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Preface

The project "Pesticide exposure and health risk in susceptible population groups” was conducted at Environmen-
tal Medicine, Institute of Public Health at University of Southern Denmark in 2014-2017 and financed by the Dan-
ish Environmental Protection Agency's Pesticide Research Programme (MST-667-00164).

The project is based on data from the Greenhouse Cohort Children (GCC) and the Odense Child Cohort (OCC).
This report present results on urinary concentrations of the herbicide 2,4-D and metabolites of organophosphate
and pyrethroid insecticides and investigate potential associations with selected health outcomes. Some of the
results are mainly presented in two scientific papers. Results on DNA-methylation (epigenetics) in blood samples
from the Greenhouse Cohort children related to maternal occupational pesticide exposure are presented in Paper
1:

“Interaction between Prenatal Pesticide Exposure and a Common Polymorphism in the PON1 Gene on DNA
Methylation in Genes Associated with Cardio-metabolic Disease Risk - An Exploratory Study” published in Clini-
cal Epigenetics 9:35 (2017) and available at: http://rdcu.be/qFoP

Results on urinary concentrations of pesticide metabolites among pregnant women from the OCC and selected
health outcomes in their infants are presented in Paper 2:

“Associations of maternal exposure to organophosphate and pyrethroid insecticides and the herbicide 2,4-D with
birth outcomes and anogenital distance at 3 months of age in the Odense Child Cohort” published in Reproduc-
tive Toxicology 76, 53-62 (2018) and available at:

https://doi.org/10.1016/j.reprotox.2017.12.008

The DNA methylation analyses were performed at Laboratory of Protein Chemistry, Proteomics and Epigenetic
Signalling (PPES), Department of Biomedical Sciences, University of Antwerp, Belgium in collaboration with pro-
fessor Greet Schoeters and professor Wim Vanden Berghe.

We are very grateful to all families participating in The Greenhouse Cohort and Odense Child Cohort. We also
appreciate the skilled help from assistants and students (Hans Christian Andersen Children’s Hospital and Envi-
ronmental Medicine, Institute of Public Health, University of Southern Denmark). We also want to thank The Dan-
ish Environmental Protection Agency for funding (MST-667-00164) and the reviewers for constructive comments
and suggestions to this report.
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Summary

Many pesticides have shown neurotoxic and/or endocrine disrupting properties in experimental studies. There is
therefore a risk that pesticides may interfere with development of the brain as well as the endocrine system - es-
pecially if the exposure occurs during vulnerable time periods in foetal life or childhood. To investigate potential
health effects of prenatal pesticide exposure, we have followed a cohort of children, whose mothers worked in
greenhouse horticulture during pregnancy (the Greenhouse Cohort). Some of the mothers were occupationally
exposed to mixtures of pesticides in the first trimester before the pregnancy was recognized and preventive
measures were taken. Findings from this cohort include associations between maternal occupational pesticide
exposure and impaired reproductive development in boys, earlier puberty and delayed development of the nerv-
ous system in girls, and lower birth weight followed by increased body fat accumulation during childhood. We
also found that children with a certain genetic variation in the PON7 gene were more vulnerable to pesticide-re-
lated effects. They accumulated more body fat during childhood, had higher blood pressure and enhanced serum
concentration of biomarkers related to the metabolic syndrome if their mother had been exposed to pesticides
during pregnancy compared to unexposed children and children without the gene variant. This finding suggests
an interaction between the PON1 gene and pesticide exposure already in foetal life, which may affect disease
development later in life. A potential mechanism could be an exposure related reprogramming of metabolic path-
ways by altered epigenetic regulation of gene-expression in those children with the gene variant.

The associations between maternal occupational pesticide exposure in early pregnancy and a wide range of
health outcomes seen in the Greenhouse Cohort children raise concern that pesticide exposures, at levels typical
for the general population, could have health implications for susceptible population groups such as pregnant
women and children. Besides, several population studies have reported associations between exposure to or-
ganophosphate and pyrethroid insecticides in pregnancy or childhood and child neurodevelopment. It is thus im-
portant to ensure that the pesticide exposure in the Danish population does not exceed levels that can cause ad-
verse health effects in vulnerable populations such as children and pregnant women, including those with sus-
ceptible genotypes.

The aims of this study were therefor:

e To explore differential DNA methylation patterns between prenatally exposed children with the wild type
PONT1 gene (PON1 192QQ genotype) and children with a variant (one or two PON1 192R-allels). This
part of the study was based on blood samples and health outcomes from a subgroup of 48 children from
the Greenhouse Cohort collected when the children were between 6 and 11 years old.

e To investigate exposure levels to pyrethroid and organophosphate insecticides in pregnant women and
children recruited from the general Danish population by measuring urinary concentrations of the pesti-
cide metabolites and to compare the concentrations with those found in other population studies. Since
urine concentrations of the herbicide 2,4-D was automatically provided when analysing the pyrethroids,
the results for this compound was also included. This part of the study is based on urine samples col-
lected in 2010-12 from 858 pregnant women in the Odense Child Cohort (OCC) and from 143 children
from the Greenhouse Cohort obtained at examinations in 2011-2013.

e To investigate potential associations of urinary pesticide metabolite concentrations with indicators of im-
paired nervous system function (motor speed function and attention) in the Greenhouse Cohort children
at 11-16 years-of-age, and with birth outcomes and ano-genital distance (AGD, as marker of reproduc-
tive development) in 3 months old babies from the OCC.

We found a specific methylation profile in DNA isolated from blood samples from prenatally pesticide-exposed

children with the192R-allele variant in the PON1 gene. The methylation pattern differed from both exposed chil-
dren with the QQ-genotype and from unexposed children independent of the genotype. Differentially methylated
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genes were especially seen in several neuroendocrine signalling pathways related to obesity and cardiovascular
diseases and suggest a link with the metabolic effects observed in these children. Furthermore, we were able to
identify possible candidate genes, which mediated the associations between pesticide exposure and increased
leptin level, body fat percentage, and difference in BMI Z-score between birth and school age. The findings de-
serve further investigation in a larger study with quantitative data on pesticide exposure. Since approximately
40% of the population has the PON1 192R-allele variant it would also be highly relevant to investigate if this gen-
otype plays a role for pesticide related health risk at exposure levels occurring in the general population.

Regarding exposure levels, we found widespread exposure to organophosphate and pyrethroid insecticides and
to the chlorophenoxy herbicide 2,4-D with detectable metabolite concentrations in urine samples from more than
90% of the women and children in this study. The exposure levels for both organophosphates and pyrethroids
were similar or higher among the children in this study than in most other published studies based on the general
population without special residential exposures. This is of concern since recent studies have reported associa-
tions between urinary concentrations of the generic pyrethroid metabolite, 3-PBA, in children and impaired cogni-
tive functions and behavioural problems at exposure levels below those found among the children in this study.
We did not find any associations between the children’s urinary 3-PBA concentrations and motor speed function
or attention but studies including test that covers different cognitive domains and neurobehavioral outcomes are
warranted. We saw an association between the girls’ urinary concentrations of organophosphate metabolites
(both for the total alkyl phosphate metabolites of organophosphates (3>DAPs) and for the specific metabolite of
chlorpyrifos (TCPY)) and hit errors in computer performance test. This finding of impaired attention among the
girls may be of concern since some experimental studies have indicated that females are more susceptible to
neurotoxic effects of organophosphates than boys. Furthermore, we previously found the girls in this cohort to be
more affected by maternal occupational pesticide exposure during pregnancy than the boys. Like for the pyre-
throids, further investigation in a larger cohort including a broader battery of tests would be highly relevant.

Among the 857 mother-child pairs included from the OCC we found no consistent statistically significant dose-
related associations between maternal urinary concentrations of pesticide metabolites and birth outcomes or
AGD in the offspring. However, we found a tendency towards a dose-related elongation of AGD in girls related to
maternal pyrethroid exposure (i.e., 3-PBA concentration) and maternal exposure to organophosphate insecti-
cides (2 DAP concentration). Although these associations were not statistically significant, the finding deserves to
be further investigated since it may be an indication of developmental disturbance of the brain region (hypothala-
mus) involved in regulation of the neuroendocrine system (Gore 2010). Such a mechanism is also in accordance
with our findings of disturbed development of the reproductive -, metabolic -, and nervous system related to pre-
natal pesticide exposure in the Greenhouse Cohort children. Furthermore, exposure to pyrethroid and organo-
phosphate insecticides is widespread and even weak effects might add to the combined effect of environmental
endocrine disruptors on reproductive development.

The increasing use of pyrethroids both in agriculture and as biocides in residential settings combined with the
findings in this study of a relatively high exposure level compared to most other studies illustrate the need for ex-
posure monitoring as well as more studies on potential health effects of pyrethroids. Some population studies
indicate adverse effects on neurodevelopment and behavioural difficulties at lower exposure levels than seen in
this study. As mentioned above, our findings of a potential weak disturbance of reproductive development in fe-
males may suggest a sex-dimorphic disturbance of hypothalamic function but confirmation of such a mechanism
need further studies. Both pyrethroids and organophosphate insecticides are well known neurotoxicants and de-
velopmental neurotoxicity is likely to be the most sensitive effect (Bjorling-Poulsen et al. 2008; Burke et al. 2017;
Grandjean and Landrigan 2014; Lee et al. 2015a, b). However, only few studies have investigated neurodevelop-
mental outcomes at exposure levels occurring in the general population and especially longitudinal population
studies would be highly relevant. In addition, more experimental studies on potential mechanisms would be valu-
able. So far, developmental neurotoxicity testing has not been required for regulatory approval of pesticides or for
setting of Maximal Residue Limits (MRL) in commodities. Inclusion of developmental neurotoxicity would most
likely reduce the NOAEL value for most pesticides with neurotoxic properties leading to lower ADI values and
MRLs and thus offer better protection of vulnerable population groups such as pregnant women and children.
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However, the human nervous system is very complex and not all functions can be adequately investigated in ani-
mal studies. Besides, concurrent exposure to various pesticides with similar mode of action (e.g., more different
pyrethroids) might cause an effect even if the limit values for the individual pesticides are not exceeded. Therefor
population studies using validated sensitive neurodevelopmental outcomes and valid exposure information (e.g.,
bio-monitoring) are needed to control safe population exposure levels.
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Resume

Mange pesticider har udvist neurotoksiske og/eller hormonforstyrrende egenskaber i laboratorieundersggelser.
Der er derfor risiko for, at pesticider kan forstyrre udviklingen af hjernen savel som af det endokrine system - isaer
hvis eksponeringen sker i sarbare perioder i fostertilstanden eller i barndommen. For at unders@ge mulige hel-
bredseffekter af praenatal pesticideksponering har vi fulgt en kohorte af bgrn, hvis madre arbejdede i veeksthus-
gartnerier under deres graviditet (Gartnerbarn kohorten). Nogle af madrene var erhvervsmaessigt udsat for blan-
dinger af pesticider i forste trimester, for graviditeten var erkendt og der blev ivaerksat forebyggende foranstalt-
ninger. Resultaterne fra denne kohorte omfatter sammenhaenge mellem mgdrenes erhvervsmeaessige pesticidek-
sponering og pavirkning af kensudvikling hos drengene og tidligere pubertet og forsinket udvikling af nervesyste-
met hos pigerne samt lavere fadselsvaegt efterfulgt af @get opbygning af kropsfedt i Igbet af barndommen. Vi
fandt ogsa, at barn med en bestemt genetisk variant af PON7-genet var mere sarbare overfor pesticidrelaterede
effekter. Disse bgrn akkumulerede mere kropsfedt i barndommen, havde hgjere blodtryk og @get serumkoncen-
tration af biomarkerer relateret til metabolisk syndrom, hvis deres moder var blevet udsat for pesticider under
graviditeten sammenlignet med ueksponerede bgrn og barn uden denne genvariant. Dette fund tyder pa en inter-
aktion mellem PON1 genet og pesticideksponering allerede i fosterlivet, som kan pavirke risikoen for sygdomsud-
vikling senere i livet. En mulig mekanisme kan vaere en eksponeringsrelateret omprogrammering af metaboliske
signalveje pa grund af en andret regulering af gen-ekspressionen hos bern med PON1 genvarianten.

