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Abstract

Background: 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD) is proposed to interfere with

fetal growth via altered activity of the aryl hydrocarbon receptor (protein: AHR; gene:

AHR) pathway which regulates diverse biological and developmental processes includ-

ing xenobiotic metabolism. Genetic variation in AHR is an important driver of susceptibil-

ity to low birthweight in children exposed to prenatal smoking, but less is known about

these genetic interactions with TCDD, AHR’s most potent xenobiotic ligand.

Methods: The Seveso Women’s Health Study (SWHS), initiated in 1996, is a cohort of

981 Italian women exposed to TCDD from an industrial explosion in July 1976. We mea-

sured TCDD concentrations in maternal serum collected close to the time of the accident.

In 2008 and 2014, we followed up the SWHS cohort and collected data on birth outcomes

of SWHS women with post-accident pregnancies. We genotyped 19 single nucleotide

polymorphisms (SNPs) in AHR among the 574 SWHS mothers.

Results: Among 901 singleton births, neither SNPs nor TCDD exposure alone were signifi-

cantly associated with birthweight. However, we found six individual SNPs in AHR which ad-

versely modified the association between maternal TCDD and birthweight, implicating gene-

environment interaction. We saw an even stronger susceptibility to TCDD due to interaction

when we examined the joint contribution of these SNPs in a risk allele score. These SNPs

were all located in noncoding regions of AHR, particularly in proximity to the promoter.

Conclusions: This is the first study to demonstrate that genetic variation across the

maternal AHR gene may shape fetal susceptibilities to TCDD exposure.
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Introduction

In 1976, an industrial accident near Seveso Italy resulted in

one of the highest residential exposures to 2, 3, 7, 8-tetra-

chlorodibenzo-p-dioxin (TCDD) in history.1–5 TCDD, a

common by-product of industrial and combustive pro-

cesses, is a highly lipophilic, persistent organic pollutant,

and a known carcinogen6 and endocrine disruptor.7 The

half-life of TCDD is relatively long, in the order of 7–

10 years in humans.8 TCDD has been shown to cross the

placenta9,10 and in utero exposure to TCDD and dioxin-

like chemicals has been linked in animal studies to altered

immune function, glucose regulation, steroidogenesis and

neurobehavioural and bone development.11–19

Animal studies have also suggested that TCDD may im-

pact fetal growth,15,20–23 possibly via altered activity of the

aryl hydrocarbon receptor (protein: AHR; gene: AHR), a

nuclear receptor and transcription factor active in many

tissues including the placenta.24–29 Upon binding TCDD in

the cell cytoplasm, AHR moves to the nucleus, where it

induces expression of several xenobiotic metabolizing

enzymes such as cytochrome P450s, and exhibits cross-talk

with pathways of hormone synthesis.30 In addition to de-

toxification, the AHR pathway regulates a myriad of bio-

logical processes related to development, cell growth,

apoptosis and immune function.31

Of the epidemiological studies that have examined bio-

logical markers of maternal dioxin exposures and birth-

weight, three found no association,32–34 another three

found adverse associations35–37 and three had adverse

associations that did not reach statistical significance.38–40

In the Seveso Women’s Health Study (SWHS), a follow-up

study of women exposed to high levels of TCDD from an

industrial explosion in 1976, we previously reported a

non-significant inverse association between serum TCDD

concentrations and birthweight of first post-explosion

births [adjusted-b ¼ �47.7 g, 95% confidence interval

(CI): �107.3, 11.9 for a 10-fold increase in serum TCDD

concentration].38,41 The lack of consistency across the

literature examining the effects of TCDD on birthweight

may be due to the wide variation in sample size, difference

in exposure levels and, perhaps, genetic variation repre-

sented in these study populations.

Inter-strain and interspecies differences in AHR

ligand-binding affinities suggest that genetic variation in

AHR may influence susceptibility to TCDD.42 Human ev-

idence supporting this hypothesis is drawn from two

Japanese studies that found that a polymorphism in ma-

ternal AHR (rs2066853) conferred significant reductions

in birthweight in pregnant women who smoked cigarettes

(components of cigarette smoke, such as benzo(a)pyrene,

also bind AHR).43 A more recent study of Japanese

infants (n¼ 421), which examined the relationship be-

tween this single nucleotide polymorphism (SNP) and pre-

natal dioxins toxic equivalency (TEQ), reported no

relationship with birthweight;44 consideration of addi-

tional AHR SNPs in larger cohorts with higher exposures

to specifically TCDD, the most potent compound of the

TEQ, is warranted.

In the present analysis, we investigate whether maternal

AHR gene variation modifies the association between ma-

ternal exposure levels of TCDD and birthweight in the

children born after the Seveso explosion to mothers who

participated in SWHS, a follow-up study of women living

in Seveso, Italy, at the time of the accident.

Methods

Study population and procedures

In 1996, 20 years after the explosion, the Seveso Women’s

Health Study was initiated. Eligible women were aged

40 years or younger on 10 July 1976, resided in the most

contaminated areas and had blood samples collected soon

after the explosion. A total of 981women (80% of those el-

igible) participated.5 In 2008 and 2014, we followed up

these participants. Details of the study procedure for the

2008 and 2014 studies are described elsewhere.45,46

Key Messages

• Some genetic subpopulations of AHR, a gene coding for a key transcription factor involved in xenobiotic metabolism,

may be more susceptible to in utero TCDD exposure than others.

• We observed six polymorphisms in regulatory regions of AHR, particularly in proximity to the gene’s promoter, that

adversely modified the association between maternal TCDD exposure and child birthweight.

• Analyses using a risk allele score suggested that the combination of these risk variants may jointly influence suscepti-

bility to dioxin.

• AHR polymorphisms and maternal TCDD levels were not significantly associated with birthweight when examined in-

dependently, supporting the presence of gene-environment interaction.
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At each follow-up visit, women were interviewed in a

private room at the Hospital of Desio by a nurse interviewer

who was blinded to participant TCDD levels. Information

was obtained on medical and reproductive history, with

detailed information on each pregnancy and on demo-

graphic and lifestyle factors. Between 1976 and 2016, a

total of 574 SWHS mothers reported 943 live births occur-

ring after the 1976 accident. We obtained genetic informa-

tion on 567 mothers (98.8%), corresponding with 929

births. Seven women (who had 14 live births) either did not

consent to biobanking their blood specimens or did not

have adequate amounts of blood specimen for DNA isola-

tion. We excluded an additional 27 multiple births and one

singleton with missing birthweight, leaving 901 singletons

from 562 mothers for the primary analyses (Table 1). The

study was approved by the institutional review boards of

the participating institutions and we obtained written in-

formed consent from all mothers before participation.

