

prevalence of congenital anomalies was similar to nation-

wide data reported by the Japan Association of Obstetri-

cians and Gynecologists (JAOG). However, the number of

serious cases was less than that of the JAOG since the

members of the JAOG are medical universities and tertiary

hospitals and they tend to treat pregnant women with

severe complications including fetal congenital anomalies,

whereas those of our cohort study are general hospitals and

clinics.

The effects of PCDD/PCDF and dioxin-like PCB

exposure

Birth weight

In the Sapporo cohort, we observed significant negative

correlations between the birth weight of all infants and total

PCDF levels, total PCDD TEQ, total PCDF TEQ, total

PCDD/PCDF TEQ and total TEQ levels in maternal blood

during pregnancy after adjustment for potential covariates.

Among male infants, significant adverse associations

between birth weight and total PCDD TEQ levels, total

PCDD/PCDF TEQ levels and total TEQ levels were found.

Moreover, we found significant negative association

between birth weight and the levels of 2,3,4,7,8-PeCDF

(-24.5 g, 95 % CI -387.4 to -61.5) [59] (Table 3).

Table 2 Genetic factors and its environmental interaction being studied in the Hokkaido study (up to 2013)

Maternal genetic factors Environmental exposure Outcomes Results Ref.

AHR, AHRR, CYP1A1, CYP1A2, CYP1B1 Dioxin and dioxin-like PCBs (Concentration) Decreased [55]

AHR, CYP1A1, GSTM1, GSTT1 Active tobacco smoking (PAHs) Birth size Reduction [56]

NQO1, CYP2E1, MGMT Active tobacco smoking Birth size Reduction [57]

5,10-MTHFR (C677T, A1298C) Tobacco smoking and Folic acid Birth weight Reduction [58]

Genes described in bold font in the table represent the genetic polymorphisms that are significantly associated with the outcome

AHR aryl hydrocarbon receptor, AHRR AHR repressor, CYP1 cytochrome P450, family 1, CYP1A1 CYP1 subfamily A polypeptide 1, CYP1A2 CYP1

subfamily A polypeptide 2, CYP1B1 CYP1 subfamily B polypeptide 1, GSTM1 glutathione-S-transferase mu-1, GSTT1 glutathione-S-transferase theta-

1, NQO1 NAD(P)H: quinone oxidoreductase 1, CYP2E1 CYP2 subfamily E polypeptide 1, MTHFR methylenetetrahydrofolate reductase

Table 3 Gender differences in the effect of PCB/dioxins exposure on

birth weight in a multiple linear regression model

log10 scale Male Female

ba p value ba p value

Total (pg/g lipid)

Total PCDDs -125.7 0.371 -19.3 0.890

Total PCDFs -237.6 0.191 -304.9 0.058

Total PCDDs/PCDFs -136.6 0.340 -28.7 0.839

Total non-ortho PCBs -90.7 0.491 -122.4 0.286

Total mono-ortho PCBs -138.6 0.244 -104.3 0.315

Total DL-PCBs -138.7 0.245 -105.3 0.311

Total dioxin -148.5 0.229 -106.8 0.319

TEQ (WHO 2005)� (TEQ pg/g lipid)

Total PCDDs TEQ -331.4 0.019* -126.3 0.336

Total PCDFs TEQ -269.8 0.070 -241.7 0.058

Total PCDDs/PCDFs TEQ -338.7 0.022* -173.9 0.195

Total non-ortho PCBs TEQ -107.3 0.288 -114.8 0.196

Total mono-ortho PCBs

TEQ

-138.6 0.244 -104.3 0.315

Total DL-PCBs TEQ -112.1 0.278 -117.5 0.195

Total dioxin TEQ -289.5 0.037* -144.2 0.243

This table was reconstructed by using data from a previously pub-

lished study by Konishi et al. [59]. Among male infants, a significant

negative association between birth weight and total PCDDs TEQ

levels, total PCDDs/PCDFs TEQ levels and total TEQ levels was

found. However, among the female infants, these significant associ-

ations were not found

* p \ 0.05
� The Toxicity Equivalency Quantity (TEQ) levels were calculated

by multiplying the levels of individual congeners by its toxic equiv-

alency factor (TEF) values of WHO 2005 [38]
a Beta coefficients represent the change in birth weight (g) for a

10-fold increase in the levels of PCDDs/PCDFs and DL-PCBs
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Neurodevelopment

In the Sapporo cohort, after adjusting for potential con-

founding variables, total PCDD, total PCDDs/PCDF and

1,2,3,4,6,7,8-HpCDD levels in maternal blood during

pregnancy were significantly negatively associated with the

mental developmental index (MDI) of BSID-II at 6 months

of age. Total 1,2,3,7,8,9-HxCDD, 1,2,3,4,6,7,8-HpCDD,

2,3,7,8-TCDF, 1,2,3,7,8-PeCDF and 1,2,3,6,7,8-HxCDF

were significantly negatively associated with the psycho-

motor developmental index (PDI) of BSID-II at 6 months

of age. Our results suggest that a low-level of exposure to

several congeners of PCDDs or PCDFs during pregnancy

can affect the neurodevelopment of 6-month-old infants

[60]. In addition, when we stratified the data by infant sex,

the effects of intrauterine exposure to select PCDD, PCDF

and PCB congeners on the PDI score in male infants were

more significant (Table 4).