De sammenheaenge der er set mellem madrenes erhvervsmaessige pesticideksponering i starten af graviditeten
og en reekke sundhedseffekter hos bgrnene i Gartnerkohorten, giver grund til bekymring for, at de niveauer af
pesticideksponering, der er typiske for den generelle befolkning, ogsa kan teenkes at have sundhedsmaessige
konsekvenser for sarbare befolkningsgrupper som gravide kvinder og barn og at risikoen kan vaere yderligere
foraget for seerligt genetisk sarbare individer. Desuden har adskillige befolkningsunders@gelser fundet sammen-
haenge mellem eksponering for organofosfat- og pyrethroidinsekticider under graviditet eller i barndommen og
bgrnenes udvikling. Det er derfor vigtigt at sikre, at pesticideksponeringen i den danske befolkning ikke overstiger
niveauer, der kan forarsage ugnskede helbredseffekter i sarbare befolkningsgrupper som bern og gravide, her-
under dem med fglsomme genotyper.

Formalet med denne undersggelse var derfor:

« At udforske mulige forskelle i DNA-methyleringsmgnstre mellem preenatalt udsatte bgrn med vildtypen af
PON1-genet (PON1 192QQ-genotype) og barn med en variant af genet (et eller to PON1 192R-alleler). Denne
del af undersggelsen er baseret pa blodprever og sundhedsudfald fra en undergruppe af 48 barn fra Gartnerko-
horten indsamlet da bgrnene var mellem 6 og 11 ar.

+ At undersege eksponeringsniveauer for pyrethroid- og organofosfatinsekticider hos gravide kvinder og barn re-
krutteret fra den generelle danske befolkning ved at male urinkoncentrationerne af pesticidmetabolitter og sam-
menligne koncentrationerne med dem, der findes i andre befolkningsundersggelser. Da urinkoncentrationen af
herbicidet 2,4-D automatisk blev malt sammen med pyrethroiderne, blev resultaterne for dette stof ogsa inklude-
ret. Denne del af undersggelsen er baseret pa urinpraver indsamlet i 2010-2012 fra 858 gravide kvinder fra
Odense Bgrne kohorte (OBK) og fra 143 bgrn fra Gartnerkohorten, da de blev undersagt i 2011-13.

« At undersgge mulige sammenhaenge mellem koncentrationer af pesticidmetabolitter i urinprever fra barnene i
Gartnerkohorten med indikatorer for nedsat funktion af nervesystemet (motorisk hastighedsfunktion og opmeerk-
somhed) i 11-16 ars alderen

samt at undersgge sammenhaenge mellem koncentrationer af pesticidmetabolitter i urin fra gravide kvinder i OBK
og fadselsudfald samt ano-genital afstand (AGD, som marker for reproduktiv udvikling) hos deres 3 maneder
gamle babyer.
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Vi fandt en specifik methyleringsprofil i DNA isoleret fra blodpraver fra preenatalt pesticideksponerede bgrn med
92R-allel-varianten i PON1-genet. Methyleringsme@nstret var forskelligt fra bade eksponerede barn med QQ-ge-
notypen og fra ueksponerede bgrn uafthaengigt af PON1 genotypen. Forskelle i methylering blev iseer set i gener
involveret i neuro-endokrine signalveje relateret til fedme og kardiovaskulaere sygdomme og indikerer saledes et
link til de metaboliske forstyrrelser, der er set hos disse bagrn. Desuden kunne vi identificere mulige kandidatge-
ner, involveret i mekanismen bag de observerede sammenhange mellem pesticideksponering og forhgjet leptin-
niveau, kropsfedtprocent og forskel i BMI Z-score mellem fadsel og skolealder. Resultaterne bgr undersgges
yderligere i en stgrre undersggelse med kvantitative data om pesticideksponering. Da ca. 40% af befolkningen
har PON1 192R-allelvarianten, vil det ogsa vaere meget relevant at undersgge, om denne genotype medfarer en
oget sundhedsrisiko ved udseettelse for pesticider ved eksponeringsniveauer, der forekommer i den generelle
befolkning.

Hvad angar eksponeringsniveauer fandt vi en udbredt eksponering for organofosfat- og pyrethroidinsekticider
samt for chlorophenoxy-herbicidet 2,4-D, idet der var malbare koncentrationer af metabolitter i urinprgver fra
mere end 90% af kvinderne og barnene i undersggelsen. Eksponeringsniveauerne for bade organofosfater og
pyrethroider var pa samme niveau eller hgjere blandt barnene i dette studie end i de fleste andre undersggelser.
Dette er bekymrende, da nyere unders@gelser har rapporteret om sammenhange mellem urinkoncentrationer af
den feelles pyrethroidmetabolit, 3-PBA, hos bgrn og nedsat kognitive funktion og adfeerdsproblemer ved lavere
eksponeringsniveauer end dem, der blev fundet blandt bgrnene i denne undersggelse. Vi fandt ingen sammen-
haenge mellem bgrnenes urinkoncentration af 3-PBA og deres testresultater af motoriske funktion eller opmaerk-
somhed, men dette bgr undersgges neermere med testning af forskellige kognitive omrader samt adfaerdsmaes-
sige undersggelser. Vi s& en sammenhang mellem pigernes urinkoncentration af organofosfatmetabolitter (bade
for de samlede alkylfosfatmetabolitter af organofosfater (XDAP'er) og for den specifikke metabolit af chlorpyrifos
(TCPY)) og antal fejl i en computertest af koncentrationsevne. Den nedsatte opmaerksomhed blandt pigerne er
bekymrende, da nogle laboratorieundersggelser ogsa har fundet, at hunner er mere pavirkelige for neurotoksiske
virkninger af organofosfater end hanner. Desuden har vi tidligere fundet, at nervesystemet hos pigerne fra Gart-
nerkohorten var mere pavirket af moderens erhvervsmeessige pesticideksponering under graviditeten end dren-
gene. Ligesom for pyrethroiderne vil det veere yderst relevant at undersgge denne sammenhaeng yderligere med
et bredere batteri af test.

Blandt de 857 moder-barn-par, der var inkluderet fra OBK, fandt vi ingen konsistente statistisk signifikante dosis-
relaterede sammenhaenge mellem madrenes urinkoncentrationer af pesticidmetabolitter og fedselsudfald (fad-
selsvaegt og — leengde samt hoved- og maveomfang) eller AGD ved 3 maneder hos bgrnene. Vi fandt imidlertid
en tendens til en dosisrelateret forlaengelse af AGD hos pigerne relateret til moderens pyrethroid-eksponering
(dvs. 3-PBA-koncentration) og til moderens eksponering for organofosfater (XDAP-koncentration). Selvom disse
sammenhaenge ikke var statistisk signifikante, vil det vaere relevant med yderligere undersggelser, da det kan
veere en indikation af udviklingsforstyrrelser i den del af hjernen (hypothalamus) som er involveret i reguleringen
af det neuroendokrine system (Gore 2010). En sddan mekanisme er ogsa i overensstemmelse med resultaterne
fra bernene i Gartnerkohorten, hvor preenatal pesticideksponering var relateret til eendret udvikling af reprodukti-
ons- og nervesystem og til metaboliske forstyrrelser. Endvidere er eksponering for pyrethroid- og organofosfa-
tinsekticider udbredt, og selv sma pavirkninger kan, sammen med pavirkning fra andre hormonforstyrrende stof-
fer, spille en rolle for udvikling af reproduktionssystemet.

Den stigende anvendelse af pyrethroider bade i landbruget og som biocider i hjemmet, kombineret med resulta-
terne i denne undersagelse af et relativt hgjt eksponeringsniveau i forhold til andre unders@gelser, illustrerer be-
hovet for biomonitorering af eksponeringen samt flere undersggelser af potentielle sundhedseffekter af py-
rethroid-eksponering. Nogle befolkningsundersggelser indikerer effekter pa nervesystemets udvikling og ad-
faerdsmaessige vanskeligheder ved lavere eksponeringsniveauer end dem set i denne undersggelse. Som naevnt
ovenfor kan vores fund af en potentiel svag pavirkning af pigernes kgnsudvikling maske skyldes en kgnsspecifik
forstyrrelse af hypothalamus ’ funktion, men det kraever yderligere undersggelser at bekraefte en sddan meka-
nisme. Bade pyrethroider og organofosfatinsekticider er velkendte neurotoksiske stoffer, og effekter pa hjernens
udvikling er sandsynligvis den mest falsomme effekt (Bjorling-Poulsen et al. 2008; Burke et al. 2017; Grandjean
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and Landrigan 2014; Lee et al. 2015a, b). Imidlertid er der kun f& undersggelser af mulige effekter pa nervesyste-
mets udvikling ved de eksponeringsniveauer, der forekommer i den generelle befolkning, og isaer longitudinelle
befolkningsundersagelser vil vaere yderst relevante. Derudover ville flere eksperimentelle undersggelser af po-
tentielle mekanismer veere veerdifulde. Hidtil har regulatorisk testning af effekter pa nervesystemet under udvik-
ling ikke veaeret pakraevet i forbindelse med godkendelse af pesticider eller til fastsaettelse af maksimalgraense-
veerdier for restkoncentrationer (MRL) i fedevarer. Inddragelse af sddanne effekter vil sandsynligvis reducere
NOAEL-veerdien og dermed ADI-vaerdien for de fleste pesticider med neurotoksiske egenskaber. Dette vil fare til
lavere MRL-vaerdier og dermed aget beskyttelse af sarbare befolkningsgrupper som gravide og bgrn. Det men-
neskelige nervesystem er imidlertid meget komplekst, og ikke alle dets funktioner kan undersgges tilstraekkeligt i
dyreforsgg. Desuden kan samtidig eksponering for flere pesticider med samme virkningsméde (f.eks. flere for-
skellige pyrethroider) forarsage effekt, selvom graensevaerdierne for det enkelte pesticid ikke overskrides. Derfor
er befolkningsundersgagelser, der anvender validerede felsomme metoder til at unders@ge nervesystemets funk-
tion og udvikling sammen med valide oplysninger om eksponeringsniveauer (f.eks. ved hjaelp af bio-monitore-
ring), n@dvendige for at kontrollere at eksponeringsniveauet i befolkningen er pa et sikkert niveau.
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1. Introduction

A considerably part of modern pesticides has neurotoxic and/or endocrine disrupting properties (Andersen et al.
2002; Bjorling-Poulsen et al. 2008; Orton et al. 2011) and therefore the potential to disturb development of neuro-
behavioral, neuroendocrine, and reproductive functions (Gore 2010; Grandjean and Landrigan 2006; Jacobsen et
al. 2010; Li et al. 2008; London et al. 2012). The risk is especially high if exposure occurs during vulnerable time
periods in foetal life or childhood. To investigate potential health effects of prenatal pesticide exposure, we have
followed a cohort of children, whose mothers worked in greenhouse horticulture during pregnancy (the Green-
house Cohort). Some of the mothers were occupationally exposed to mixtures of pesticides in the first trimester
before the pregnancy was recognized and preventive measures were taken. Findings from this cohort include
associations between maternal occupational pesticide exposure and impaired reproductive development in boys
(Andersen et al. 2008; Wohlfahrt-Veje et al. 2012a), earlier puberty and impaired neurobehavioral function in girls
(Andersen et al. 2015; Wohlfahrt-Veje et al. 2012b), and lower birth weight followed by increased body fat accu-
mulation during childhood (Wohlifahrt-Veje et al. 2011).