Table 1. Descriptive statistics of mothers with genetic data in the SWHS, 1996–2014

Characteristic n (%) 1976 serum TCDD (ppt) median (IQR)

Total women 562 (100.0) 61.3 (29.0, 163.0)

Total live births 901 (100.0)

Age at explosion (years)

0–10 164 (29.2) 157.5 (51.8, 320.5)

11–20 239 (42.5) 53.4 (25.4, 105.0)

21–30 139 (24.7) 41.3 (22.0, 80.9)

31–40 20 (3.6) 39.0 (27.7, 66.8)

Menarche status at explosion

Premenarche 211 (37.5) 131.0 (50.5, 286.0)

Postmenarche 351 (62.5) 44.4 (22.5, 86.7)

Pre-explosion parity

0 451 (80.3) 71.1 (31.7, 192.0)

1 71 (12.6) 36.6 (21.1, 70.4)

�2 40 (7.1) 35.6 (24.5, 69.1)

Maternal education at last follow-up

<Required 105 (18.7) 42.5 (23.5, 73.4)

Required/high school 432 (76.9) 64.7 (30.0, 188.0)

University 25 (4.5) 75.7 (30.2, 180.0)

Age at pregnancy (years)

<25 152 (16.9) 46.4 (21.5, 103.5)

25–29 309 (34.3) 55.5 (28.6, 131.0)

30–34 270 (30.0) 67.2 (29.9, 187.0)

�35 170 (18.9) 64.3 (35.0, 176.0)

Smoking during pregnancy

No 813 (90.2) 61.2 (29.3, 164.0)

Yes 88 (9.8) 50.0 (20.7, 102.0)

Weight gain during pregnancy (kg)a

<10 190 (21.1) 67.9 (38.2, 141.0)

10–14 421 (46.7) 54.3 (26.7, 136.0)

15–19 171 (19.0) 62.8 (22.0, 214.0)

�20 96 (10.7) 70.9 (30.0, 204.0)

Low birthweight (<2500 g)

No 844 (93.7) 60.4 (28.4, 157.0)

Yes 57 (6.3) 64.7 (31.7, 131.0)

Preterm (<37 weeks)

No 839 (93.1) 60.4 (28.4, 156.0)

Yes 62 (6.9) 76.2 (33.2, 206.0)

Infant sex

Male 473 (52.5) 55.0 (27.2, 130.0)

Female 428 (47.5) 67.0 (29.9, 179.5)

aMissing data on pregnancy weight gain for 23 live births.
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Outcome assessment

Birthweights and gestational duration were based on ma-

ternal report. In a small sample (n¼ 139), we confirmed

reported birthweights using hospital records. These data

indicated that women slightly over-reported birthweight,

by 22 g on average, but this was non-differential by TCDD

exposure.41

TCDD analysis

TCDD was measured in archived maternal serum samples

collected near the time of the explosion by high-resolution

gas chromatography/high-resolution mass spectrometry

methods at the Centers for Disease Control and Prevention

(CDC).47,48 Details of the serum sample selection and

TCDD concentrations are presented elsewhere.5,49 Before

statistical analysis, maternal serum TCDD levels were

adjusted for blood lipid concentrations by dividing

TCDD on a whole-weight basis by total serum lipid con-

tent, estimated from measurements of triglycerides and to-

tal cholesterol.50 Serum TCDD levels were reported in

picograms per gram lipid or parts per trillion (ppt). The

median lipid-adjusted limit of detection (LOD) for the full

population was 18.8 ppt. Quantifiable results less than the

method detection limits were reported when observed.

Otherwise, samples below the LOD (9.4% in the full co-

hort) were assigned a value equal to one-half of the

LOD.51 By considering the 1976 TCDD levels, we examine

the hypothesis that the mother’s primary dose permanently

altered her reproductive system or oocytes, possibly

resulting in persistent epigenetic changes that could impact

fetal growth.52

SNP selection and genotyping

We used the HapMap browser53 in the Caucasian popula-

tion of European descent (CEPH) and the 1000 Genomes

Toscani in the Italia population (TSI), to choose SNPs

from AHR which were expected to have minor allele fre-

quencies greater than 5% in our Italian Caucasian sample.

In cases where SNPs were in linkage disequilibrium, we

sought an appropriate tagging SNP representative of this

group of co-varying SNPs, to conserve study power and

resources. These candidate SNPs were further pared down

to those with known or suspected functional relevance as

reported in the literature or as listed in the open access

Regulome SNP database (Stanford University).54 We par-

ticularly prioritized SNPs linked to xenobiotic exposure

and fetal development, though we considered AHR SNPs

associated with any health outcome. Our final genotyping

assay comprised 18 SNPs across 50 kb of the AHR gene as

well as one SNP in AHR’s upstream intergenic region.

Location of the SNPs and their physical distribution are

presented in Table 2 and Supplementary Figure 1, available

as Supplementary data at IJE online.

Maternal DNA for genotyping was isolated from ar-

chived blood using a QIAamp Blood DNA Maxi kit

(QIAGEN, Valencia, CA, USA) with some modification as

previously described.55 High-throughput genotyping of se-

lected SNPs was performed using the multiplex platform

Table 2. Description of AHR SNPs genotyped in SWHS mothers, 1996-2014

SNP Location (chr: bp) Alleles MAF (%) Functional consequence

rs6968865 7: 17 247 645 T/A 41.2 Upstream, intergenic region

rs3757824 7: 17 296 411 A/G 18.5 intron, regulatory region variant

rs10249788 7: 17 298 523 C/T 12.4 intron, regulatory region variant

rs713150 7: 17 300 533 C/G 25.7 intron, regulatory region variant

rs17722841 7: 17 303 970 G/C 14.2 intron

rs2282885 7: 17 305 990 T/C 35.3 intron

rs3802083 7: 17 309 283 G/A 38.9 intron

rs17779352 7: 17 310 002 T/C 8.1 exon, synonymous variant

rs1476080 7: 17 318 249 C/A 37.2 intron, regulatory region variant

rs2237297 7: 17 319 970 C/T 9.3 intron

rs17137566 7: 17 320 897 T/C 15.7 intron

rs4236290 7: 17 323 944 T/C 12.0 intron

rs6960165 7: 17 328 461 A/G 24.1 intron

rs2158041 7: 17 328 796 G/A 23.8 intron

rs3802082 7: 17 330 557 T/A 15.3 intron

rs7811989 7: 17 331 739 G/A 27.3 intron

rs2066853 7: 17 339 486 G/A 9.8 exon, missense variant

rs2040623 7: 17 341 038 T/G 19.4 intron

rs2106728 7: 17 342 116 A/G 35.2 intron
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iPLEX (Sequenom, San Diego, CA) at the Genomics

Center at the University of Minnesota. The main steps in-

volved multiplex polymerase chain reaction (PCR), single-

base primer extension and finally mass spectrometry to de-

termine the genotype. Quality assurance procedures for

genotyping included assessment of randomly distributed

blank samples and duplicates of participant samples. Call

rates were above 98% for all 19 SNPs. Samples with lower

success rates were resolved with additional genotyping.