Allergy and infectious diseases

In the Sapporo cohort, our results show that dioxins con-

centrations in maternal blood during pregnancy are only

negatively correlated with cord serum IgE levels in male

infants [61] (Table 5). Relatively higher levels of PCDFs

were associated with a significantly increased risk of otitis

media at 18 months of age, among all infants (odds

ratio = 2.5, 95 % confidence interval = 1.1–5.9). Rela-

tively higher levels of 2,3,4,7,8-PeCDF were also associ-

ated with a significantly increased risk of otitis media (odds

ratio = 5.3, 95 % confidence interval = 1.5–19) among

male infants (Table 6). However, we observed a weak

association between dioxin-like compound levels and

allergy symptoms during infancy. At environmental levels,

prenatal exposure to dioxin-like compounds may alter

immune function and increase the risk of infections in

infancy, especially among males. The compound 2,3,4,7,8-

PeCDF may be responsible for this [62].

The effects of PFCs exposure

Temporal trends of PFC levels in maternal plasma

In the Sapporo cohort, the concentrations of PFOS and

PFOA ranged from 1.3 to 16.2 ng/ml for PFOS and from

below the detection limit to 5.3 ng/ml for PFOA (both

detection limits were 0.5 ng/ml) in the blood of pregnant

women recruited between 2002 and 2005 [63].

In the Hokkaido cohort, between February 2003 and

December 2009, 300 women were randomly selected every

year, and the concentrations of 11 PFCs were measured in

2,095 maternal plasma samples. A temporal trend in PFC

levels from 2003 to 2011 was also examined. The PFOS

and PFOA concentrations in the Hokkaido cohort were

lower than those of pregnant women in the Sapporo cohort.

Additionally, PFUnDA, PFDoDA and PFTrDA levels were

higher in the Hokkaido cohort than individuals of foreign

countries. Although the values were lower than the values

obtained from individuals in other areas of Japan, there was

no significant temporal trend [64].

Birth weight

We examined a correlation between maternal serum PFOS

and PFOA concentrations and infant birth weight in the

Sapporo cohort. A log10-unit increase in PFOS levels

correlated with a decrease in birth weight of 148.8 g (95 %

CI 297.0–0.5) after adjusting for confounders; however, no

correlation was observed between PFOA levels and birth

weight. Our results indicate that in utero exposure to rel-

atively low levels of PFOS is negatively correlated with

birth weight [63].

In the Hokkaido cohort, the effects of 11 PFCs including

PFHxA, PFHpA, PFHxS, PFOS, PFOA, PFNA, PFDA,

PFUnDA, PFDoDA, PFTrDA and PFTeDA in maternal

blood obtained during pregnancy were evaluated. After

adjusting for possible confounding factors, PFNA levels

negatively correlated with birth weight (per ln-unit: partial

regression coefficient b = -41.7 g, 95 % CI, -77.9 to

-5.6 g). After gender stratification, PFNA levels negatively

correlated with male birth weight (per ln-unit: b = -59.3 g,

95 % CI, -110.2 to -8.3 g). Additionally, PFUnDA and

PFTrDA levels negatively correlated with female birth

weight (per ln-unit: b = -42.0 g, 95 % CI, -84.6 to 0.6 g

and b = -44.9 g, 95 % CI, -90.1 to 0.3 g, respectively).

Allergy and infectious diseases

In the Sapporo cohort, we investigated the relationship

between prenatal exposure to PFOS and PFOA and the

development of infant allergies and infectious diseases

during the first 18 months of life. Additionally, the effects

of PFOS and PFOA on cord blood IgE levels were also

evaluated. We found a curvilinear relationship between

maternal PFOA levels and cord blood IgE levels. Cord

blood IgE levels decreased significantly with high maternal

PFOA concentrations among female infants. When log10-

transformed maternal PFOA levels changed from 0.3 to

0.7 ng/mL, log10-transformed cord blood IgE levels greatly

decreased by -0.863 IU/mL. However, there were no

significant associations among maternal PFOS and PFOA

levels and food allergies, eczema, wheezing or otitis media

in the 18-month-old infants after adjustment for potential

confounding variables [31].

In the Hokkaido cohort, we investigated the relation-

ship between prenatal exposure to 11 PFCs and infant
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allergies during the first 12 months of life. The charac-

teristics of the participants and information pertaining to

infant allergies were obtained from a baseline question-

naire administered to the mother during pregnancy,

medical records from the time of delivery and a follow-

up questionnaire when the child was 12 months of age.

The risk of eczema, wheezing and food allergies during

the first 12 months of life was not associated with

maternal levels of 11 PFCs, including longer-chain

compounds. Odds ratios for eczema and wheezing ranged

from 0.66 to 0.73 and from 0.60 to 0.81 for the three

higher quartiles of maternal PFTrDA levels, compared

with the lowest in the adjusted models, but no dose–

response pattern was found [65].