The serum enzyme paraoxonase 1 (PON1) is a high-density-lipoprotein (HDL)-associated enzyme with antioxi-
dant function. It protects lipoproteins from oxidative modifications, and thus protects against the development of
atherosclerosis (Mackness et al. 1998). It also catalyzes the hydrolysis of a wide range of substrates including
the toxic oxon metabolites of several organophosphates and therefore provides some protection against chronic
exposure to these pesticides (Costa et al. 2003). Several polymorphisms in the PON1 gene have been identified
and a common polymorphism in the coding sequence, a glutamine (Q)/arginine(R) substitution at position 192,
affects the catalytic capacity toward pesticides (Costa et al. 2003), and also the anti-atherogenic properties
(Durrington et al. 2001). Hence, an association between the R-allele and the risk of developing cardiovascular
disease (CVD) has been reported (Durrington et al. 2001). The ability of PON1 to protect against both organo-
phosphate toxicity and atherosclerosis is also supported by experimental studies, since PON17-knockout mice
were more sensitive to the toxic effects of chlorpyrifos, and developed atherosclerosis when fed a high-fat diet
(Shih et al. 1998). Although the PON1 Q192R genotype seems to affect both the catalytic activity and the anti-
atherogenic properties, the potential interaction between this genotype and pesticide exposures on cardiovascu-
lar risk factors has not previously been investigated. To explore such an interaction, the children of female green-
house workers were PON1 genotyped. We found that children with the R allele in the 192 position in the PON1
gene were particularly susceptible and the combination of this genotype and prenatal pesticide exposure was
associated with increased fat accumulation from birth to school age, altered fat distribution, higher blood pressure
and enhanced serum concentration of biomarkers related to the metabolic syndrome (e.g., leptin and plasmino-
gen activator-1)(Andersen et al. 2012a; Jorgensen et al. 2015; Tinggaard et al. 2016). This strongly indicates a
gene-environmental interaction already in foetal life that might cause increased disease risk later in life. We hy-
pothesized that reprogramming of metabolic pathways dependent of both PON7-genotype and prenatal pesticide
exposure could be caused by altered epigenetic regulation of gene-expression. Thus, one aim of this study was
to explore differential DNA methylation patterns between prenatally exposed children with the PON7 192QQ gen-
otype and children with one or two PON71 192R-allels.

The associations between maternal occupational pesticide exposure in early pregnancy and a wide range of
health outcomes seen in the Greenhouse Cohort children raise concern that pesticide exposures, at levels typical
for the general population, could have health implications for susceptible population groups such as pregnant
women and children. Among the findings were smaller genitals and an increased risk of cryptorchidism at 3
months-of-age in sons of occupationally pesticide-exposed mothers (Andersen et al. 2008). This finding was con-
firmed when information on cryptorchidism diagnosis and orchiopexy (i.e., surgery applied in more severe cases)
from the Nationwide Danish health registers was used for both the Greenhouse Cohort and another Danish Co-
hort (The Aarhus Birth Cohort) (Gabel et al. 2011). To our knowledge, no other human studies have investigated
associations between modern non-persistent pesticide exposure in utero or childhood and later metabolic and
reproductive disturbances. However, several studies have investigated neurodevelopment in children in relation
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to prenatal or childhood exposures. Most longitudinal studies reporting impaired neurodevelopment in children
related to prenatal exposures, mainly to organophosphate insecticides, were performed among farm worker fami-
lies as the CAMACHOS cohort from California or in other US cohorts established before chlorpyrifos and dia-
zinon were banned for indoor residential use in 2001-04 in USA (Engel et al. 2011; Engel et al. 2016; Eskenazi et
al. 2014; Rauh et al. 2012). A few studies indicate that also residential use of pyrethroids during pregnancy
might affect neurodevelopment in children (Llop et al. 2013; Saillenfait et al. 2015; Watkins et al. 2016). Some
recent studies, based on cohorts of pregnant women recruited from the general population and without extensive
indoor pesticide use, did not find indication of impaired neurodevelopment in the children associated with mater-
nal urinary concentrations of organophosphate and/or pyrethroid insecticide metabolites (Cartier et al. 2016;
Donauer et al. 2016; Viel et al. 2015). However, associations between neurobehavioral disturbances and the chil-
dren’s own concentrations of pyrethroid metabolites in urine samples collected at the time of examination have
been reported (Oulhote and Bouchard 2013; Viel et al. 2015; Viel et al. 2017). Differences in exposure levels,
exposure routes, and timing of exposure in relation to developmental processes might explain differences in the
health outcomes. We therefor aimed to investigate exposure levels to pyrethroid and organophosphate insecti-
cides in pregnant women and children recruited from the general Danish population and to investigate potential
associations with adverse health effects in the new-borns and the children. Since the method applied for detect-
ing pyrethroid metabolites also can detect the chlorophenoxy herbicide 2,4-D we decided to also include this sub-
stance as it has been reported from experimental studies to affect the thyroid gland and to interfere with thyroid-
hormone transport (European Food Safety Authority 2014) and to possess neurotoxic properties (Bortolozzi et al.
2004; Rosso et al. 2000; Sturtz et al. 2008). Furthermore, it was recently classified as “possibly carcinogenic to
humans” (Group 2B) by WHO (Loomis et al. 2015) although the conclusion on the risk assessment from EFSA
was that 2,4-D is unlikely to have a genotoxic potential or pose a carcinogenic risk to humans (European Food
Safety Authority 2014). Knowledge on the 2,4-D exposure level in the Danish population seems therefore to be
relevant.
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2. Methods

2.1 Study populations

211 The Greenhouse Cohort Children (GCC)

The Danish Greenhouse Cohort was established between 1996 and 2001 where pregnant women working in
greenhouses were enrolled in the study. At enrolment (gestational weeks 4-10), detailed information about work-
ing conditions, pesticide use and exposure was obtained from the women and their employers and the women
were categorized as occupationally high, medium, or unexposed to pesticides. Women categorized as pesticide
exposed, went on paid leave or were moved to work functions with less or no pesticide exposure shortly after en-
rolment. Hence, exposure classification relate to the period rather early in pregnancy prior to enrolment. The chil-
dren were examined first time when they were 3 months old. Of the 203 children, 168 (91 boys and 77 girls) were
classified as prenatally exposed and 35 children (22 boys and 13 girls) as unexposed (controls). The first fol-
lowed-up of the children was performed in 2007 to 2008 when they were between 6 and 11 years old.

Of the 177 children examined, 133 children were from the original cohort and the remaining 44 were new control
children recruited through the families who already participated. Two additional follow-up examinations took place
during puberty when the children were between 10 and 16 years of age (Tinggaard et al. 2016) and 166 children
participated in the first and 133 children in the last of these two follow-up examinations which took place from Oc-
tober 2011 to January 2012 and from March to June 2013 (Figure 2.1). The children were asked to deliver a
urine sample at both examinations. Due to measurements related to metabolic function (not included in this
study), the children were asked to fast overnight before one of the two examinations. Examination of fasting chil-
dren was scheduled to take place in the morning. This arrangement was not possible for all children/families but
we obtained urine samples from 128 fasting and 143 non-fasting children during the two examinations.

203 children examined at 3 months of age (1997-2001)

Exposed (91 boys, 77 gitls). unexposed (22 boys, 13 gitls)

l —» 70 dropouts or lost to follow-up
<— 44 new control children (21 boys. 23 gitls)

177 of 247 children examined at 6-11 vears of age (2007-08)
Exposed (55 boys, 51 gitls). unexposed (39 boys, 32 gitls)

l —* 4 dropouts or lost to follow-up

Puberty examination 1
163 of 243 children examined at 10-15 years of age (2011-12)
Exposed (55 boys, 46 gitls), unexposed (36 boys, 26 girls)

l — 14 dropouts or lost to follow-up

Puberty examination 2
133 of 229 children examined at 11-16 vears of age (2013)
Exposed (44 boys, 39 gitls). unexposed (29 boys, 21 gitls)

FIGURE 2.1 Flowchart of the Greenhouse Cohort children
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2.1.2 Odense Child Cohort (OCC)

The Odense Child Cohort was established in collaboration between Odense Municipality, Odense University
Hospital and University of Southern Denmark. All women living in the municipality of Odense and became preg-
nant between January 1t 2010 and December 315t 2012 were invited to participate (a total of 6,707). They were
recruited either at a voluntary information meeting about ultrasound examinations, at their first antenatal visit, or
at the ultrasound examination at Odense University Hospital taking place between gestational week 10 and 16
(Kyhl et al. 2015). Of the eligible women, 4,017 were informed and 2,874 (43%) agreed to participate. At the time
of inclusion, the participants delivered a blood sample and filled out a comprehensive questionnaire on general
health, lifestyle and social factors. In gestational week (GW) 28 (range GW 27.0 - 28.6), the mothers delivered
overnight-fasting blood and urine samples and the children have been followed with thorough clinical examina-
tions, blood/urine sampling and validated questionnaires (Kyhl et al. 2015). Samples were stored at —80°C until
chemical analyses.

In this study, urine samples from 564 mothers from OCC were initially selected for pesticide analysis. Additional
funding allowed analysis of 294 more samples for those pesticides measured at SDU (see below). Of these 858
urine samples, the first 200 were selected randomly and the remaining samples were selected based upon avail-
ability of information from questionnaires, birth records and AGD measurements from the three-month examina-
tions of the children.

2.2 Pesticide analysis in urine samples

Pesticide metabolites were analysed in urine samples from the Greenhouse Cohort children and from mothers in
the OCC.

Urine concentrations (ug/L) of the generic pyrethroid insecticide metabolite 3-phenoxybenzoic acid (3-BPA),
three specific pyrethroid metabolites, the specific chlorpyrifos/chlorpyrifos-methyl metabolite 3,5,6-trichloro-2-pyri-
dinol (TCPY), and the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) (Table 2.1) were measured by reversed-
phase high performance liquid chromatography and tandem mass spectrometry with isotope dilution quantitation,
according to the method described by Davis et al. [19] after minor modifications. Spectrophotometric determina-
tion of creatinine concentrations was conducted on a Konelab 20 Clinical Chemistry Analyzer, using a commer-
cial kit (Thermo, Vantaa, Finland). The analysis of pyrethroid metabolites, TCPY, 2,4-D and creatinine were per-
formed at the Environmental Medicine Laboratory, University of Southern Denmark (SDU).