All genotype distributions were in accordance with Hardy-

Weinberg equilibrium assumptions.

Statistical analyses

TCDD measures were analysed as a log10-transformed,

continuous variable. We considered those covariates that

were used in previous reports of birthweight in this cohort

or identified a priori as confounders between in utero

dioxin and birthweight in a directed acyclic graph (DAG)

(Supplementary Figure 2, available as Supplementary data

at IJE online). These covariates included maternal age at

pregnancy (continuous, years), year of pregnancy, smoking

during pregnancy (yes/no), parity (0, 1 or >2 pregnancies),

maternal height (cm), pre-accident history of delivering a

low birthweight infant, child sex and gestational age (ma-

ternal report in weeks). Model parameters were estimated

with use of generalized estimating equations (GEE) with

exchangeable correlation of the variance structure to ac-

count for siblings.56 We first re-evaluated the association

between TCDD and birthweight in this analytical sample

for comparison with our previously reported result of an

adverse but non-significant relationship.38,41

Before model fitting, linkage disequilibrium between

SNPs was assessed with r2 and observed SNP distributions

and correlations were compared with those in the TSI of

the 1000 Genomes. Genotype analyses considered two

penetrance models with reasonable power given our sam-

ple sizes: (i) additive allelic penetrance (i.e. groups inherit-

ing 0, 1 or 2 minor alleles at each SNP); and (ii) dominant

penetrance (i.e. inheriting 0 vs at least 1 minor allele). In

models assuming dominant penetrance of the minor ‘vari-

ant’ allele, the genotype at each SNP was analysed as an in-

dicator variable. In separate analyses assuming additive

allelic penetrance, the genotype was analysed categorically

and if a dose-response pattern was observed with the in-

creasing number of variant alleles (0, 1, 2), an ordinal vari-

able was used. In both scenarios, the reference group was

the genotype with 0 variant alleles.

To evaluate the main effects of each SNP, we fitted mul-

tivariate models of birthweight regressed on maternal

genotype controlling for the above covariates and TCDD

levels. We then considered crude and adjusted models of

interaction between maternal genotype and TCDD on

birthweight by constructing a cross-product term of geno-

type and TCDD (i.e. SNPMaternal x TCDD). TCDD was

considered as a continuous variable (log10-transformed)

and as a categorized variable to explore GxE interaction

allowing for nonlinear associations between TCDD and

birthweight. The lowest TCDD category with no variant

alleles served as the reference group. We examined cumula-

tive associations across SNPs through calculation of a

genetic risk allele score by summing, for each individual,

the number of risk alleles (1 point if �1 risk allele present)

across all SNPs that were significant (pint <0.1) in the indi-

vidual SNP models and, in a sensitivity analysis, by weight-

ing the SNP components by the size of their coefficients in

the individual models. Genotypes associated with lowered

birthweight in interaction with TCDD were designated as

the ‘risk’ genotype and summed across all SNPs included

in the score. The score was then examined in models with

and without interaction with maternal TCDD levels. The

score, a common method that conserves study power and

potentially gives insight into underlying biological mecha-

nisms, was examined as a continuous variable.57

Multiple births were excluded from the initial models,

but were added back in a sensitivity analysis. Additional

sensitivity analyses considered models excluding preterm

(<37 weeks’ gestation)58 births and models restricted to

the mother’s first birth after the explosion, using robust

regression. All analyses were performed in Stata 13

(StataCorp LP, College Station, TX) with the exception of

Hardy-Weinberg and linkage disequilibrium statistics and

the Benjamini-Hochberg false-discovery rate (FDR) correc-

tion for multiple comparisons which were performed using

the SNP assoc and p.adjust packages in R, version 3.4.3,59

respectively.60,61

Results

Descriptive statistics of study sample

Maternal 1976 serum TCDD concentrations across demo-

graphic and pregnancy characteristics are presented in

Table 1. Mothers in this sample averaged 14.7 (67.7)

years of age at the time of the accident. The average mater-

nal age at pregnancy across all 901 births was 29.6 years

(65.3) and 20% of women had a history of pregnancy pre-

ceding the accident. The majority of mothers (81.4%) had

educational attainment beyond the compulsory education

in Italy. Women who were younger in 1976 tended to have

higher levels of serum TCDD, higher levels of educational

attainment at follow-up and were slightly older at time of

pregnancy than SWHS women who were adults at the time

of the accident, a pattern described in previous studies of
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the SWHS.4,49 The median TCDD level in maternal serum

was 61.3 ppt [interquartile range (IQR): 29.0 163.0] in

1976. The mothers in our analytical sample (n¼ 562) did

not differ in sociodemographic characteristics or medical

history from the sample of all mothers with eligible chil-

dren in the Seveso Second Generation Health Study

(n¼ 574).

Among the 901 singleton births, the average birth-

weight was 3264 (þ/�526) g. The number of low birth-

weight (<2500 g)62 and preterm infants (<37 weeks)58

was 57 (6.3%) and 62 (6.9%), respectively. Without con-

sidering genotype, a 10-fold increase in 1976 serum TCDD

was associated with a non-significant reduction in birth-

weight (b ¼ �33.65, 95% CI: -85.11, 17.80; P¼ 0.20),

adjusting for covariates. These findings are similar to what

has been observed in previous studies in this cohort, al-

though marginally different due to the slightly different

sample who had DNA available for analysis.38,41,46

Minor allele frequencies for the 19 SNPs, shown in

Table 2, ranged from 8.1% (rs17779352) to 41.2%

(rs6968865). The allelic frequencies in the SWHS popula-

tion were similar to those observed in the 1000 Genomes

TSI.63 Linkage disequilibrium was relatively low among

the AHR SNPs, with 5% of pairwise LD comparisons ex-

ceeding an r2 >0.8 (see Supplementary Figure 1, available

as Supplementary data at IJE online, for LD Plot).