Table 4 Gender differences in the effect of PCB/dioxins exposure on BSID-II Mental (MDI) and Psychomotor (PDI) development scores at

6 months of age in multiple linear regression models

(log10 transformed) 6 months MDI 6 months PDI

Male (n = 99) Female (n = 91) Male (n = 99) Female (n = 91)

ba t p value ba t p value ba t p value ba t p value

PCDD

2,3,7,8-TCDD -0.15 -1.54 0.13 -0.05 -0.48 0.63 -0.19 -2.01 0.048* -0.06 -0.56 0.58

1,2,3,7,8-PeCDD -0.07 -0.70 0.48 0.22 2.14 0.04* -0.10 -0.98 0.33 -0.04 -0.33 0.75

1,2,3,4,6,7,8-HpCDD -0.25 -2.52 0.01* -0.14 -1.34 0.18 -0.24 -2.56 0.01* -0.19 -1.78 0.08

OCDD -0.09 -0.92 0.36 -0.18 -1.74 0.09 -0.22 -2.33 0.02* -0.21 -1.97 0.05

PCDF

2,3,7,8-TCDF -0.08 -0.84 0.41 -0.11 -1.05 0.30 -0.21 -2.21 0.03* -0.13 -1.21 0.23

1,2,3,7,8-PeCDF -0.02 -0.22 0.83 -0.06 -0.54 0.59 -0.22 -2.38 0.02* -0.17 -1.59 0.12

1,2,3,4,7,8-HxCDF -0.07 -0.73 0.47 -0.10 -0.93 0.36 -0.17 -1.69 0.09 -0.25 -2.36 0.02*

Non-ortho PCB

3304405-PenCB (#126) -0.03 -0.33 0.74 -0.01 -0.10 0.93 -0.15 -1.62 0.11 -0.24 -2.25 0.03*

Mono-ortho PCB

234405-PeCB (#114) -0.07 -0.71 0.48 0.08 0.79 0.43 -0.19 -2.00 0.049* -0.16 -1.49 0.14

2034405-PeCB (#123) 0.02 0.23 0.82 0.01 0.05 0.96 -0.13 -1.39 0.17 -0.25 -2.37 0.02*

233044050-HxCB (#157) -0.08 -0.85 0.40 0.10 0.90 0.37 -0.21 -2.19 0.03* -0.11 -1.09 0.28

230440550-HxCB (#167) -0.05 -0.49 0.63 0.04 0.41 0.69 -0.22 -2.35 0.02* -0.15 -1.38 0.17

Di-ortho PCB

2203304405-HpCB(#170) -0.13 -1.25 0.22 0.10 0.88 0.38 -0.25 -2.47 0.02* -0.04 -0.37 0.71

2203440550-HpCB(#180) -0.13 -1.23 0.22 0.10 0.88 0.38 -0.24 -2.42 0.02* 0.00 0.01 1.00

Total

Total PCDD -0.10 -1.00 0.32 -0.17 -1.63 0.11 -0.22 -2.31 0.02* -0.21 -1.97 0.05

Total PCDF -0.06 -0.61 0.55 0.02 0.15 0.88 -0.18 -1.81 0.07 -0.20 -1.83 0.07

Total PCDD/PCDF -0.10 -1.00 0.32 -0.17 -1.58 0.12 -0.22 -2.33 0.02* -0.21 -1.98 0.05

Total non-ortho PCBs -0.01 -0.12 0.91 0.03 0.25 0.81 -0.16 -1.72 0.09 -0.19 -1.73 0.09

Total mono-ortho PCBs -0.05 -0.55 0.58 0.05 0.46 0.64 -0.19 -1.97 0.05 -0.17 -1.60 0.11

Total DL-PCB -0.05 -0.55 0.59 0.05 0.46 0.65 -0.19 -1.97 0.05 -0.17 -1.60 0.11

Total dioxins -0.06 -0.56 0.58 0.04 0.39 0.70 -0.19 -2.03 0.045* -0.17 -1.65 0.10

Total PCDD-TEQ� -0.09 -0.87 0.39 0.14 1.31 0.19 -0.12 -1.24 0.22 -0.08 -0.77 0.44

Total PCDF-TEQ� -0.03 -0.28 0.78 0.08 0.73 0.47 -0.17 -1.74 0.09 -0.15 -1.42 0.16

Total PCDD/PCDF-TEQ� -0.08 -0.75 0.45 0.13 1.19 0.24 -0.14 -1.39 0.17 -0.10 -0.95 0.34

Total non-ortho PCBs-TEQ� -0.03 -0.28 0.78 0.01 0.08 0.94 -0.16 -1.67 0.10 -0.22 -2.04 0.04*

Total mono-ortho PCBs-TEQ� -0.05 -0.55 0.58 0.05 0.46 0.64 -0.19 -1.97 0.05 -0.17 -1.60 0.11

Total DL-PCB-TEQ� -0.05 -0.55 0.59 0.05 0.46 0.65 -0.19 -1.97 0.05 -0.17 -1.60 0.11

Total dioxins-TEQ� -0.05 -0.53 0.60 0.09 0.84 0.41 -0.15 -1.52 0.13 -0.15 -1.39 0.17

This table was constructed by reanalyzing the data from a previous study by Nakajima et al. [60]. Only statistically significant congeners are

presented in this table (*p \ 0.05)
� The TEQ levels were calculated by multiplying the levels of individual congeners by its TEF values of WHO 2005 [38]
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Gene–environment interaction

The effects of maternal genetic polymorphisms on dioxin

concentration

Dioxins are metabolized by cytochrome P450, family 1

(CYP1) via AHR. We determined whether different blood

dioxin concentrations are associated with polymorphisms in

the AHR (dbSNP ID: rs2066853), the AHRR (rs2292596), the

CYP1A1 (rs4646903 and rs1048963), the CYP1A2

(rs762551) and the CYP1B1 (rs1056836) in pregnant Japa-

nese women. Comparisons between the GG, GA and AA

genotypes of the AHR showed a significant difference for

both the mono-ortho PCBs concentrations (genotype model;