Urine analyses of six unspecific organophosphate metabolites (dialkylphosphates, DAPs): diethyl phosphate
(DEP), diethyl thiophosphate (DETP), diethyl dithiophosphate (DEDTP), dimethyl phosphate (DMP), dimethyl thi-
ophosphate (DMTP) and dimethyl dithiophosphate (DMDTP) were performed at the Flemish Institute for Techno-
logical Research NV (VITO) in Belgium using solid phase extraction (SPE) followed by Ultra Performance Liquid
Chromatography-tandem mass spectrometry (UPLC-MS/MS). The urine samples were acidified and spiked with
mass-labeled internal standards and concentrated using SPE. The compounds of interest were eluted with 5%
NH40H in methanol. The extract was evaporated to dryness and reconstituted with UPLC-grade water. An ali-
quot of the extract was injected into the LC-MS/MS system (Waters, Milford, MA, USA). The phosphate metabo-
lites were separated on an Acquity UPLC RP shield column (100 mm x 2.1 mm; 1.7 ym). The column tempera-
ture was kept at 40 -C. Optimum separation was obtained with a binary mobile phase constituted of ultrapure wa-
ter (solvent A) and acetonitrile (solvent B), both solvents acidified with 0.1% formic acid. The flow rate of the mo-
bile phase was 0.4 mL/min. The UPLC system was coupled to a Waters Xevo TQ-S tandem mass spectrometer
and operated in the negative electrospray ionization mode (ESI-). The system was operated in multiple reaction-
monitoring (MRM) mode after selection of the characteristic precursor and product ions of each analyte. An over-
view of the included pesticides is shown in Table 2.1.
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TABLE 2.1 Urinary pesticide metabolites measured in the study

Metabolite Abbreviation LOD Pesticide Pesticide group
ng/ml
3-phenoxybenzoic acid 3-PBA 0,03 Unspecific metabolite of pyrethroid

e.g., cypermethrin, del-
tamethrin, permethrin,
lambda-cyhalothrin, d-
phenothrin, fluvalinate-
tau, esfenvalerate,
fenpropathrin, flu-
cythrinat, tralomethrin

cis-3-(2,2-dichlorovinyl)-2,2-di-  Cis-DCCA 0,5 cis-permethrin, cis-cyper- pyrethroid
methylcyclopropane-1-carbox- methrin, cyfluthrin
ylic acid
trans-3-(2,2-dichlorovinyl)-2,2- Trans-DCCA 0,4 trans-permethrin, trans- pyrethroid
dimethylcyclopropane-1-car- cypermethrin, cyfluthrin
boxylic acid
cis-3-(2,2-dibromovinyl)-2,2-di-  Cis-DBCA 0,5 deltamethrin pyrethroid
methylcyclopropane-1-carbox-
ylic acid
3,5,6-trichloro-2-pyridinol TCPY 0,2 chlorpyrifos and chlorpyr-  organophosphate
ifos-methyl
2,4-dichlorophenoxyacetic acid  2,4-D 0,03 2,4-D chlorophenoxy herb-
icide
Dimethyl phosphates: Unspecific metabolite of organophosphate
dimethyl phosphate DMP 0.3 e.g., chlorpyrifos-methyl,
dimethyl thiophosphate DMTP 0.3 az'“?os'tr:eﬂzy"fd'Ch'Or'
. - vos, dimethoate, fen-
dimethyl dithiophosphate DMDTP 0.3 xhlorphos, fenthion, mal-
athion, mevinphos, me-
Molar sum of the three 2DMP thy| parathion’ phosmet’
dimethyl phosphates pirimiphos-metyltetra-
chlorviphos
Diethyl phosphates: Unspecific metabolites of  organophosphate
diethyl phosphate DEP 0.3  e.g. chlorpyrifos, chlor-
diethy! thiophosphate DETP 0.3 e::f’XYPhOS’t:_'aZ'”O”v
. . ethion, parathion,
diethyl dithiophosphate DEDTP 0.3 bhosalone, lebuos;
tribufos
Molar sum of the three >DEP

diethyl phosphates

Total molar sum of dialkyl 2DAP
phosphates (DAPs):

sum of 2DMP and ZDEP
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23 Data collection from the Greenhouse Cohort children

2.3.1 DNA methylation

DNA methylation was investigated in 48 blood samples obtained from the Greenhouse Cohort children at the first
follow-up examination in 2007-08. The samples were selected among pre-pubertal (Tanner Stage 1) children,
whose mothers reported not to have smoked during pregnancy, and they were equally distributed between the
PON1 192QQ and QR/RR genotype. For each genotype, we then used individual matching to select one ex-
posed child of same sex and age for each of the controls. For the QQ-genotype, two exposed children were se-
lected for each of two controls to obtain 24 children. Thus, in total we used data from 13 exposed and 11 unex-
posed children with the QQ genotype, and 12 exposed and 12 unexposed children with the QR/RR genotype
(see paper 1).

Genome-wide methylation of DNA was determined by the Infinium HumanMethylation 450 BeadChip array (lllu-
mina, San Diego, CA, USA) at Laboratory of Protein Chemistry, Proteomics and Epigenetic Signalling (PPES),
Department of Biomedical Sciences, University of Antwerp, Belgium. The method is described in detail in paper
1.

2.3.2 Examination of manual motor speed and attention

2.3.2.1 Manual motor speed

In the Finger Tapping test, the child tapped a key for a series of 10-sec sessions, first completing one session
with the preferred hand and one with the non-preferred hand for practice, then alternately two sessions with the
preferred and non-preferred hand. We used the standard board for this test (WW-1597-NP; Psychological As-
sessment Resources, Odessa, FL, USA), but the thickness of the board was increased by 1 cm to allow children
with small hands to move the tapping arm effortlessly (Lezak 1995). Means of the number of taps from the non-
practice trials for the preferred hand, non-preferred hand, and both hands were used for data analysis.

2.3.2.2 Attention and impulsivity

Conners' Continuous Performance Test Il (CPT II, version 5 for windows; Multi-Health Systems Inc., North To-
nawanda, NY, USA) is a computer test that measures sustained attention and impulsivity. The child was required
to press the spacebar (hits) each time a letter appeared, unless the letter was an X, during a15-min test duration.
Scores derived from the test were the total number of missed responses (omissions), false positives (commis-
sions), and the overall average reaction time (hit rc).

2.4 Data collection from the Odense Child Cohort

241 Birth outcomes and covariates

Information about birth weight (g), head circumference (cm), abdominal circumference (cm) and gestational age
(days) as well as information about parity, maternal smoking, maternal pre-pregnancy BMI was obtained from
birth records. Maternal educational level and ethnicity were obtained from the questionnaire filled out during preg-
nancy.

2.4.2 Ano-genital distance (AGD) at three months of age

A clinical examination of the children including measurements of length, weight and AGD was scheduled to take
place three months after expected delivery date, regardless of actual gestational age at birth. AGD was meas-
ured using a Vernier caliper. To minimize the risk of inter-observer variations, four expert-trained technicians per-
formed all measurements. In boys, a short AGD was measured from the center of anus to the posterior base of
scrotum (AGDas) and a long AGD was measured from the center of anus to the cephalad insertion of the penis
(AGDap). Correspondingly in girls, a short AGD was measured from the center of anus to the posterior fourchette
(AGDaf) and a long AGD from the center of anus to the top of clitoris (AGDac) (Figure 2.2). The measurements
were conducted three times for each child in order to decrease the risk of measurement bias and arithmetic
mean was calculated. For all AGD measurements the coefficient of variation (CV) was below 10 %, except for
AGDaf, where two girls had CV’s of 10 % or 14 %, respectively (Lassen et al. 2016).
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Boys

AGDp

FIGURE 2.2 lllustration of AGD measurements in boys and girls

2.5 Ethics

The study was conducted in accordance with the Helsinki Declaration Il with written informed consent by all
mothers and/or fathers as approved by the Regional Scientific Ethical Committees for Southern Denmark (S-
20070068 and S-20090130) and the Danish Data Protection Agency (j.no:1996-1200-154, 2007-41-0956, 2008-
58-0035).

2.6 Data Analysis

2.6.1 DNA methylation

Differential DNA methylation was analysed according to PON7 genotype and prenatal pesticide exposure both at
the single CpG site level and at the region level. Position and regions that were significantly differentially methyl-
ated in exposed QR/RR children compared to exposed QQ and unexposed children were identified as sig-DMPs
and sig-DMRs, respectively. Mediation analyses were performed to investigate whether methylation was a medi-
ator between exposure and metabolic health outcomes in the children (body fat accumulation, body fat content,
serum leptin concentration). Overlap between sig-DMPs and sig-DMRs were used as input for canonical pathway
analysis and the DisGeNet platform was used to screen for gene disease associations. The data analyses are
described in detail in paper 1.

2.6.2 Urinary pesticide metabolite concentrations

For all urinary pesticide concentrations, values below the limit of detection (LOD) were substituted by the specific
LOD dived by the square root of two (LOD/+2). To account for urinary dilution the volume based concentrations
were dived by urinary creatinine concentrations.

The DAP metabolite concentrations were converted from ug per litre urine to their molar concentrations (nmole
per litre) and summed to obtain the total concentration of dimethyl phosphate metabolites SDMP (sum of DMP,
DMTP, and DMDTP), diethyl phosphate metabolites XDEP (sum of DEP, DEDTP, and DEDTP), and total S DAP
(=DEP plus ZDMP).

Geometric mean of the urinary pesticide concentrations was calculated if the number of samples above the limit
of detection (LOD) was higher than 20%. Median, 5th and 95th percentiles were calculated for all urinary pesti-
cide metabolite concentrations. The values were reported as both creatinine adjusted and unadjusted concentra-
tions.

2.6.3 Associations between urinary pesticide concentrations and health outcomes
The distributions of all urinary pesticide concentrations were skewed and therefor reported as medians. For fur-

ther analyses, the concentrations were either logarithmically transformed or divided into categorical variables
(tertiles or below vs above median) to minimize within-subject day-to-day variability (Meeker et al. 2005).
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Differences in concentrations according to population characteristics were tested by the Mann-Whitney U test or
Willcoxon rank sum test (two categories) or the Kruskal Wallis (more than two categories) tests.

Associations between urinary pesticide metabolite concentrations and health outcomes were analysed by multi-

ple linear regression models with adjustment for potential confounders. Confounders included in the final models
were factors known a priori to be important predictors of both pesticide exposure and the outcome of interest.
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3. Results

3.1 Prenatal Pesticide Exposure, PON1 R192Q genotype and related
changes in DNA Methylation

The results from this sub-study are presented in paper 1.

Briefly, we found a specific methylation profile in DNA isolated from blood samples from prenatally pesticide-ex-
posed children carrying the PON1 192R-allele. The methylation pattern differed from both exposed children with
the QQ-genotype and from unexposed children with the QR/RR or QQ genotype. Differentially methylated genes
were especially seen in several neuroendocrine signalling pathways including dopamine-DARPP32 feedback
(appetite, reward pathways), corticotrophin releasing hormone signalling, nNOS, neuregulin signalling, mTOR
signalling and type Il diabetes mellitus signalling. This might suggest a link with the metabolic effects observed in
these children. Furthermore, we were able to identify possible candidate genes, which mediated the associations
between pesticide exposure and increased leptin level, body fat percentage, and difference in BMI Z-score be-
tween birth and school age.

3.2 Urinary pesticide concentrations in pregnant women and children from
the Danish population

Table 3.1 shows urinary concentrations (unadjusted and creatinine adjusted) of 2,4-D and metabolites of organo-
phosphate and pyrethroid insecticides among pregnant women from the OCC. One creatinine determination was
lost leaving 857 creatinine-adjusted values. The unspecific organophosphate metabolites were only measured in
the first 564 urine samples. The chlorophenoxy herbicide, 2,4-D, the generic pyrethroid metabolite, 3-PBA, and
the specific chlorpyrifos/chlorpyrifos-methyl metabolite, TCPY, were detectable in more than 90 % of the samples
while the unspecific organophosphate metabolite DEP was detectable in 81.6 % and DMP and DMTP in approxi-
mately half of the samples. The highest creatinine adjusted median concentrations were seen for DEP (2.23 ng/g
crea) followed by TCPY (1.84 ng/g crea) and DMP (1.71 pg/g crea). Due to the low detection frequency of the
specific pyrethroid metabolites (cis-DCAA, trans-DCCA, and cis-DBCA) these metabolites were not included in
further data analysis.