Associations between SNPs and birthweight

We observed no association between any of the 19 SNPs in

AHR on birthweight (Supplementary Table 1, available as

Supplementary data at IJE online). The only SNP with a

suggestive association was rs2066853. Under an additive

model of penetrance, each additional risk allele (A) was as-

sociated with a -62 g reduction in birthweight relative to

the wild-type GG mothers ( P trend ¼ 0.085). However, this

trend was based on seven mothers with the AA genotype,

and therefore a dominant model (adjusted b ¼ -67.42,

95% CI: -145.13, 10.30; P ¼ 0.089) was used in subse-

quent sensitivity analyses to conserve power (Figure 1).

The only other SNP (rs2237297) that was notably associ-

ated with birthweight (adjusted b ¼ -58.04, 95% CI:

�137.49, 21.42; P ¼ 0.152) is in high LD with rs2066853

(r2 ¼ 0.93) in this population.

Gene-environment interactions

In crude models, the variant alleles of four of the 19 SNPs

(rs6968865, rs3757824, rs10249788, rs2040623) exhibited

interaction with 1976 maternal TCDD levels on birthweight

(Supplementary Table 2, available as Supplementary data at

IJE online). When these models were adjusted for covariates,

effect sizes were attenuated, but these four SNPs and two

others (rs2282885, rs2106728) suggested gene-environment

interaction (Table 3). Further, these six interactive SNPs

were clustered around the promoter and first and last introns

of AHR. We observed five SNPs (rs6968865, rs3757824,

rs10249788, rs3802082, rs2040623) for which presence of

the variant allele in mothers was associated with strong ad-

verse associations between TCDD and birthweight relative

to the reference group of homozygous wild-type mothers.

For example, a 10-fold increase in TCDD was associated

with -149.09 g (95%CI: -252.34, -45.83; P ¼ 0.015) and

�1.76 g (95%CI: -59.89, 56.37; P ¼ 0.953) reductions in

birthweight among children of mothers with the variant

(CC/CT) and wild-type (TT) rs10249788 genotypes, respec-

tively. This interactive association was particularly notable

at the low and high ends of TCDD exposure where, continu-

ing with the example of rs10249788, the variant allele was

protective at low TCDD levels but crossed to adverse at

higher TCDD exposures (Figure 2). We observed this pattern

of GxE interaction, whereby the risk allele conferred fetal

hypersusceptibility to TCDD, for three other SNPs

(rs6968865, rs3757824, rs2040623). For two SNPs,

rs2282885 and rs2106728, the variant allele exhibited a

Figure 1. Main effects of maternal AHR SNP rs2066853 on birthweight

under dominant and additive genetic models, SWHS, 1996-2014.

Models adjusted for gestational age (weeks), history of low birthweight,

maternal age at pregnancy, parity, maternal height, maternal smoking,

birth year, child sex.

International Journal of Epidemiology, 2018, Vol. 47, No. 6 1997

https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyy165#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyy165#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyy165#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyy165#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyy165#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyy165#supplementary-data


protective influence on the association between TCDD and

birthweight.

We developed a genetic risk allele score to explore the

joint association of multiple AHR SNPs in interaction with

TCDD on birthweight. We considered the six SNPs that

were interactive with TCDD. Two of these SNPs

(rs2040623 and rs2106728), located at the end of the

AHR gene, were excluded from the score as they were in

high LD with two other SNPs already in the score,

rs2282885 and rs3757824 (r2 >0.84), respectively, and

did not contribute appreciably to the association or vari-

ance of the models. Thus, the final risk allele score was

based on the four SNPs located in the intergenic and pro-

moter regions only (rs6968865, rs3757824, rs10249788,

rs2282885). Considered independently of dioxin interac-

tion, the risk allele score had no association with birth-

weight (adjusted b ¼ -3.84, 95% CI: -27.20, 19.53;

P ¼ 0.75). However, the score adversely modified the asso-

ciation of TCDD and birthweight ( P int ¼ 0.001)

(Figure 3). For example, a 10-fold increase in TCDD was

not associated with birthweight among 199 children whose

mothers had the lowest risk allele score (adjusted b ¼
�2.41, 95% CI: -119.65, 114.83; P ¼ 0.97). In contrast,

TCDD was associated with significant decreases in birth-

weight in children of mothers with scores greater than 1,

with the largest reductions observed when mothers carried

all four risk genotypes (adjusted b ¼ -192.93, 95% CI:

�314.85, �71.01; P ¼ 0.002).

Table 3. GEE regression models of 1976 log10TCDD exposure on child birthweight stratified by genotype at each locus using

dominant model of inheritance, SWHS, 1996–2014

0 minor alleles 1 or 2 minor alleles

SNP Genetic model badj (95%CI) P badj (95%CI) P Pint FDR

rs6968865 AA þ TA vs TT 23.23 (�66.93, 113.40) 0.614 �62.34 (�124.58, -0.10) 0.050* 0.034 0.17

rs3757824 GG þ AG vs AA 18.44 (�45.40, 82.28) 0.571 �126.75 (�210.00, -43.49) 0.003** 0.021 0.14

rs10249788 TT þ CT vs CC �1.76 (�59.89, 56.37) 0.953 �149.09 (�252.34, -45.83) 0.005** 0.015 0.14

rs713150 GG þ CG vs CC �46.10 (�119.31, 27.11) 0.217 �2.95 (�78.30, 72.40) 0.939 0.741 0.80

rs17722841 AA þ GA vs GG �50.31 (�109.15, 8.53) 0.094 �7.97 (�111.77, 95.83) 0.880 0.704 0.80

rs2282885 CC þ TC vs TT �86.66 (�164.08, -9.24) 0.028* 10.86 (�57.15, 78.87) 0.754 0.067 0.22

rs3802083 AA þ GA vs GG �36.32 (�131.41, 58.78) 0.454 �35.05 (�95.96, 25.86) 0.259 0.654 0.80

rs17779352 CC þ TC vs TT �37.35 (�90.59, 15.90) 0.169 15.29 (�150.22, 180.81) 0.856 0.618 0.80

rs1476080 AA þ CA vs CC �14.00 (�103.84, 75.83) 0.760 �46.64 (�109.23, 15.96) 0.144 0.360 0.62

rs2237297 TT þ CT vs CC �23.65 (�80.81, 33.51) 0.417 �79.12 (�191.05, 32.81) 0.166 0.369 0.62

rs17137566 CC þ TC vs TT �14.76 (�76.99, 47.46) 0.642 �84.39 (�172.78, 4.00) 0.061 0.409 0.62

rs4236290 CC þ TC vs TT �11.52 (�70.17, 47.13) 0.700 �103.61 (�210.38, 3.16) 0.057 0.161 0.45