GG:GA:AA = 11,266.3:13,146.5:12,948.9 (pg/g lipid),

p = 0.016) and that of toxicity equivalence quantities

[TEQs] (GG:GA:AA = 0.338:0.394:0.388 (TEQ pg/g

lipid), p = 0.016). Second, we found a significant

Table 6 Gender differences in the effect of PCB/dioxins exposure on the onset of otitis media at 18 months of age in multiple logistic regression

models

(log10 transformed) Adjusted p-value for trend

Quartile 2 Quartile 3 Quartile 4
OR (95 % CI) OR (95 % CI) OR (95 % CI)

All

TEQ�

PCDDs
P

PCDDs� 1.2 (0.53–2.7) 1.1 (0.50–2.6) 1.5 (0.65–3.5) 0.39

PCDFs
P

PCDFs� 1.6 (0.68–3.8) 2.2 (0.93–5.1) 2.5 (1.1–5.9)* 0.03

Non-ortho PCBs
P

Non-ortho PCBs� 1.8 (0.79–4.2) 2.5 (1.1–6.0)* 1.5 (0.62–3.6) 0.30

Total Dioxins� 2.1 (0.92–4.8) 1.7 (0.71–3.9) 1.7 (0.70–4.1) 0.38

Congeners

PCDDs OCDD 3.4 (1.4–8.5)* 2.8 (1.1–7.0)* 2.6 (1.0–6.9)* 0.12

PCDFs 2,3,4,7,8-PeCDF 1.6 (0.7–3.9) 2.0 (0.88–4.8) 2.8 (1.2–6.6)* 0.02

Non-ortho PCBs 330440-TCB(#77) 2.4 (0.99–5.9) 1.4 (0.61–3.3) 3.4 (1.6–7.3)* 0.01

Mono-ortho PCBs 233044050-HxCB(#157) 2.4 (1.0–5.5)* 1.1 (0.43–2.7) 2.5 (1.1–5.9)* 0.16

Males

TEQ�

PCDDs
P

PCDDs� 0.5 (0.13–1.8) 2.0 (0.65–6.2) 2.9 (0.83–10) 0.03

PCDFs
P

PCDFs� 1.0 (0.28–3.3) 2.9 (0.87–9.8) 3.8 (1.1–13)* 0.01

Non-ortho PCBs
P

Non-ortho PCBs� 2.4 (0.70–8.3) 2.9 (0.86–9.7) 3.6 (0.98–13.3) 0.05

Total dioxins 2.1 (0.61–6.9) 2.2 (0.67–7.1) 4.4 (1.2–16)* 0.03

Congeners

PCDFs 2,3,4,7,8-PeCDF 1.7 (0.48–6.0) 2.9 (0.87–10) 5.3 (1.5–19)* 0.01

Non-ortho PCBs 330440-TCB(#77) 2.8 (0.85–9.4) 0.9 (0.24–3.4) 3.5 (1.2–11)* 0.08

330440550-HxCB(#169) 1.0 (0.25–3.8) 3.0 (0.93–9.6) 3.6 (1.1–12)* 0.01

Mono-ortho PCBs 234405-PeCB(#114) 2.4 (0.62–8.9) 4.5 (1.2–16.6)* 4.9 (1.3–18)* 0.01

230440550-HxCB(#167) 3.1 (0.83–11) 3.3 (0.91–11) 3.7 (1.0–13)* 0.06

233044050-HxCB(#157) 4.5 (1.2–17)* 1.6 (0.37–6.5) 7.5 (1.9–29)* 0.02

Female

TEQ�

PCDDs
P

PCDDs� 2.3 (0.71–7.6) 0.5 (0.11–2.0) 1.1 (0.30–4.1) 0.44

PCDFs
P

PCDFs� 4.0 (1.1–14.7)* 1.2 (0.30–5.1) 1.3 (0.29–5.8) 0.41

Non-ortho PCBs
P

Non-ortho PCBs� 1.3 (0.41–4.3) 1.9 (0.51–7.1) 0.8 (0.22–3.1) 0.86

Total Dioxins� 2.6 (0.78–8.6) 1.0 (0.25–4.0) 1.0 (0.27–4.1) 0.57

Congeners

Non-ortho PCBs 330440-TCB(#77) 1.4 (0.3–6.9) 1.5 (0.45–4.9) 3.8 (1.2–12)* 0.03

This table was reconstructed by using data from a previously published study by Miyashita et al. [62]. Only statistically significant congeners are presented
in this table. (* p \ 0.05). The OR (95 % CI) versus the first quartile (reference) in the logistic regression model was adjusted for maternal educational
level, parity, infant gender, duration of breast-feeding, environmental tobacco exposure, day care attendance and blood sampling period (infant gender was
excluded from covariates in gender-stratified analysis)
a quartiles applied as ordinal variables in the model

* p \ 0.05, ** p \ 0.01; Statistically significant, p-value
� The TEQ levels were calculated by multiplying the levels of individual congeners by its TEF values of WHO 2005 [38]
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association with the dominant genotype model for the

PCDDs TEQs ([TT ? TC]:CC = 7.408:6.480 (TEQ pg/g

lipid), p = 0.048) and for PCDFs TEQs ([TT ?

TC]:CC = 2.596:2.267 (TEQ pg/g lipid), p = 0.035) of

CYP1A1 (rs4646903). No significant differences were found

among blood dioxin concentrations and polymorphisms in

AHRR, CYP1A1 (rs1048963), CYP1A2 and CYP1B1. Thus,

polymorphisms in AHR and CYP1A1 (rs4646903) were

associated with maternal dioxin concentrations [55].