Table 3.2 shows the molar concentrations of the dialkyl phosphate metabolites and TCPY. The concentration of
dimethyl phosphates (XDMP) was a little higher than the diethyl phosphates (XDEP) concentration. Chlorpyrifos
and chlorpyrifos-methyl are both metabolized to TCPY and while chlorpyrifos is also metabolized to diethyl phos-
phates (Smith et al. 2011), chlorpyrifos-methyl is metabolized to dimethyl phosphates (Aprea et al. 1997). These
two organophosphates seem to account for approximately 16 % of the total organophosphate exposure esti-
mated by the ZDAP concentration (median TCPY/median ZDAP = 0.16).
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TABLE 3.1: Urinary concentrations (unadjusted and creatinine adjusted) of organophosphate and pyrethroid
insecticide metabolites and 2,4-D in spot urine samples from pregnant women collected in gestational week 28
after over-night fasting

Pesticide group Metabolite N LOD %>LOD Geometric mean (95% Cl) Median 5% percentile 95" percentile
Concentration (ng/mL)

Organophosphate insecticides TCPY 858 0.3 93.2 1.67 (1.56, 1.78) 1.74 <LOD 8.15
DMP 564 1.0 56.4 1.65 (1.52, 1.79) 1.24 0.71 9.92
DMTP 564 0.3 54.8 1.00 (0.88, 1.13) 1.14 < LOD 14.7
DMDTP 564 0.3 3.9 NC <LOD <LOD <LOD
DEP 564 0.3 81.6 1.79 (1.62, 1.98) 214 <LOD 9.91
DETP 564 0.3 41.3 0.65 (0.58, 0.74) 0.21 <LOD 10.11
DEDTP 564 0.3 0.2 NC <LOD <LOD <LOD

Pyrethroid insecticides 3-PBA 858 0.03 94.3 0.22 (0.20, 0.24) 0.20 0.02 2.18
Cis-DCCA 858 0.5 2.9 NC <LOD < LOD <LOD
Trans-DCCA 858 0.4 11.7 NC <LOD <LOD 1.44
Cis-DBCA 858 0.5 2.9 NC <LOD <LOD <LOD

Chlorophenoxy herbicide 2,4-D 858 0.03 97.6 0.16 (0.22, 0.27) 0.16 0.04 0.70
Creatinine adjusted concentration (ug/g creatinine)

Organophosphate TCPY 857 1.90 (1.79, 2.01) 1.84 <LOD 8.27
DMP 564 1.84 (1.69, 2.00) 1.71 0.42 10.06
DMTP 564 1.11 (0.98, 1.26) 1.14 <LOD 15.85
DMDTP 564 NC <LOD <LOD <LOD
DEP 564 2.00 (1.83, 2.18) 2.23 <LOD 8.47
DETP 564 0.73 (0.65, 0.81) 0.57 <LOD 8.08
DEDTP 564 NC <LOD <LOD <LOD

Pyrethroid insecticides 3-PBA 857 0.25 (023, 0.27) 0.23 0.04 1.73
Cis-DCCA 857 NC <LOD <LOD <LOD
Trans-DCCA 857 NC <LOD <LOD 1.81
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Cis-DBCA 857 NC <LOD <LOD <LOD
Chlorophenoxy herbicide 2,4-D 857 0.18 (0.17, 0.19) 0.18 0.05 0.73
NC: not calculated
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TABLE 3.2. Urinary molar concentrations of summed dialkyl phosphate metabolites (DAPs) of organophosphate
insecticides and TCPY in spot urine samples from pregnant women collected in gestational week 28 after over-
night fasting

Metabolite N  Geometric mean (95% Cl) Median 5t percentile 95" percentile

Concentration (nmol/L)

~DMP® 564 26.9 (24.8, 29.3) 25.6 8.5 168.1
>DEP? 564 20.6 (18.9, 22.5) 20.0 3.8 108.5
>DAP° 564 58.7 (50.8, 59.0) 56.5 12.2 252.8
TCPY 858 8.40 (7.9, 9.0) 8.75 1.07 41.05
Concentration (nmol/g creatinine)
>DMP 564 30.0 (27.6, 32.7) 29.7 5.8 173.2
>DEP 564 23.0 (21.3,24.7) 23.3 4.2 95.3
>DAP 564 61.0 (57.0, 65.3) 58.4 16.6 259.1
TCPY 857 9.56 (9.02, 10.13) 9.29 2.55 41.65

a: sum of DEP, DETP, DEDTP, °: sum of DMP, DMTP, DMDTP, ¢: sum of EDEP and *DMP

Table 3.3 shows the urinary pesticide metabolite concentrations in spot urine samples obtained either after over-
night fasting or without previous fasting for children in the Greenhouse Cohort at age 10-16 years. The unspecific
organophosphate metabolites were only determined in the non-fasting samples. Like for the pregnant women,
2,4-D, TCPY and 3-PBA were detectable in more than 90% of the samples and also DEP was found in more than
90% of the samples from the children. The highest urinary concentrations were seen for DEP, DMP and DMTP,
and TCPY. The 3-PBA concentration in fasted samples was weakly but significantly correlated with the concen-
tration in non-fasting samples (spearman’s rho = 0.29, p = 0.003). For TCPY and 2,4-D no correlations between
fasting and non-fasting samples were seen. The mean urine concentration of 2,4-D was approximately 30%
lower in samples collected after overnight fasting. The low detection limit for this compound allowed detection in
almost all the children, also after fasting. The mean urine concentration of 3-PBA was reduced by 20% in fasting
samples while the mean concentration of TCPY was 17% higher in samples obtained after overnight fasting com-
pared to non-fasting samples. None of these differences were significant at the 0.05 level (Wilcoxon Signed
Ranks Test).
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TABLE 3.3 Urinary concentrations (unadjusted and creatinine adjusted) of organophosphate and pyrethroid insecticide

metabolites and 2,4-D in spot urine samples from children (10-16 years old) from the greenhouse cohort.

Organophosphate insecticides
TCPY

DMP

DMTP

DMDTP

DEP

DETP

DEDTP

Pyrethroid insecticides
3-PBA

Cis-DCCA

Trans-DCCA

Cis-DBCA
Chlorophenoxy herbicide
2,4-D

Organophosphate insecticides
TCPY

DMP

DMTP

DMDTP

DEP

DETP

DEDTP

Pyrethroid insecticides

LOD

0.3
1.0
0.3
0.3
0.3
0.3
0.3

0.03
0.5
0.4
0.5

0.03

%>LOD

94.5
NI
NI
NI
NI
NI
NI

100
4.7
14.8
0.0

99.2

Overnight-fasting samples (N=128)
Median

GM (95% Cl)

1.52 (1.30; 1.79)
NI
NI
NI
NI
NI
NI

0.51 (0.40; 0.65)
NC
NC
NC

0.18 (0.16; 0.21)

1.55 (1.36; 1.76)
NI
NI
NI
NI
NI
NI

1.55
NI
NI
NI
NI
NI
NI

0.49
<LOD
<LOD
<LOD

0.19

1.32
NI
NI
NI
NI
NI
NI

Non-fasting samples (N=143)

GM (95% Cl)

1.42 (1.22; 1.66)

2.96 (2.42; 3.61)

2.03 (1.52; 2.71)
NC

3.25 (2.70; 3.94)

0.50 (0.40; 0.62)
NC

0.66 (0.53; 0.82)
NC
NC
NC

0.26 (0.23; 0.30)

1.32 (1.12; 1.56)

2.74 (2.23; 3.38)

1.88 (1.42; 2.50)
NC

3.02 (2.54; 3.61)

0.46 (0.37; 0.58)

5% pct 95" pct  %>LOD

Concentration (ng/ml)
<LOD 7.31 95.8

NI NI 54.6

NI NI 69.0

NI NI 3.5

NI NI 93.7

NI NI 33.8

NI NI 0
0.05 8.98 100
<LOD 0.44 2.8
<LOD 3.06 9.8
<LOD <LOD 2.1
0.05 0.77 100

Concentration (ug/g creatinine)

<LOD 6.10

NI NI

NI NI

NI NI

NI NI

NI NI

NI NI

NC
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Median

1.43
1.86
3.35
<LOD
2.99
<LOD
<LOD

0.56
<LOD
<LOD
<LOD

0.25

1.29
2.01
2.64
<LOD
2.70
<LOD
<LOD

5t pct

0.22

1.05
<LOD
<LOD
<LOD
<LOD
<LOD

0.10
<LOD
<LOD
<LOD

0.06

0.27
0.56
<LOD
<LOD
<LOD
<LOD
<LOD

95t pct

6.05
25.33
23.10
<LOD
21.46

5.66
<LOD

8.90
<LOD
2.30
<LOD

1.04

7.61
29.09
25.56
<LOD
18.70

5.88
<LOD



3-PBA

Cis-DCCA

Trans-DCCA

Cis-DBCA
Chlorophenoxy herbicide
2,4-D

NI: not investigated; NC: not calculat

0.52 (0.42; 0.65)
NC
NC
NC

0.18 (0.16; 0.21)

0.43 0.08
<LOD
<LOD
<LOD
0.18 0.05

6.45

2.29

2.82
<LOD

0.82

0.61 (0.49; 0.76)
NC
NC
NC

0.24 (0.21; 0.28)

The Danish Environmental Protection Agency / Pesticide exposure and health risk in susceptible population groups 25

0.46
<LOD
<LOD
<LOD

0.25

0.11
<LOD
<LOD
<LOD

0.06

7.67
<LOD
2.43
<LOD



The unspecific organophosphate metabolites were only analysed in samples obtained from
non-fasting children. The molar concentrations are shown in Table 3.4. As for the pregnant
women, XDMP was higher than ZDEP and the molar ratio of TCPY and ZDAP was lower (me-
dian TCPY/median ZDAP = 0.08) indicating a lower contribution of chlorpyrifos and chlorpyri-
fos-methyl to the total organophosphate exposure among the children than for the OCC
women.