rs6960165 GG þ AG vs AA �48.01 (�118.69, 22.67) 0.183 �9.59 (�83.44, 64.25) 0.799 0.772 0.80

rs2158041 AA þ GA vs GG �47.28 (�117.89, 23.32) 0.189 �16.02 (�90.12, 58.08) 0.672 0.861 0.85

rs3802082 AA þ TA vs TT 4.04 (�59.70, 67.79) 0.901 �88.91 (�174.30, -3.53) 0.041* 0.221 0.53

rs7811989 AA þ GA vs GG �20.32 (�94.72, 54.09) 0.593 �46.31 (�117.47, 24.85) 0.202 0.370 0.62

rs2066853 AA þ GA vs GG �26.83 (�83.60, 29.94) 0.354 �59.57 (�175.78, 56.65) 0.315 0.416 0.62

rs2040623 GG þ TG vs TT 36.74 (�29.19, 102.68) 0.275 �116.13 (�197.27, -34.99) 0.005** 0.021 0.14

rs2106728 GG þ AG vs AA �80.23 (�158.02, -2.45) 0.043* 6.88 (�60.90, 74.66) 0.842 0.061 0.22

Models adjusted for gestational age (weeks), history of low birthweight, maternal age at pregnancy, parity, maternal height, maternal smoking, birth year, child

sex. Pinteraction from model with an interaction term between log10TCDD and genotype.

*P-value significant at alpha <0.05.

**P-value significant at alpha <0.01.

Figure 2. Interactive effects of maternal rs10249788*Maternal

log10TCDD on birthweight under a dominant genetic model, SWHS,

1996–2014. Models adjusted for gestational age (weeks), history of low

birthweight, maternal age at pregnancy, parity, maternal height, mater-

nal smoking, birth year, child sex.
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In sensitivity analyses, excluding preterm births did not

appreciably change the findings of interaction between the

AHR gene and TCDD exposure (Supplementary Table 3,

available as Supplementary data at IJE online) nor did in-

cluding multiple births (Supplementary Table 4, available

as Supplementary data at IJE online). When we restricted

to the first post-explosion birth, the GxE coefficients were

also comparable but with diminished statistical precision

due to the smaller sample sizes (Supplementary Table 5,

available as Supplementary data at IJE online).When we

accounted for multiple testing with FDR adjustment, the

significance of the interactions for individual SNPs was at-

tenuated (Table 3); nevertheless, the GxE interaction by

the risk allele score, which mitigates issues of multiple-

testing, remained statistically significant.

Discussion

In our previous research,38,41 we found that birthweight

was suggestively related to maternal TCDD blood concen-

trations and hypothesized that there may be a susceptible

subgroup that is at higher risk. In this study, we examined

whether variation in maternal AHR genotypes, coding for

a transcription factor with diverse functions including di-

oxin metabolism, could explain heterogeneity in the effects

of in utero dioxin exposure on birthweight. We found

interactions between maternal serum TCDD levels and six

SNPs in AHR’s regulatory regions, particularly in proxim-

ity to the gene’s promoter. We observed an even stronger

adverse interaction when we examined the joint contribu-

tion of these SNPs via a risk allele score. These novel

results demonstrate for the first time an interactive associa-

tion between AHR genetics and TCDD exposure on birth-

weight, supporting the existence of susceptible genetic

subgroups, and add to previous evidence that variation in

maternal AHR in interaction with smoking may influence

fetal growth.43,64,65 The only extant report of maternal

AHR genetics (specifically, a single SNP, rs2066853) on

fetal susceptibility to dioxins suggested no interaction;44

our study, the first report in a population of European an-

cestry, builds upon this work by examining additional

SNPs across the AHR gene and interaction across a wider

distribution of TCDD in a population with background

exposures to other dioxin-like compounds. Average reduc-

tions in birthweight (60–140 g) associated with TCDD in

our study were in some cases as large as those reported

among maternal smokers within high-risk genotypes in

previous studies.43,64,65 Susceptibility to TCDD culmi-

nated in an average 192-g reduction in birthweight among

children of mothers carrying all four of the highest risk

genotypes.

This finding is noteworthy, given that the independent

associations of neither TCDD nor maternal AHR geno-

types with birthweight were significant (though as we pre-

viously noted, the relationship between maternal TCDD

and birthweight has trended in an adverse direction in ear-

lier analyses). Specifically, we did not observe associations

between 19 AHR SNPs and birthweight, though the vari-

ant allele at rs2066853 was associated with a large but

statistically non-significant weight reduction. This lack of

a relationship is consistent with what is known from

genome-wide association studies (GWAS) of birthweight;

AHR activity is integral to fetal development, but no var-

iants have been linked to altered fetal growth in

GWAS.66,67 Nevertheless, previous GWAS studies of birth-

weight have only considered child’s genetics and not

maternal genetics, as examined here. This affirms the

methodological caution advanced by Humblet et al.68 that

only testing for interaction among marginally significant

SNPs may screen out and miss potentially important inter-

active loci in epidemiological studies.

The SNPs in the AHR risk allele score in our study

may be important for development and toxicant metabo-

lism. Previous experimental and epidemiological research

indicate that the three SNPs in proximity to AHR’s pro-

moter region may influence expression of the AHR

gene,69,70 suggesting a possible biological mechanism for

the interaction we observed. For example rs6968865,

Figure 3. Association of maternal TCDD levels on birthweight, stratified

by maternal risk allele score. Score based on four SNPs in AHR, SWHS,

1996–2014. Models adjusted for gestational age (weeks), history of low

birthweight, maternal age at pregnancy, parity, maternal height, mater-

nal smoking, birth year, child sex. *Model without consideration of risk

allele score.
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upstream of AHR, is a documented expression quantita-

tive trait locus (eQTL) associated with expression of

AHR in pancreas tissue (Genotype-Tissue Expression

GTex Project, Broad Institute). The minor allele (T) of

rs10249788, a SNP in AHR’s promoter, has been associ-

ated with higher expression of AHR than the C allele in

human blood,70 and downstream genes such as interleu-

kin factors may be more upregulated in the presence of

the TT genotype, independently of dioxin exposure.71 A

possible biological explanation for this expression differ-

ence is offered by a study in human endometrial cells,

which observed that nuclear factor 1-C (NF1C), a sup-

pressor of AHR expression, preferentially bound to pro-

moters with the C-allele compared with the T-allele at

rs10249788.72 To the best of our knowledge, no studies

on AHR regulation by rs3757824, another significant

promoter SNP in our study that is located about 2 kb

away from rs10249788, have been published, but the het-

erozygous genotype of this locus has been linked to higher

risk of cryptorchidism in Italian boys,73 suggesting a role

in fetal development.