Genetic polymorphisms and maternal smoking

The effects of maternal smoking and genetic polymor-

phisms on infant birth size were examined in the Sapporo

cohort. Birth weight and length were significantly lower

among infants born to smokers with the AHR GG genotype,

the CYP1A1 TC/CC genotype or the GSTM1 null genotype.

When combinations of these genotypes were considered,

birth weight and length were significantly lower for infants

of continuously smoking women with the AHR GG geno-

type and CYP1A1 TC/CC genotype (-315 g and -1.7 cm,

respectively) and with the CYP1A1 TC/CC genotype and

GSTM1 null genotype (-237 g and -1.3 cm, respectively)

[56] (Fig. 4). For polymorphisms in the gene-encoding

N-nitrosamine-metabolizing enzymes, NQO1, birth weight,

birth length and birth head circumference were signifi-

cantly reduced (-199 g, -0.8 cm and -0.7 cm, respec-

tively) among infants born to smokers with the NQO1 CC

genotype (Fig. 5). This genotype did not confer adverse

effects among women who had never smoked or who quit

smoking during the first trimester. Our results suggest an

important modifying role of polymorphisms in metaboliz-

ing enzyme genes in concert with the adverse effects of

maternal smoking on infant birth size [57].

Folate, maternal smoking and genetic polymorphisms

Folate is essential for fetal growth and development, and

smoking has been associated with nutritional deficiencies

in vitamins including folate. The birth weight of infants

born to moderate smokers (C10 cigarettes per day) with

low folate status (\6.0 ng/ml) was lower by 107 g com-

pared with non-smokers having a normal folate status

(C6.0 ng/ml). Maternal 5,10-methylenetetrahydrofolate

reductase (MTHFR) 1298AA was associated with low

folate status. The 5,10-MTHFR AA genotype was associ-

ated with a decrease in birth weight by 107 g in infants

born to smokers. After stratification by infant gender, the

effect was more pronounced in male infants with a

reduction in birth weight of 117 g. Female infants never

demonstrated any statistically significant changes in birth

weight [58].

Discussion

What are the primary strengths and weaknesses

of the study?

The design of our study is a prospective cohort study

intended to collect data on environmental exposures during

fetal development and to control for potential confounders.

Ref. 

-135 
** -170 

** 
-211 
** 

-171 
** 

-237 
* 

-315 
** 

-400 

-300 

-200 

-100 

0 

Ref. 
Overall 
mothers CYP1A1 AhR GSTM1 

CYP1A1 
+ 

GSTM1 

AhR 
+ 

CYP1A1 

Non-
smoking 

Smoking 

Birth weight (g)

Ref. 

-0.5 
* 

-0.8 
* 

-1.2 
** 

-0.6 
* 

-1.3 
* 

-1.7 
** -2 

-1.5 

-1 

-0.5 

0 

Ref. 
Overall 
mothers CYP1A1 AhR GSTM1 

CYP1A1 
+ 

GSTM1 

AhR 
+ 

CYP1A1 

Non-
smoking 

Smoking 

Birth length (cm)

Fig. 4 The effects of maternal smoking in combination with maternal

PAHs-metabolism-related genetic polymorphisms on infants’ birth

size. Adjusted for maternal age, height, weight before pregnancy,

alcohol consumption during pregnancy, history of delivery, newborn

sex, gestational weeks and household income. *p \ 0.05, **p \ 0.01

This figure was created by modifying a figure contained in our

previous study by Sasaki et al. [56]
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The detailed measurements in exposures and outcomes are

adequate to detect the various effects of perinatal envi-

ronmental and genetic determinants on childhood out-

comes. In the Sapporo cohort study, face-to-face

examinations for neurodevelopment assessment were con-

ducted. The Hokkaido cohort had been the largest birth

cohort in Japan until 2011 when the nation-wide cohort

study, the Japan Environment and Children’s Study

(JECS), was launched based upon our study design. A

potential problem of our study is that both the Sapporo and

Hokkaido cohorts may have been biased in participant

selection because they are both hospital-based studies,

although the latter cohort consists of the hospitals and

clinics over the Hokkaido areas to mitigate that bias

(Fig. 1). In addition, despite our efforts to keep track of

participants’ residence with periodical newsletters, some

levels of attrition were caused by individuals moving out-

side of the study area.

The main findings of the study

Over the last decade, we have been intensely investigating

the effects of intrauterine chemical exposures on children’s

health. The main findings of our study are as follows.