TABLE 3.4 Urinary molar concentrations of summed dialkyl phosphate metabolites (DAPs) of
organophosphate insecticides and TCPY in spot urine samples (non-fasting) from the green-
house cohort children

Metabolite N Geometric mean Median 5% percentile 95 percentile

(95% ClI)
Concentration (nmol/L)
>DMP® 141 52.0 (42.9; 63.0) 53.6 11.2 385.8
>DEP? 141 27.8(23.5; 32.9) 241 3.8 166.4
>DAP®¢ 141 89.7 (75.7; 106.3) 85.6 15.5 506.0
TCPY 143 7.2 (6.1; 8.3) 7.2 1.1 30.5
Concentration (nmol/g creatinine)
>*DMP 140  48.1(39.6; 58.4) 43.2 8.3 480.8
>DEP 140 25.9(22.0; 30.4) 22.6 6.4 167.8
SDAP 140 83.2(70.4; 98.3) 77.0 16.3 542.0
TCPY 140 6.7 (5.6; 7.9) 6.5 1.4 38.3

asum of DEP, DETP, DEDTP, bsum of DMP, DMTP, DMDTP, ¢sum of SDEP and *DMP

The median concentrations of 3-PBA in the fasting samples from the children was approxi-
mately 2-fold higher than the median concentration from the pregnant women (also obtained
after over-night fasting) whereas the concentrations of TCPY and 2,4-D were similar in the two
groups (Table 3.1 and 3.3). For both population groups, significant correlations were seen for
all the pesticide metabolites (Table 3.5) although the metabolites from different groups of pes-
ticides were not strongly correlated as most of the correlation coefficients were below 0.4.
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TABLE 3.5 Correlations (Spearman’s rho) between urinary concentrations of pesticide metabolites in pregnant women from OCC and children from the Greenhouse Cohort

OCC Pregnant women

3-PBA 2,4-D TCPY ~DMP *DEP >DAP
3-PBA 0.343* 0.455* 0.204** 0.346** 0.300*
2,4-D 0.315™* 0.398** 0.222** 0.323** 0.289**
TCPY 0.287** 0.247** 0.380** 0.465** 0.489**
DMP 0.252** 0.201* 0.343* 0.391* 0.822*
>DEP 0.388™* 0.182* 0.312** 0.542** 0.788**
>DAP 0.329** 0.234** 0.390** 0.922** 0.758**

Greenhouse Cohort children (non-fasting samples)
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Table 3.6 and table 3.7 show urinary creatinine adjusted concentrations of pesticide metabolites in relation to
population characteristics of the women from the OCC. For 23 women information on characteristics was miss-
ing because they did not answer the first questionnaire. The mean age of the remaining 834 women was 30.3
(+ 4.4) years and the mean BMI was 24.7 (+ 4.6) kg/m2. The majority of the women were in the intermediate
educational group (51.9 %), nulliparous (55.8 %) and of European origin (97.4 %) whereas only a small propor-
tion reported to have smoked during pregnancy (3.5 %). High educated women tended to have higher urinary
concentrations of organophosphate metabolites and 2,4-D than women with lower education level although only
statistically significant for TCPY and 2,4-D. A tendency towards an age-related increase in TCPY concentra-
tions was seen but the unspecific organophosphate metabolites, DAPs, were unrelated to age. Women with low
BMI had higher concentrations of 2,4-D and organophosphate metabolites than those with higher BMI whereas
3-PBA tended to increase with higher BMI. Furthermore, nulliparous women had higher concentrations of 3-
PBA than multiparous women while none of the other pesticide metabolite concentrations were affected by par-

ity.

TABLE 3.6 Urinary median concentrations (5; 95 percentiles) of TCPY, 3-PBA, and 2,4-D (ug/g creatinine) in
pregnant women from OCC according to population characteristics

Characteristics N TCPY 3-PBA 2,4-D

Age (years)

<25 75 1.64(0.37;6.34) 0.22(0.04; 3.90) 0.16 (0.07; 0.74)
25-29 285 1.88(0.39;7.67) 0.24 (0.04; 1.28) 0.16 (0.05; 0.72)
30-34 325 1.80(0.53;8.00) 0.23 (0.05; 1.83) 0.19 (0.05; 0.66)
>34 149  1.90(0.57;9.34) 0.21(0.03;2.54) 0.18 (0.05; 0.83)
p-value 0.14 0.45 0.20
Parity

Nulliparous 465 1.86 (0.52;7.49) 0.25(0.05; 1.53) 0.17 (0.05; 0.72)
Multiparous 368 1.82(0.44;9.05) 0.20(0.03;1.87) 0.18 (0.05; 0.72)
p-value 0.47 0.004 0.75

Pre-pregnancy BMI (kg/m?)

<18.5 21 2.19(0.49;9.79) 0.18 (0.07;4.31) 0.17 (0.04; 0.92)
18.5-24-9 495 1.88(0.50;8.42) 0.21(0.04; 1.32) 0.19 (0.06; 0.82)
25-29.9 215 1.73(0.51;6.15) 0.23 (0.06; 2.39) 0.16 (0.05; 0.58)
>29.9 103 1.79(0.52;7.65) 0.27 (0.02; 3.84) 0.13 (0.04; 0.40)
p-value 0.15 0.02 0.0001
Smoking in pregnancy

No 801 1.84 (0.52; 8.24) 0.23 (0.05; 1.67) 0.18 (0.05; 0.72)
Yes 28 1.60(0.12; 15.59) 0.25(0.01;3.01) 0.13(0.01;0.70)
p-value 0.71 0.68 0.05

Education level®

Low 238 1.64(0.38;8.62) 0.23 (0.04; 1.54) 0.16 (0.04; 0.60)
Intermediate 432 1.89(0.59;7.61) 0.23(0.05; 1.52) 0.18 (0.06; 0.75)
High 161 2.05(0.41;9.63) 0.22(0.04; 3.57) 0.19 (0.05; 0.91)
p-value 0.004 0.69 0.02

aLow: High school and vocational education or less; Intermediate: High school + 1-3 years; High: High school +

4 years or more.
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TABEL 3.7 Urinary median concentrations (5; 95 percentiles) of DAPs (nmol/g creatinine) in pregnant women

from OCC according to population characteristics

Characteristics N ZDMP XDEP 2DAP

Age (years)

<25 47 28.6 (6.7; 288.1) 23,2 (6.3; 131.6) 61.3 (18.4; 305.0)
25-29 191 30.1 (5.0; 170.6) 21.9(3.8;99.1) 57.7 (12.6; 259.6)
30-34 208  28.9 (6.8; 172.0) 23.1(5.9; 86.5) 54.3 (18.2; 254.4)
>34 108  30.0(7.0; 177.9) 25.4 (3.6; 106.0) 62.2 (15.8; 298.1)
p-value 0.87 0.57 0.73

Parity

Nulliparous 298  28.9 (6.0; 171.0) 22.6 (5.1; 95.5) 57.6 (16.1; 260.8)
Multiparous 255  29.0 (5.8; 181.3) 25.0 (3.7; 100.9) 59.3 (16.7; 257.3)
p-value 0.94 0.52 0.70
Pre-pregnancy BMI (kg/m?)

<18.5 15 35.5(8.1; 154.8) 31.1 (12.5; 94.6) 60.8 (36.0; 191.7)
18.5-24-9 333  31.6(6.3;173.3) 25.0 (5.2; 98.9) 61.3 (18.0; 266.0)
25-29.9 142  26.0;5.9; 187.8) 20.4 (3.3; 83.3) 57.6 (14.3; 251.0)
>29.9 64 214 (4.9; 143.2) 17.6 (4.6; 145.3) 45.6 (12.5; 296.2)
p-value 0.06 0.009 0.007

Smoking in pregnancy

No 530  30.0(5.9; 176.1) 23.2 (5.0; 96.7) 58.9 (16.7; 259.7)
Yes 19 18.0 (5.8; 104.2) 20.5 (3.3; 58.1) 43.1 (10.8; 155.0)
p-value 0.07 0.18 0.08

Low 169  27.8 (5.2; 195.6) 23.2 (4.0; 99.6) 55.2 (12.9; 269.6)
Intermediate 273  29.8 (5.9; 182.3) 23.9 (5.9; 106.9) 58.0 (17.4; 262.4)

High

p-value

111

31.0 (6.4; 154.0)
0.60

23.0 (5.1; 75.6)
0.84

60.4 (17.4; 284.5)
0.72

aLow: High school and vocational education or less; Intermediate: High school + 1-3 years; High: High school +
4 years or more.

For the Greenhouse Cohort children, urine samples were obtained at two separate examinations conducted
during two different seasons. The first puberty examination was performed between October 17, 2011 and Jan-
uary 18 2012 (BBU2) and the second examination (BBU3) between March 16 and June 17, 2013. At one of the
two examinations 128 of the children provided a urine sample after overnight fasting. Table 3.8 shows the pesti-
cide metabolite concentrations after stratifying for season. The concentrations of 3-PBA, 2,4-D, and TCPY were
higher in samples obtained in autumn/winter while no difference were apparent for the DAPs.

Table 3.9 shows urinary concentrations of pesticide metabolites according to population characteristics of the
Greenhouse Cohort children. The creatinine-adjusted results from non-fasting samples are presented. A weak
tendency to higher concentrations in girls than in boys was seen for most of the metabolites although not statis-
tically significant. An age-related decrease was seen for 3-PBA and 2,4-D, and non-significantly for TCPY but
not for the DAPs. Socioeconomic status (SES) was grouped into five groups ranked 1(high) to 5 (low) based on
parental education and occupation (Hansen 1978) when the women were enrolled in the study. The group of
the highest ranked parent living with the child was used. Children from families with high SES had higher 2,4-D
concentrations but none of the other pesticide metabolites were markedly related to SES. Children with BMI
above the median standard deviation score tended to have lower pesticide metabolite concentrations. Children
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whose mothers were still exposed to pesticides by working in greenhouse nurseries tended to have higher 3-
PBA concentration while no differences in pesticide concentrations related to residence or home use of pesti-
cides were apparent.
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TABLE 3.8. Urinary median concentrations (5; 95 percentiles) of pesticide metabolites in children from the
greenhouse cohort according to season of urine sampling

Fasting samples Non-fasting samples

Autumn/Winter (BBU2) Spring/summer (BBU3) p-value Autumn/Winter (BBU2) Spring/summer (BBU3) p-value

N

ng/g creatinine

59

69

96

42

3-PBA 0.49 (0.16; 23.3) 0.38 (0.06; 2.65) 0.05 0.59 (0.14; 14.16) 0.28 (0.10; 2.65) 0.0001
2,4-D 0.21 (0.05; 0.83) 0.15 (0.05; 0.82) 0.09 0.28 (0.08; 1.29) 0.18 (0.05; 0.53) 0.006
TCPY 1.55 (0.65; 5.91) 1.25 (0.47; 6.83) 0.06 1.42 (0.20; 9.10) 1.14 (0.30; 2.74) 0.26
nmol/g creatinine

>DMP NI NI 41.3 (8.5; 489.8) 49.1 (8.5; 553.7) 0.49
>DEP NI NI 26.7 (7.2; 184.7) 20.3 (4.6; 101.5) 0.24
>DAP NI NI 74.2 (19.7; 546.0) 82.0 (15.0; 647.0) 0.87

NI: not investigated
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TABLE 3.9 Urinary median concentrations (5; 95 percentiles) of 3-PBA, 2,4-D, TCPY, and DAPs in children (non-fasting) from the greenhouse cohort according to population

characteristics

Characteristics
sex

boys

girls

p-value

Age (years)
<12

12-14

>14

p-value

SES?