The most widely studied AHR variant in humans is

rs2066853, an Arg554Lys missense mutation in exon 10,

the codon site for AHR’s transactivation domain (TAD).

Insight into the possible biological mechanism of

rs2066853 is offered by a study that observed signifi-

cantly higher mRNA levels of AHR in human lympho-

cytes with the wild-type genotype compared with the

homozygote variant, Lys554Lys (AA).74 However, func-

tional studies of the polymorphism linking variation at

rs2066853 to altered CYP1A1 or AHR expression are

mostly inconclusive.75,76 Though this SNP had the largest

main effect on birthweight in our study, the association

was of borderline significance and we did not observe in-

teraction of this SNP with dioxin exposure. This finding

is consistent with a recent study in a Japanese cohort,

which also did not report evidence of interaction between

this SNP and dioxins/TEQ on birthweight.44 However, in

this same Japanese cohort, rs2066853 was associated

with circulating levels of dioxins in pregnant mothers,

suggesting that rs2066853 may still be related to effi-

ciency of dioxin metabolism.77

To date, there is limited evidence on the functional rele-

vance of rs2106728, found in the gene’s last exon, on

AHR activity but one study reported a large but insignifi-

cant association of this SNP with endometriosis in

Japanese women.78 This SNP and others could be worthy

of further investigation in the SWHS, where dioxin expo-

sure was observed to be non-significantly associated with a

doubling of endometriosis risk.79

There are several possible pathways by which maternal

xenobiotic-metabolizing genes such as AHR can alter

the intrauterine environment and affect birthweight; for

example, their activity contributes to xenobiotic levels in

maternal-fetal circulation, placental function, endocrine

regulation, and/or indirectly through the fetus’s detoxifi-

cation capacity inherited from the mother’s alleles.80 The

relative contributions of these pathways are difficult to

disentangle, but our study corroborates previous reports

that maternal variation in other detoxifying proteins, par-

ticularly in the promoter region, may influence fetal sus-

ceptibility to toxicants.81,82 For example, we previously

found that maternal and child promoter variation in

PON1, another multifunctional, detoxifying gene, has

been linked to subsequent expression and detoxifying ac-

tivity of organophosphate pesticides83 and possibly modi-

fies the relationship between prenatal organophosphate

exposure and neurodevelopment.84,85 However, whether

AHR exhibits analogous genetic-epigenetic regulation at

the site of the promoter and the contribution of the child’s

genetics is not yet known.

This study has several notable strengths, including

the long follow-up of the SWHS through reproductive

years, and one of the largest sample sizes among analyses

examining GxE with AHR. The wide exposure distribution

of TCDD in our study population also allowed for higher

resolution of significant gene-dioxin interactions, particu-

larly at the low and high ends of exposure where the inter-

action was most prominent. In addition, a candidate

gene approach focusing on the AHR gene, where the bio-

logical plausibility is strong, conserved study power by lim-

iting the number of multiple tests. Last, the genetic

homogeneity in the SWHS limits confounding by popula-

tion stratification.

Our study has several limitations. First, this is the

earliest report examining this particular GxE association

in a Caucasian population, and its generalizability to

other ancestral populations is uncertain and warrants

replication in additional cohorts. Second, though its po-

tency for dioxin metabolism has been widely studied,

AHR is just one player in a complex network of genes

and proteins that mediate dioxin toxicity. Further, we

only considered 19 main AHR SNPs among approxi-

mately 125 SNPs with >1% MAF across human popula-

tions, and we prioritized those evidencing functional

significance for fetal development or detoxification.

Third, in the interest of conserving study power, we used

a dominant model of inheritance for all the risk alleles

and an additive count of risk alleles across SNPs in com-

posing the risk allele score on birthweight, assumptions

which may not accurately reflect underlying biology.

Future studies will investigate gene-dioxin interactions

with respect to additional outcomes in the Seveso

Women’s Health Study and in the Seveso Second

2000 International Journal of Epidemiology, 2018, Vol. 47, No. 6



Generation and the roles of other genes in the AHR path-

way as well as the child’s genotype.

Conclusions

This is one of the first studies to evaluate gene-dioxin inter-

actions in a large, homogeneous cohort with a broad range

of exposure levels. We used the prospective study design of

the SWHS, high-quality TCDD measurements collected

close to the time of the exposure, and an assessment of

multiple polymorphisms across the AHR gene. We found

six SNPs in maternal AHR that significantly potentiated

the adverse relationship between maternal TCDD concen-

trations and child birthweight. AHR genetics may explain

variation in human sensitivity to dioxin exposure, particu-

larly among the offspring of TCDD-exposed mothers.

Replication in additional cohorts or confirmation in mech-

anistic studies is warranted.

Supplementary Data

Supplementary data are available at IJE online.
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fer of polychlorinated dibenzo-p-dioxins, dibenzofurans, and

biphenyls in Taiwanese mothers in relation to menstrual cycle

characteristics. Food Chem Toxicol 2007;45:259–65.

10. Nau H, Bass R, Neubert D. Transfer of 2, 3, 7, 8-tetrachlorodi-

benzo-p-dioxin (TCDD) via placenta and milk, and postnatal

toxicity in the mouse. Arch Toxicol 1986;59:36–40.

11. Bruner-Tran KL, Osteen KG. Developmental exposure to TCDD

reduces fertility and negatively affects pregnancy outcomes

across multiple generations. Reprod Toxicol 2011;31:344–50.

12. Jin MH, Ko HK, Hong CH, Han SW. In utero exposure to 2, 3,

7, 8-Tetrachlorodibenzo-p-Dioxin affects the development of re-

productive system in mouse. Yonsei Med J 2008;49:843–50.

13. Ding T, McConaha M, Boyd KL, Osteen KG, Bruner-Tran KL.

Developmental dioxin exposure of either parent is associated

with an increased risk of preterm birth in adult mice. Reprod

Toxicol 2011;31:351–58.

14. Gray LE Jr, Kelce WR, Monosson E, Ostby JS, Birnbaum LS.

Exposure to TCDD during development permanently alters re-

productive function in male Long Evans rats and hamsters: re-

duced ejaculated and epididymal sperm numbers and sex

accessory gland weights in offspring with normal androgenic sta-

tus. Toxicol Appl Pharmacol 1995;131:108–18.