1. The effects of dioxins—with emphasis on gender

differences

We discovered that there are gender differences in the

effects of dioxins and DL-PCBs on birth weight, infants’

neurodevelopment and immune functions; our results

suggest that the male infants are more susceptible to those

chemicals than female infants. Our observations on birth

weight were in concordance with other studies, which

indicated a stronger negative effect of these compounds on

the birth weight of male infants [66–70]. In our study, we

found that the adjusted regression coefficients of total

PCDDs TEQ and PCDDs/PCDFs TEQ levels among male

and female infants were -331.4 and -126.3 g and -338.7

and -173.9 g, respectively. It is possible that male infants

had lower birth weights at higher PCDDs and PCDDs/

PCDFs TEQ levels in the maternal blood than female

infants. In addition to birth weight, we also found that

dioxin-like compounds had negative effects on neurode-

velopment at 6 months of age in addition to the negative

effects on infants’ immune function such as cord blood IgE

levels and otitis media at 18 months of age. Although there

are few epidemiological studies examining the effects of

intrauterine exposure to dioxin-like compounds that spe-

cifically examined gender differences other than birth

weight, it appears that male infants are more susceptible to

exposure to these chemicals, which might be due to gen-

der-specific endocrine activities. However, examining

gender difference in the effects of PCBs and PCDDs/

PCDFs are part of a larger discussion on endocrine dis-

ruption; therefore, we need more evidence from larger

studies with exposure measurements. Recently, we ana-

lyzed sex hormone concentrations in cord blood and its

correlation with intrauterine EDCs exposure. In the near

future, we will be able to examine gender-specific

responses to EDCs and their effect on sex hormone levels.
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Fig. 5 The effects of maternal smoking in combination with maternal

NQO1 genotype on infants’ birth size. Adjusted for maternal age,

height, weight before pregnancy, weight gain during pregnancy,

alcohol consumption during pregnancy, parity, infant gender, gesta-

tional age, and household income. Interaction in multiple linear

regression models was defined as product terms for the product of the

dummy independent variables: maternal smoking status (nonsmoker,

quitter or smoker) and genotype (wild or mutant). b represents the

product term for smoker 9 wild genotype. NQO1 NAD(P)H: quinone

oxidoreductase 1, Pro proline, Ser serine This figure was constructed

by using the data from previous study by Sasaki et al. [57]
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In addition to further epidemiological studies, molecular

biological studies using animal models and human cell

lines are also necessary to elucidate the molecular mech-

anisms of gender-dependent susceptibility to the exposures.

2. The different effects of dioxin congeners

We discovered that the different dioxin congeners had

different effects on children exposed in utero. Identification

of the potent biological properties of PCDDs, PCDFs and

DL-PCBs, and which individual congeners of PCDDs,

PCDFs and DL-PCBs affect birth outcomes has been an

important goal in investigating the mechanism of effect to

prevent harmful effects on fetuses. We found negative

associations between maternal PCDF and PCDD exposure

levels and birth weight and motor development at 6 months

of age, and an increased risk of developing otitis media at

18 months of age correlated with maternal PCDF exposure.

In the study of Yu-Cheng children, it was indicated that

the PCDFs group, including the penta-CDF and hexa-CDF

congeners, were primarily responsible for the observed

health effects compared to other groups of PCBs/PCDFs

congeners [71]. Moreover, 70 % of the toxicity of TEQ

was contributed by 2,3,4,7,8-PeCDF in Yusho patients

[72]. These observations were in concordance with our

results, which indicated a significant negative association

between 2,3,4,7,8-PeCDF and birth weight. In addition, we

found that maternal 2,3,4,7,8-PeCDF exposure increased

the risk of developing otitis media at 18 months of age.

These data suggest that 2,3,4,7,8-PeCDF is one of the most

dangerous congeners.

Due to its high affinity for the AHR, it was suggested

that there is a specific accumulation of PCDDs and PCDFs

congeners including 2,3,4,7,8-PeCDF in the placenta [73,

74], which plays an important role in transporting nutrients

and oxygen through cord blood in the developing fetus.

Taking the above considerations into account, we suggest

that PCDDs and PCDFs congeners, especially 2,3,4,7,8-

PeCDF, may accumulate in the placenta and retard

important placental functions, which may result in lower

birth weight.

We also found significant negative associations between

motor development and maternal exposure to isomers of

PCDDs and PCDFs and mental development and exposure

to levels of total PCDDs and PCDFs. Currently, there were

few human or animal experimental studies that have

investigated the association between individual isomer

levels of PCBs and dioxins and neurodevelopment. These

studies are required to elucidate the mechanisms of action

of individual congeners on neurodevelopment.

3. The diverse effects of PFCs exposure

Our results suggest that intrauterine PFCs exposure

affects not only fetal growth but also the immune system.

In the current study, cord blood IgE levels decreased sig-

nificantly with high maternal PFOA concentrations in

female infants. However, no association was observed

between maternal serum PFOS and PFOA concentrations

and the occurrence of food allergies, eczema, wheezing and

otitis media in their infants during the first 18 months of

life. The results of the C8 Health Project showed a sig-

nificant trend in decreasing IgE levels with increasing

PFOA levels in maternal blood samples among females

[75]. Our results are consistent with those of that study,

even though the concentration of maternal PFOA was

lower than that measured in other studies, including the C8

Health Project [75–78]. However, we note that the PFOA

levels were not associated with the development of aller-

gies and infectious diseases in infants before 18 months of

age. In addition, our result contradicted the results of the

Taiwan study, which showed that PFOA levels were pos-

itively correlated with cord blood IgE levels only in males

[21]. It may be necessary to perform follow-up studies to

investigate whether prenatal exposure to PFCs affects

immune system development (and address potential gen-

der-specific differences) from infancy to school age

because it is difficult to obtain definitive diagnoses for

infants.

Moreover, a recent result from a prospective cohort

study suggested that intrauterine exposure to PFCs could

also modulate infants’ thyroid hormone levels [19]. They

reported that there were significant negative correlations

between maternal PFOS and fetal T3, and maternal

PFTrDA and fetal T4 and T3 after adjusting for major

covariates. However, this was the only epidemiological

report regarding prenatal PFCs exposure and infants’ thy-

roid function, and their sample size was insufficient. Thus,

we need additional epidemiological studies to validate the

effects of intrauterine PFCs exposure on thyroid functions.