1-3

4

5

p-value

BMI SDS"

< median (0.33)
> median

p-value

77
63

45
66
29

39
68
33

70
68

Maternal occupational exposure®?

yes
no

p-value
Residence!
Urban/suburban

Rural

24
95

42
78

3-PBA

ug/g creatinine
0.41 (0.08; 8.25
0.50 (0.12; 8.11)
0.69

0.58 (0.18; 25.69)
0.59 (0.09; 7.30)
0.28 (0.08; 5.40)
0.001

0.32 (0.15; 14.80)
0.52 (0.18; 4.06)
0.62 (0.07; 14.39)
0.23

0.50 (0.14; 10.34)
0.33 (0.09; 7.97)
0.24

0.62 (0.07; 31.17)
0.44 (0.11; 6.92)
0.19

0.41 (0.08; 4.57)
0.50 (0.15; 14.08)

2,4-D

0.28 (0.05; 1.00)
0.20 (0.07; 1.33)
0.34

0.28 (0.10; 1.68)
0.25 (0.08; 1.29)
0.17 (0.04; 0.70)
0.05

0.32 (0.06; 1.22)
0.25 (0.08; 1.49)
0.17 (0.05; 1.02)
0.01

0.27 (0.08; 1.04)
0.21 (0.05; 1.31)
0.37

0.24 (0.09; 1.83)
0.21 (0.05; 1.06)
0.48

0.21 (0.05; 1.67)
0.23 (0.08; 1.14)

TCPY

1.14 (0.26; 12.41)
1.37 (0.26; 7.47)
0.60

1.58 (0.38; 16.04)
1.27 (0.16; 7.24)
1.00 (0.28; 6.20)
0.15

1.14 (0.12; 11.73)
1.37 (0.22; 5.64)
1.51 (0.34; 18.81)
0.61

1.27 (0.22; 4.29)
1.34 (0.25; 10.34)
0.54

0.95 (0.12; 18.3)
1.40 (0.32; 6.53)
0.11

1.37 (0.29; 6.43)
1.18 (0.28; 6.86)

=DMP

nmol/g creatinine
39.5 (7.9; 489.6)
47.3 (8.4; 469.3)
0.28

39.5 (8.2; 509.4)
43.3 (9.0; 335.6)
52.6 (5.5; 795.7)
0.90

42.4 (8.3; 504.6)
42.9 (7.8; 253.0)
452 (7.8; 792.9)
0.97

52.6 (9.8; 314.6)
39.0 (7.7; 494.2)
0.19

43.2 (7.4; 454.2)
46.2 (8.2; 502.0)
0.52

431 (7.1; 502.1)
45.0 (7.9; 501.7)

>DEP

20.5 (4.1; 184.6)
31.7 (8.0; 143.7)
0.10

28.3 (5.07; 163.7)
20.3 (7.7; 157.4)
26.2 (3.7; 188.2)
0.52

18.3 (4.5; 243.8)
30.8 (6.78; 168.8)
24.0 (5.6; 146.4)
0.27

22.5 (5.4; 152.3)
24.0 (6.8; 177.8)
0.89

26.6 (4.8; 262.4)
22.2 (6.1; 137.2)
0.53

24.2 (6.5; 187.1)
21.8 (4.5; 114.3)
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ZDAP

66.3 (14.6; 568.6)
87.0 (24.1; 504.9)
0.10

68.2 (16.4; 650.0)
73.7 (20.0; 493.3)
86.3 (11.0; 858.3)
0.51

66.3 (14.8; 562.0)
96.6 (15.2; 347.6)
68.2 (21.5; 888.2)
0.78

86.3 (15.3; 377.5)
66.3 (17.1; 610.7)
0.25

64.1 (15.0; 695.9)
83.6 (16.0; 555.9)
0.73

99.1 (14.5; 654.7)
71.2 (15.6; 521.7)



p-value 0.66 0.80 0.71 0.59 0.65

Residential pesticide use (in house)®

yes 49 0.36(0.08;7.45)  0.20 (0.07;0.78) 1.14 (0.38;6.28)  49.7 (9.4;499.7) 21.8 (6.1; 177.8)
no 66 0.55(0.13; 11.8)  0.27 (0.06; 1.58) 1.34 (0.28;7.94)  40.9 (7.7;502.9) 22.5 (6.7; 135.6)
p-value 0.40 0.27 0.88 0.26 0.93

0.47

83.7 (20.1; 585.6)
70.2 (14.8; 618.1)
0.30

a SES: Socioeconomic status (social class 1-3/4/5); ® BMI SDS: age and sex specific BMI Standard Deviation Score; ¢ mother current working in greenhouse nursery with

pesticide use; 9 questionnaire data from the second puberty examination (BBU3) including 133 children.
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3.3 Comparison of urinary pesticide concentrations to other
studies

Previous studies measuring urinary concentrations of 2,4-D and organophosphate and pyre-
throid metabolites were identified using the PubMed database. We limited the search to stud-
ies published after 2000 and based on non-occupationally exposed populations. The primary
focus of interest was pregnant women and children but studies reporting on levels in the gen-
eral population were included as well. We decided to report and compare the unadjusted con-
centrations, as these were available in most studies.

Table 3.10 present studies reporting urinary 3-PBA concentrations as marker of pyrethroid ex-
posures. The concentration of 3-PBA in urine from the women from the OCC was higher than
in the PELAGIE cohort from France and the CHAMACOS cohort from the USA but similar to or
lower than levels found in adults in other cohorts. However, the concentrations measured in
the OCC might be underestimated because the women were fasting at sampling. In contrast,
the 3-PBA concentration found in the Greenhouse cohort children were higher than in most
other studies on children except the MICASA study among farm worker families in the US. The
concentration measured at this examination of the children was similar to the concentration
measured when the children were between 6 and 11 years old.

The TCPY concentration measured in the OCC women was higher than concentrations meas-
ured in Norway and the Netherlands and also higher than in the general adult population in the
US as found in The National Health and Nutrition Examination Survey (NHANES) (Table 3.11).
The concentration was lower in the OCC than in the CAMACHOS study among farm worker
families in California and the Mt. Sinai study where chlorpyrifos had been used for residential
insect control. Also the TCPY concentration in children was high compared to most other stud-
ies on children except for two studies from Spain and Australia, respectively, reporting mark-
edly higher concentrations.

Regarding the total organophosphate insecticide exposure, as estimated by the urinary XDAP
concentration, the women from the OCC had lower level than seen in most of the other studies
including the Danish part of DEMOCHOPHES in which DAPs were measured in urine samples
collected within the same period as the samples in OCC (Table 3.12). The women in
DEMOCHOPHES delivered first-morning-voids, known to be more concentrated than spot
urine samples and this, combined with the fasting state of the women in OCC, might explain
some of the concentration difference. Comparing the creatinine adjusted results did, however,
only slightly diminish the difference (medians in nmol/g creatinine: OCC 58.4 and DEMOCHO-
PHES: 88.1). The women in the French PELAGIE cohort had lower SDAP concentration than
the Danish women. For the Greenhouse children, the DAP concentration was lower at this
examination than at the examination in 2007-08, and the concentration was also slightly lower
than for the DEMOCHOPHES children although the difference was less than for the women.
The concentration of ZDAPs in the Greenhouse Cohort children seem to be higher than levels
reported from children included in NHANES and rather similar to levels found in children from
the CHAMACOS study in the US and in the Canadian CHMS study.

Only few studies have investigated urinary concentrations of 2,4-D in non-occupational ex-
posed populations. The concentrations measured in women and children in our study were
lower than the levels reported in both adults and children from NHANES and in a study from
Ohio, but similar to levels found in the CHAMACOS cohort and in a study from Puerto Rica alt-
hough a higher LOD in these studies hampered the comparison (Table 3.13).

34 The Danish Environmental Protection Agency / Pesticide exposure and health risk in susceptible population groups



TABLE 3.10: Comparison of urinary concentrations of the generic pyrethroid metabolite, 3-PBA, with concentrations found in other studies. The values represent volume based

concentrations (ug/L) in spot urine samples unless otherwise stated.

Study

Europe

OCC, Denmark

Greenhouse Cohort
Children,

Greenhouse Cohort
Children,

PELAGIE, France

GerES, Germany,
Poland

Spain
America

NHANES, USA

NYC HANES, USA
SUPERB, USA

Population

Pregnant

Women

Children 10-16 yrs
Children 10-16 yrs

6-11 yrs

Pregnant
women

Children, 6 yrs
Children 3-14 yrs
All

<18 yrs

>18 yrs

Children 6-11 yrs

Children 6-11 yrs
20-59 yrs

>20 yrs

Children 2-8 yrs
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Sampling
year

10-12

11-13

07-08

02-06

03-06
12

10

09-10

04
07-09

N

858

143
128

173

205

284
598

374
184
190

383
1296

1452
83

LOD

0.03

0.03

0.8

0.008

0.1
0.1

0.8

0.1

0.64
0.75

%>LOD

94.3

100
100

41.0

30.2

63.7
98
82.4

23

58.5
60

GM

0.22

0.66
0.51

0.66

0.26
0.29
0.23

0.55
0.42

50th pct

(median)

0.20

0.56
0.49

<LOD

<LOD

0.018
0.43
0.25

<LOD

0.48
0.39

0.76
1.56

95 pct

2.18

8.90
8.98

4.11

12.33*

8.51
6.95

5.23
4.69

Remark

Fasting, GW 28
Non-fasting
Fasting

first-morning-voids

first trim, first-morning-
voids

*ug/g creatinine

Residential use

Ref

This study

This study

Andersen et al. (2012b)

Viel et al. (2015)

Schulz et al. (2009)

Wielgomas and Piskunowicz
(2013)

Roca et al. (2014)

CDC (2015)

McKelvey et al. (2013)
Trunnelle et al. (2014b)



MICASA, USA

CHAMOCOS, U.S.

Mt. Sinai, New York,
USA

CHMS, Canada

ELEMENT,

Mexico

Caribbean

PROTECT,
Puerto Rico

Asia

Japan

China

GM: geometric mean; GW: gestational week

18-57 yrs
Children 2-8 yrs
Mothers 23-52 yrs
Pregnant
Women
Pregnant

women

Children 6-11 yrs
All, 6-79 yrs
Pregnant

women

Pregnant

women

Pregnant

Women

Pregnant

Women

Pregnant

Women
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09

99-01

98-01

07-09

97-01

08-11

10-12

09-11

10-12

64
103

105

481

307

1032

5604

187

297

54

231

322

0.1

0.1

0.01

0.25

0.01

0.1

0.02

0.1

90

78
82

27

99.3
99.4
56

100

97.8

82

1.1
1.17

0.25
0.26

0.54

0.2

0.33

0.37

1.58
1.93

1.63

<LOD

18.3

0.20

0.23
<LOD

<LOD

0.35

0.50

9.44

7.36
13.29

126.9*

0.85

3.51

23

2.6

Farm worker families
Agricultural area, Sec-

ond trim, GW 26

Third trim, *90™ pct

Residential use

third trimester

third trimester

second trimester

GW 10-12

Trunnelle et al. (2014a)

Castorina et al. (2010)

Berkowitz et al. (2003)

Oulhote and Bouchard (2013);

Ye et al. (2015)

Watkins et al. (2016)

Dewailly et al. (2014)

Lewis et al. (2014)

Zhang et al. (2013)

Ding et al. (2015)



TABLE 3.11 Comparison of urinary concentrations of the specific metabolite of chlorpyrifos/chlorpyrifos-methyl, TCPY, with concentrations found in other studies. The values

represent volume based concentrations (ug/L) in spot urine samples unless otherwise stated.

Study

Europe
OCC, Denmark

Greenhouse Cohort Chil-
dren

MoBa, Norway

Generation R, The Nether-
lands

Spain
America

NHANES, USA

CHAMOCOS, USA

Mt. Sinai, New York, USA

ELEMENT, Mexico City

Puerto Rico
Australia
Asia

China

population

Pregnant women

Children10-16 yrs

Pregnant women

Pregnant women

Children 6-11 yrs

Children 6-11 yrs
Adults 20-59 yrs

pregnant women

pregnant women

pregnant women

Pregnant women

Children 2.5-6 yrs

Children 3-6 yrs

GM: geometric mean; GW: gestational week
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Sampling
year

10-12
11-13

99-04

04-06

10

09-10

99-01

98-01

97-05

10-12
03-06

2014

LOD

0.3
0.3

0.15

0.80

0.1

0.3

0.1

0.1

%>LOD

93.2

95.8
94.5

100

86

81.9

>90

86.2
92.2

441

N

858

143
128

10*

100

125

386
1309

481

365

187

54
115

406

GM

1.67

1.42
1.52

0.99

1.2

3.36*

1.12
0.71

1.76

0.4

0.92*

50th pct
(median)

1.74
1.43

1.55

1.2

3.40*

1.46
0.97

3.2

7.5

1.78

0.5
12.5*

0.63*

9 5th
pct

8.15
6.05

7.31

6.4

12.97*

5.81
4.18

17.9

61.2*

2.0
71.1*

22.9*

Remark

Fasting, GW 28

Non-fasting

Fasting

second trim, *pooled sam-
ples

>GW 20

*ug/g creatinine

Agricultural area, Second
trim, GW 26

Third trim, *90™ perc

Residential use

Third trim

4 samples per women

*ug/g creatinine

*ug/g creatinine

Ref

This study
This study

Ye et al. (2009)

Ye et al. (2008)

Roca et al. (2014)

CDC (2015)

Castorina et al. (2010)

Berkowitz et al. (2003)

Fortenberry et al.
(2014)

Lewis et al. (2015)
Babina et al. (2012)

Wang et al. (2016)



TABLE 3.12 Comparison of urinary concentrations of total dialkyl phosphate metabolites (XDAP) in samples from this study with concentrations found in other studies. The

values represent volume based concentrations (nmol/L) in spot urine samples unless otherwise stated.