15. Gray LE Jr, Ostby JS. In utero 2, 3, 7, 8-tetrachlorodibenzo-p-di-

oxin (TCDD) alters reproductive morphology and function in fe-

male rat offspring. Toxicol Appl Pharmacol 1995;133:285–94.

16. Ikeda M, Tamura M, Yamashita J, Suzuki C, Tomita T. Repeated

in utero and lactational 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin ex-

posure affects male gonads in offspring, leading to sex ratio changes

in F2 progeny. Toxicol Appl Pharmacol 2005;206:351–55.

17. Arima A, Kato H, Ooshima Y et al. In utero and lactational ex-

posure to 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD) indu-

ces a reduction in epididymal and ejaculated sperm number in

rhesus monkeys. Reprod Toxicol 2009;28:495–502.

18. Kakeyama M, Sone H, Tohyama C. Perinatal exposure of female

rats to 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin induces central

International Journal of Epidemiology, 2018, Vol. 47, No. 6 2001

https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyy165#supplementary-data


precocious puberty in the offspring. J Endocrinol 2008;197:

351–58.

19. Manikkam M, Guerrero-Bosagna C, Tracey R, Haque MM,

Skinner MK. Transgenerational actions of environmental

compounds on reproductive disease and identification of epige-

netic biomarkers of ancestral exposures. PLoS One 2012;7:

e31901.

20. Myllymaki SA, Haavisto TE, Brokken LJ, Viluksela M, Toppari

J, Paranko J. In utero and lactational exposure to TCDD; ste-

roidogenic outcomes differ in male and female rat pups. Toxicol

Sci 2005;88:534–44.

21. Roman BL, Peterson RE. In utero and lactational exposure of the

male rat to 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin impairs pros-

tate development. 1. Effects on gene expression. Toxicol Appl

Pharmacol 1998;150:240–53.

22. Sommer RJ, Ippolito DL, Peterson RE. In utero and lactational

exposure of the male Holtzman rat to 2, 3, 7, 8-tetrachlorodi-

benzo-p-dioxin: decreased epididymal and ejaculated sperm

numbers without alterations in sperm transit rate. Toxicol Appl

Pharmacol 1996;140:146–53.

23. Murray FJ, Smith FA, Nitschke KD, Humiston CG, Kociba RJ,

Schwetz BA. Three-generation reproduction study of rats given

2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD) in the diet.

Toxicol Appl Pharmacol 1979;50:241–52.

24. Poland A, Glover E, Kende AS. Stereospecific, high affinity

binding of 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin by hepatic cy-

tosol. Evidence that the binding species is receptor for induction

of aryl hydrocarbon hydroxylase. J Biol Chem 1976;251:

4936–46.

25. Abe Y, Sinozaki H, Takagi T et al. Identification of 2, 3, 7, 8-tet-

rachlorodibenzo-p-dioxin (TCDD)-inducible genes in human

amniotic epithelial cells. Reprod Biol Endocrinol 2006;4:27.

26. Okey AB, Giannone JV, Smart W et al. Binding of 2, 3, 7, 8-tetra-

chlorodibenzo-p-dioxin to AH receptor in placentas from nor-

mal versus abnormal pregnancy outcomes. Chemosphere 1997;

34:1535–47.

27. Peltier MR, Arita Y, Klimova NG et al. 2, 3, 7, 8-tetrachlorodi-

benzo-p-dioxin (TCDD) enhances placental inflammation.

J Reprod Immunol 2013;98:10–20.

28. Stejskalova L, Vecerova L, Perez LM et al. Aryl hydrocarbon re-

ceptor and aryl hydrocarbon nuclear translocator expression in

human and rat placentas and transcription activity in human tro-

phoblast cultures. Toxicol Sci 2011;123:26–36.

29. Wu Y, Chen X, Zhou Q et al. ITE and TCDD differentially regu-

late the vascular remodeling of rat placenta via the activation of

AhR. PLoS One 2014;9:e86549.

30. Safe S, Wang F, Porter W, Duan R, McDougal A. Ah receptor

agonists as endocrine disruptors: antiestrogenic activity and

mechanisms. Toxicol Lett 1998;102–103:343–47.

31. Mimura J, Fujii-Kuriyama Y. Functional role of AhR in the ex-

pression of toxic effects by TCDD. Biochim Biophys Acta 2003;

1619:263–68.

32. Nishijo M, Tawara K, Nakagawa H et al. 2, 3, 7, 8-

Tetrachlorodibenzo-p-dioxin in maternal breast milk and new-

born head circumference. J Expo Sci Environ Epidemiol 2008;

18:246–51.

33. Halldorsson TI, Thorsdottir I, Meltzer HM, Strøm M, Olsen SF.

Dioxin-like activity in plasma among Danish pregnant women:

dietary predictors, birth weight and infant development. Environ

Res 2009;109:22–28.

34. Tawara K, Nishijo M, Honda R et al. Effects of maternal dioxin

exposure on newborn size at birth among Japanese mother-

infant pairs. Environ Health Prev Med 2009;14:88–95.

35. Konishi K, Sasaki S, Kato S et al. Prenatal exposure to PCDDs/

PCDFs and dioxin-like PCBs in relation to birth weight. Environ

Res 2009;109:906–13.

36. Papadopoulou E, Kogevinas M, Botsivali M et al. Maternal diet,

prenatal exposure to dioxin-like compounds and birth outcomes

in a European prospective mother-child study (NewGeneris). Sci

Total Environ 2014;484:121–28.

37. Van Tung D, Kido T, Honma S et al. Low birth weight of

Vietnamese infants is related to their mother’s dioxin and gluco-

corticoid levels. Environ Sci Pollut Res Int 2016;23:10922–29.

38. Wesselink A, Warner M, Samuels S et al. Maternal dioxin expo-

sure and pregnancy outcomes over 30 years of follow-up in

Seveso. Environ Int 2014;63:143–48.

39. Vartiainen T, Jaakkola JJ, Saarikoski S, Tuomisto J. Birth weight

and sex of children and the correlation to the body burden of

PCDDs/PCDFs and PCBs of the mother. Environ Health

Perspect 1998;106:61–66.

40. Tajimi M, Uehara R, Watanabe M, Oki I, Ojima T, Nakamura

Y. Relationship of PCDD/F and Co-PCB concentrations in breast

milk with infant birthweights in Tokyo, Japan. Chemosphere

2005;61:383–88.

41. Eskenazi B, Mocarelli P, Warner M et al. Maternal serum dioxin

levels and birth outcomes in women of Seveso, Italy. Environ

Health Perspect 2003;111:947–53.