In addition, the temporal trends of PFCs levels indicates

that PFOS and PFOA concentrations were decreasing every

year from 2003 to 2011 due to the restriction of PFOS by

the Stockholm Convention on Persistent Organic Pollutants

in 2009. Instead, PFNA and PFDA, which have a longer

carbon chain than PFOA and are harder to be metabolized

in the body, were increasing. Further studies must be

conducted to estimate the effects of intrauterine exposure

to long-chained PFCs on children’s health and

development.

4. Genetic susceptibility to the exposures

In our study, we found that the maternal genetic poly-

morphisms in AHR or CYP1A1 independently modified

dioxin concentrations in maternal blood, suggesting dif-

ferent dioxin accumulation in the body of individuals with

these genotypes, which would lead to different dioxin

exposure levels [55]. CYP1A1 activation mediated by AHR
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is an important mechanism for metabolizing dioxins. Di-

oxins such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)

are sensitive to AHR, and TCDD mediates transcriptional

regulation of AHR via its binding with AHR nuclear

translocator. Activated AHR facilitates the expression of

CYP1A1, CYP1A2, CYP1B1 and AHRR, which are impor-

tant for metabolizing dioxins [79]. Moreover, the expres-

sion of CYP1A1 and CYP1B1 are important for endocrine

signaling pathways. Those proteins mediate the transfor-

mation of 17b-estradiol (E2)/estrone (E1) to the biologi-

cally active metabolites 2-hydroxyestradiol (2-OH–E2) and

4-hydroxyestradiol (4-OH–E2) [80].

In addition to the dioxin concentrations, among the

polymorphism groups of CYP1A1, AHR, GSTM1 and

NQO1, we observed different susceptibilities with respect

to the effect of maternal smoking exposure on birth size

[56, 57]. The AHR, CYP1A1 and GSTM1 metabolize the

polycyclic aromatic hydrocarbon (PAH) in tobacco smoke.

The GSTM1 detoxifies specific biologically active metab-

olites of PAHs, and carriers of the GSTM1 null genotype

have a reduced ability to detoxify these metabolites. Our

study shows that infants born to mothers that have the AHR

wild genotype and continuously smoke had a significantly

lower birth weight and length compared with infants born

to non-smokers; moreover, smokers who had the AHR wild

type and CYP1A1 variant genotype had the greatest

reduction in both birth weight and length. Because there

have only been a few epidemiological studies, further

studies are required to clarify the role of the Arg554Lys

polymorphism in fetal development.

The NQO1 is an important enzyme that functions in

both phase I (activation) and phase II (detoxification)

metabolism of xenobiotics depending on the substrate. As a

detoxification enzyme, it catalyzes the two-electron

reduction of quinoid compounds to the readily excreted

hydroquinones to prevent the generation of reactive oxygen

species and, thereby, protect cells against oxidative dam-

age. It also catalyzes the activation of some pro-carcino-

gens such as nitrosamines and heterocyclic amines, which

are present in tobacco smoke [81]. Our study suggests an

important role for polymorphisms in the N-nitrosamine-

metabolizing enzyme gene NQO1 in mitigating the adverse

effects of maternal smoking on infant birth size. These

findings could have significant public health implications

regarding the need for smoking prevention and cessation

programs aimed specifically at susceptible women of

childbearing age.

In addition, our current results suggest that the adverse

health effects of prenatal tobacco smoke exposure resulted

not only from active smoking but also from secondhand

smoke (SHS) exposure during pregnancy. Birth weight and

infant length among SHS-exposed women with the

CYP1A1*2C AG/GG genotypes (-88 g and -0.9 cm,

respectively) and the epoxide hydrolase 1 (EPHX1) His/His

genotypes (-154 g and -1.1 cm, respectively) were sig-

nificantly lower. The N-acetyl transferase 2 (NAT2*7) slow

acetylators group was also adversely affected (-51 g). A

combination of EPHX1 His/His?NAT2*7 slow alleles not

only resulted in a remarkable decrease in birth weight and

length (-145 g and -1.1 cm, respectively) but also dem-

onstrated significant interaction with SHS exposure [82].

The future challenges of the study

1. Inferences from previous studies in hypospadias–

gene–environment interactions

As described in our previous review, both genetic and

environmental factors contribute to the etiology of con-

genital malformations such as hypospadias and cryptor-

chidism [26]. The etiology of hypospadias was unclear in a

majority of cases, but it was regarded as a complex

disorder caused by both genetic and environmental factors

(Fig. 6). Because the development of the urethral and

external genital system in the male fetus is androgen-

dependent, abnormalities in the synthesis and metabolism

of androgens caused by exposure to EDCs can result in

abnormal genital developmental phenotypes.

In previous studies, we had clarified the etiology of

hypospadias with genetic factors that were related to fetal

endocrine activity such as the ESR1 and ESR2 and

17bHSD3 and maternal hormonal activity such as the

CYP1A1 in a retrospective case–control study [23, 24, 26].

Hypospadias is a common congenital anomaly caused by

an incomplete fusion of the urethral folds. The urethral

opening is on the ventral surface of the penis, on the

scrotum or the perineum. Thus far, an increase in the

prevalence of hypospadias has been reported in various

countries, and these trends are speculated to be related to

EDC exposure [83]. Several studies have shown the asso-

ciation between hypospadias and fetal gene polymorphisms

in genes involved in androgen metabolism [84–86].