42. Denison MS, Pandini A, Nagy SR, Baldwin EP, Bonati L. Ligand

binding and activation of the Ah receptor. Chem Biol Interact

2002;141:3–24.

43. Sasaki S, Kondo T, Sata F et al. Maternal smoking during preg-

nancy and genetic polymorphisms in the Ah receptor, CYP1A1

and GSTM1 affect infant birth size in Japanese subjects. Mol

Hum Reprod 2006;12:77–83.

44. Kobayashi S, Sata F, Miyashita C et al. Dioxin-metabolizing

genes in relation to effects of prenatal dioxin levels and reduced

birth size: the Hokkaido study. Reprod Toxicol 2017;67:

111–16.

45. Warner M, Mocarelli P, Samuels S, Needham L, Brambilla P,

Eskenazi B. Dioxin exposure and cancer risk in the Seveso

Women’s Health Study. Environ Health Perspect 2011;119:

1700–05.

46. Eskenazi B, Warner M, Brambilla P, Signorini S, Ames J,

Mocarelli P. The Seveso accident: A look at 40 years of health re-

search and beyond. 2018. Submitted for publication.

47. Patterson DG, Hampton L, Lapeza CR et al. High-resolution

gas chromatographic/high-resolution mass spectrometric

analysis of human serum on a whole-weight and lipid basis for

2, 3, 7, 8-tetrachlorodibenzo-p-dioxin. Anal Chem 1987;59:

2000–05.

48. Needham LL, Gerthoux PM, Patterson DG Jr et al. Serum dioxin

levels in Seveso, Italy, population in 1976. Teratog Carcinog

Mutagen 1997;17:225–40.

49. Eskenazi B, Mocarelli P, Warner M et al. Relationship of serum

TCDD concentrations and age at exposure of female residents of

Seveso, Italy. Environ Health Perspect 2004;112:22–27.

2002 International Journal of Epidemiology, 2018, Vol. 47, No. 6



50. Akins JR, Waldrep K, Bernert JT Jr. The estimation of total se-

rum lipids by a completely enzymatic ‘summation’ method. Clin

Chim Acta 1989;184:219–26.

51. Hornung RW, Reed LD. Estimation of average concentration in

the presence of non-detectable values. Appl Occup Environ Hyg

1990;5:46–51.

52. Walker SK, Hartwich KM, Robinson JS. Long-term effects on

offspring of exposure of oocytes and embryos to chemical and

physical agents. Hum Reprod Update 2000;6:564–77.

53. Thorisson GA, Smith AV, Krishnan L, Stein LD. The

International HapMap Project Web site. Genome Res 2005;15:

1592–93.

54. Boyle AP, Hong EL, Hariharan M et al. Annotation of functional

variation in personal genomes using RegulomeDB. Genome Res

2012;22:1790–97.

55. Holland N, Furlong C, Bastaki M et al. Paraoxonase

polymorphisms, haplotypes, and enzyme activity in Latino

mothers and newborns. Environ Health Perspect 2006;114:

985–91.

56. Liang K-Y, Zeger SL. Longitudinal data analysis using general-

ized linear models. Biometrika 1986;73:13–22.

57. Chawla R, Badon SE, Rangarajan J et al. Genetic risk score for

prediction of newborn adiposity and large-for-gestational-age

birth. J Clin Endocrinol Metab 2014;99:E2377–86.

58. Lawn JE, Gravett MG, Nunes TM, Rubens CE, Stanton C;

GAPPS Review Group. Global report on preterm birth and still-

birth (1 of 7): definitions, description of the burden and opportu-

nities to improve data. BMC Pregnancy Childbirth 2010;

10(Suppl 1):S1.

59. R Core Team R: A Language and Environment for Statistical

Computing. Vienna: R Foundation for Statistical Computing,

2017.

60. Gonzalez JR, Armengol L, Sole X et al. SNPassoc: an R package

to perform whole genome association studies. Bioinformatics

2007;23:654–55.

61. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a

practical and powerful approach to multiple testing. J R Stat Soc

B 1995;57:289–300.

62. Wardlaw TM; World Health Organization; UNICEF. Low

Birthweight: Country, Regional and Global Estimates. Geneva,

New York: WHO, UNICEF, 2004.

63. Auton A, Brooks LD, Durbin RM et al. A global reference for

human genetic variation. Nature 2015;526:68–74.

64. Kobayashi S, Sata F, Sasaki S et al. Combined effects of AHR,

CYP1A1, and XRCC1 genotypes and prenatal maternal smoking

on infant birth size: Biomarker assessment in the Hokkaido

Study. Reprod Toxicol 2016;65:295–306.

65. Kobayashi S, Sata F, Sasaki S et al. Modification of adverse

health effects of maternal active and passive smoking by genetic

susceptibility: dose-dependent association of plasma cotinine

with infant birth size among Japanese women - The Hokkaido

Study. Reprod Toxicol 2017;74:94–103.

66. Horikoshi M, Beaumont RN, Day FR et al. Genome-wide associ-

ations for birth weight and correlations with adult disease.

Nature 2016;538:248–52.

67. Freathy RM, Mook-Kanamori DO, Sovio U et al. Variants in

ADCY5 and near CCNL1 are associated with fetal growth and

birth weight. Nat Genet 2010;42:430–35.

68. Humblet O, Korrick SA, Williams PL et al. Genetic modification

of the association between peripubertal dioxin exposure and pu-

bertal onset in a cohort of Russian boys. Environ Health

Perspect 2012;121:111–17.

69. Sulem P, Gudbjartsson DF, Geller F et al. Sequence variants at

CYP1A1-CYP1A2 and AHR associate with coffee consumption.

Hum Mol Genet 2011;20:2071–77.

70. Wang X, Li K, Liu L et al. AHR promoter variant modulates its

transcription and downstream effectors by allele-specific AHR-

SP1 interaction functioning as a genetic marker for vitiligo. Sci

Rep 2015;5:13542.

71. Liu G, Asanoma K, Takao T et al. Aryl hydrocarbon receptor

SNP -130 C/T associates with dioxins susceptibility through reg-

ulating its receptor activity and downstream effectors including

interleukin 24. Toxicol Lett 2015;232:384–92.

72. Li D, Takao T, Tsunematsu R et al. Inhibition of AHR transcrip-

tion by NF1C is affected by a single-nucleotide polymorphism,

and is involved in suppression of human uterine endometrial can-

cer. Oncogene 2013;32:4950–59.

73. Qin X-Y, Kojima Y, Mizuno K et al. Association of variants in

genes involved in environmental chemical metabolism and risk

of cryptorchidism and hypospadias. J Hum Genet 2012;57:

434–41.
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