These results suggest that environmental factors,

including EDCs exposure in utero, as well as genetic fac-

tors are responsible for the etiologies of congenital mal-

formations, diseases and birth outcomes such as birth size.

Moreover, considering that environmental exposures in

utero might affect the children’s birth outcomes, the

mother’s EDCs exposure level and genetic factors that may

affect the intrauterine environment are also important

factors to consider in evaluating the cause of adverse birth

outcomes. Thus, to elucidate the etiology of the disease,

two different study approaches must be conducted; one is

the screening for genetic risk factors in children and

mothers, and the other is to estimate the effect of the

environmental risk factors including EDC exposures. In
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addition, by integrating those two approaches to study

gene–environment interaction, it becomes possible to

identify more susceptible individuals in the population.

2. Gene–environment interactions involved in the etiol-

ogy of ADHD

In recent years, the increased prevalence of develop-

mental disorders such as Autism Spectrum Disorder (ASD)

and ADHD are of increasing concern to the public.

Although it is estimated that genetic effects account for

80 % of ASD cases and 79 % of ADHD cases, respectively

[87], environmental factors such as the nursing environ-

ment and exposure to tobacco smoke also appear to be

important factors because the prevalence of these diseases

continues to increase while the genetic background of the

population remains relatively stable. To date, postnatal

environmental exposures, such as passive smoke exposure,

iron deficiency, thyroid dysfunction, otitis media and psy-

chosocial stress, are reported as risk factors for ADHD. In

addition, prenatal risk factors such as maternal smoking,

maternal alcohol intake, lead, PCBs and food additive

exposure are also reported to be risk factors for ADHD

[88]. Additionally, several studies have indicated that

children who were born prematurely or with low birth

weight had an increased risk of developing ADHD [89–

92], which suggests that the intrauterine environment may

play some role. However, the detailed mechanisms of the

etiology of those neurodevelopmental disorders have yet to

be identified. In the future, by taking genetic and envi-

ronmental study approaches and studying gene-environ-

ment interactions, it is anticipated that all possible risk

factors will be elucidated, and eventually, the etiologies of

developmental disorders such as Autism and ADHD will

be known.

In the present cohort studies, we discovered the maternal

genetic factors that affect a child’s birth outcome along

with the risks associated with maternal smoking and

intrauterine dioxin exposure. However, there are few

genetic risk factors that have been found thus far consid-

ering the large, intricate gene networks involved in a

child’s health and development. Further studies including

genome wide analysis are needed to elucidate the effects of

gene–environment interactions.

3. The role of epigenetics

Recently, there has been a growing interest in under-

standing the role of epigenetics in linking a child’s intra-

uterine environment to future health and disease. Epigenetic

modifications, such as DNA methylation, are programmed

in utero and are likely to be maintained through cell division

and throughout cell linages [93]. Therefore, it is postulated

that epigenetic regulation is the ‘‘missing link’’ in the

DOHaD hypothesis, which would connect the intrauterine

environment to postnatal phenotypes. To date, dozens of

animal studies and several epidemiological studies have

been conducted to estimate the effect of maternal smoking,

environmental chemical exposure and metal exposure in

utero on a child’s epigenome [94–96]. For instance,

maternal smoking exposure increases the methylation of the

regulatory region of Insulin-like Growth Factor 2 (IGF2) in

cord blood DNA, which negatively correlates with IGF2

protein levels in the cord blood [97, 98]. However, at this

moment, the epigenetic effects of intrauterine exposure to

environmental chemicals are controversial. Further studies

Fig. 6 Summary and suggestions for further studies on the environmental and genetic factors that influence hypospadias development. This

figure was created by modifying a figure contained in our previous review by Kishi et al. [26]
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exploring the environmental and genetic risk factors for

epigenetic vulnerability is necessary. Currently, we are

conducting epigenetic research to investigate the effect of

intrauterine exposures to environmental chemicals on a

child’s epigenome and the resulting risk for future health

and disease complications.

As Barker first suggested, the consequences of a disrupted

intrauterine environment might be expressed as adverse

health outcomes a decade more or later. To thoroughly esti-

mate the effects of intrauterine EDCs exposures in humans, it

is necessary to follow individuals in a prospective birth

cohort study with a sufficient sample size for a long period.

Working toward international collaboration

In recent years, there has been an avid movement toward

collaborating and integrating existing birth cohort studies

across borders. The primary purpose of these birth cohort

consortiums are to obtain evidence based results by using

data from larger sample sizes (meta-analysis), as well as

obtaining more applicable and generalizable results by

integrating data beyond regions, countries and ethnicities.

For instance, in Europe, the Environmental Health Risks in

European Birth Cohorts (ENRIECO) was established in

2009 [99]. In Asia, the Birth Cohort Consortium of Asia

(BiCCA) is now calling for participation to all existing

Asian birth cohorts [http://www.bicca.org]. Although there

are many challenges regarding coordination of different

cohort studies, we do believe that it is a worthy endeavor.

Additional information concerning the Hokkaido study

is available at the study website: http://www.cehs.hokudai.

ac.jp/. All of the source data that have been collected are

maintained and stored at Hokkaido University Center for

Environmental and Health Sciences. Initial approaches or

enquiries regarding the study can be made to the principal

investigator (rkishi@med.hokudai.ac.jp).
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