Study

Europe
OCC, Denmark

Greenhouse Cohort Chil-
dren,

Greenhouse Cohort Chil-
dren,

DEMOCHOS, Denmark

PELAGIE

Generation R, Holland

MoBa. Norway

Greece, Crete
America
NHANES, USA
HOME, Ohio, USA

NYC HANES, USA
Mount Sinai, USA
CHAMACOS, U.S.

MIREC, Canada

Population

Pregnant women

Children10-16 yrs

Children 6-11 yrs

Pregnant women
Children 6-11 yrs

Pregnant women

Pregnant women

Pregnant women

Adults

Children 8-15 yrs

Pregnant women

Adults >20 yrs
Pregnant women

Pregnant women
Children 5 yrs

Pregnant women

Sampling

Year

10-12
11-13

07-08

11

02-06

04-06

99-04

08-09

00-04
03-06

04
98-02

99-00
04-05

08-11

N

564
141

172

145
144

254

100
10

86

1139
327

876
342

348
320

1884

GM

58.7
89.7

160.4

84.8
111

183
87*

68.3
73.7*

75.5*

109
92.6

78

50th pct
(median)

56.5
85.6

153.7

92.3
106

38.8

200

15

96.7*

114.9
77.9*

78

95 pct

253
506

1252

659

1321.8
894.7*

538

Remark

Fasting, GW 28

First-morning-voids

First-morning-voids

First-morning-voids

GW 20

10 pools, each consisting of
pooled urine from 11 women

* Calculated from pg/L

Agricultural area

*nmol/g creatinine, two spot urine
samples during preg,

*nmol/g creatinine , residential use

First trim
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Ref.

This study

This study

Andersen et al. (2012b)

Merck et al. (2016)

Debost-Legrand et al. (2016)

Ye et al. (2008)
Ye et al. (2009)

Kokkinaki et al. (2014)

Bouchard et al. (2010)
Donauer et al. (2016)

McKelvey et al. (2013)
Harley et al. (2016)
Marks et al. (2010)

Sokoloff et al. (2016)



CHMS, Canada Children 6-11 yrs 07-09 1035 - 99.2 - Oulhote and Bouchard (2013);
All, 8-79 yrs 5604 76.7 71.4 Ye et al. (2015)
GM: geometric mean; GW: gestational week
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TABLE 3.13 Comparison of urinary concentrations of the chlorophenoxy herbicide 2,4-D with concentrations found in other studies. The values represent volume based concen-

trations (ug/L) in spot urine samples unless otherwise stated.

Study

Europe

OCC, Denmark

Greenhouse Cohort
Children,

Spain

America

NHANES, USA

CHAMACOS,
USA

Ohio, USA

PROTECT,
Puerto Rico

Population

pregnant
women

10-16 yrs

6-11 yrs

6-11 yrs
20-59 yrs
pregnant
women
20-49 yrs
Preschool
children

pregnant
women

Sampling
year

10-12

11-13

10

09-10

99-01

01
00-01

10-12

GM: geometric mean; GW: gestational week

N

858

141
128

125

386
1309

481

121
66

54

LOD

0.03

0.03

0.40

0.15

0.2

0.2

0.4

%>LOD

97.6

100
99.2

21.2

89
97

GM

0.16

0.26
0.18

0.385
0.288

50th pct
(median)

0.16

0.25
0.19

<LOD

0.350
0.270

<LOD

0.7
1.2

<LOD

95 pct

0.70

1.04
0.77

0.43*

1.59
1.33

0.8

3.1
4.3

0.6

Remark

Fasting, GW 28

Non-fasting

Fasting

*ug/g creatinine

Agricultural area, Second
trim, GW 26

4-6 samples in 48 h

second trim.
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Ref

This study

This study

Roca et al. (2014)

CDC (2015)

Castorina et al. (2010)

Morgan et al. (2008); Morgan
(2015)

Lewis et al. (2014)



3.4 Prenatal and current pesticide exposure and motor speed
function and attention in children
At the first follow-up examination of the Greenhouse Cohort children in 2007-08, when they
were between 6 and 11 years old, a battery of neurodevelopmental tests were included to ex-
amine a broad spectrum of functions. We found impaired neuropsychological function in girls,
but not boys, whose mothers were occupationally exposed to pesticides in early pregnancy
(Andersen et al. 2015). Especially language- and motor speed functions in girls were signifi-
cantly inversely associated with prenatal pesticide exposure. We did not have the possibility to
repeat the whole testing battery in this study, but two of the tests investigating motor speed
function (Finger tapping Test) and attention (Conners’ Continuous Performance Test Il) were
included in the last examination performed in 2013. We wanted to investigate if associations
with prenatal pesticide exposure were still apparent and if the children’s own current exposure
levels were related to these outcomes.

Table 3.14 shows the results for the motor speed function for all children and for boys and girls
separately. We did not find any associations between the children’s current urinary pesticide
metabolite concentrations and motor speed function. However, girls whose mothers were oc-
cupationally exposed to pesticides in pregnancy tended to have decreased motor speed func-
tion although not statistically significant at the 0.05-level. This finding confirms the results from
the first follow-up examination when the children were between 6 and 11 years and may indi-
cate a permanent impairment of this function in the girls after prenatal exposure. We do not
have biomonitoring data from the mothers in pregnancy and therefor, specific pesticides re-
lated to this finding cannot be identified.

In Table 3.15 results from the computer test of attention are shown for the children. More
omission errors (missed responses) were seen for prenatally exposed children. None other as-
sociations were apparent in the whole group of children neither in relation to prenatal or the
children’s current pesticide exposure. However, in sex-stratified analysis the current exposure
to organophosphates (urinary concentrations of TCPY and DAPs) were associated with a
higher number of omission errors in girls. The associations were significant for TCPY, XDMP,
and ZDAP (Figure 3.1). A tendency to more commission errors was also seen among the girls
in relation to current organophosphate exposure. No sexually dimorphic associations were
seen for average reaction time.
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TABLE 3.14 Test of manual motor speed function. The values shown are adjusted® mean score difference (B) with 95% confidence intervals (95% Cl), for the Finger tapping test
in relation to prenatal and current pesticide exposure in children from the Greenhouse Cohort. The results present the average for both hands (mean number of taps in 10 sec-
onds for two trials with dominant and two trials with non-dominant hand).

All children Boys Girls

N B (95% ClI) p-value N B (95% ClI) p-value N B (95% ClI) p-value
Prenatal exposure® 130 -1.19 (-3.51; 1.13) 0.31 72 0.57 (-2.46; 3.60) 0.71 58 -3.35 (-7.09; 0.40) 0.08
Current exposure®
3-PBA 119 0.15 (-1.85; 2.16) 0.88 66 0.90 (-1.92; 3.73) 0.53 53 -0.69 (-3.76; 2.38) 0.65
2,4-D 119 -0.53 (-3.51; 2.46) 0.73 66 1.15 (-2.88; 5.19) 0.57 53 -2.76 (-7.78; 2.26) 0.27
TCPY 121 -0.74 (-3.40; 1.93) 0.59 67 -0.49 (-3.80; 2.62) 0.71 54 -0.10 -6.04; 5.83) 0.97
*DMP 120 0.40 (-1.74; 2.54) 0.71 67 0.39 (-2.36; 3.13) 0.78 53 0.32 (-3.33; 3.97) 0.86
*DEP 120 0.55 (-2.18; 3.28) 0.69 67 1.46 (-2.13; 5.06) 0.42 53 -0.47 (-4.94; 4.00) 0.83
DzAP 120 0.51 (-2.04; 3.07) 0.69 67 0.63 (-2.58; 3.83) 0.70 53 0.35 (-4.11; 4.82) 0.87

a Adjusted for age (in years) at examination, SES, and for all children also child sex. Pscore difference between prenatally exposed and unexposed (yes/no);
¢ score difference for a 10-fold increase in the urinary (creatinine adjusted) concentration of the pesticide metabolite
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TABLE 3.15 Corners Performance test of attention. The values shown are adjusted® mean test score difference () with 95% confidence intervals (95% CI) in relation to prenatal
and current pesticide exposure in children from the Greenhouse Cohort.

Reaction time (ms), Number of omission errors Number of commission errors

average of 15 min

N B (95% CI) p-value B (95% CI) p-value B (95% ClI) p-value

Prenatal exposure® All 130 7.0 (-7.5; 21.6) 0.34 2.60 (0.40; 4.81) 0.02 1.02 (-1.70; 3.73) 0.46
Current exposure®

3-PBA All 119 -6.1(-19.4; 7.2) 0.36 1.45 (-0.59; 3.50) 0.16 0.44 (-2.00; 2.87) 0.72
2,4-D All 119 -4.7 (-24.5; 15.1) 0.64 0.55 (-2.52; 3.62) 0.72 1.27 (-2.35; 4.89) 0.49
TCPY All 121 -12.7 (-29.8; 4.4) 0.15 1.45 (-1.19; 4.19) 0.28 1.06 (-2.10; 4.21) 0.51
*DMP All 120 5.28 (-8.44; 19.00) 0.45 1.28 (-0.84; 3.40) 0.24 0.73 (-1.81; 3.26) 0.57
*DEP All 120 -0.31 (-17.85; 17.23) 0.97 0.79 (-1.93; 3.50) 0.57 0.61 (-2.62; 3.84) 0.71
*DAP All 120 3.5(-12.86; 19.91) 0.67 1.48 (-1.05; 4.01) 0.25 1.09 (-1.92; 4.10) 0.48

a Adjusted for age (in years) at examination, SES, and child sex. ®score difference between prenatally exposed and unexposed (yes/no); ° score difference for a 10-fold increase
in child urinary concentration (ug/g creatinine) of the pesticide metabolite.
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FIGURE 3.1 Mean differences in number of omission (missed responses) and commission
(false positives) errors for prenatally exposed children compared to unexposed children and
for a 10-fold increase in current pesticide exposure (urinary metabolite concentrations (ug/g

creatinine).
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3.5 Maternal urinary pesticide metabolite concentrations and
birth outcomes and ano-genital distance (AGD) in the
offspring at three months of age

The results from this sub-study are presented in paper 2. The main findings are presented be-
low.

The aim of this study was to investigate whether maternal pregnancy urinary concentrations of
2,4-D and organophosphate and pyrethroid insecticide metabolites were associated with birth
outcomes (gestational length, birth weight, head and abdominal circumference) and AGD
measured three months after expected date of birth.

We did not find any consistent dose-related associations between maternal pesticide metabo-
lite concentrations and gestational length, birth weight, head or abdominal circumference, alt-
hough some tendencies appeared. Hence, gestational length tended to be longer for boys in
the third tertile of = DAP compared to the boys in the first (3.2 (95% CI: 0.1; 6.4) days, p-trend:
0.05). Further, a tendency towards a smaller abdominal circumference with increasing 3-PBA
concentrations was seen in girls (B: -0.3 (95%CI: -0.5; -0.003) cm, p trend: 0.05).

We did not find any clear dose-response relationship between the maternal urinary concentra-
tions of pesticide metabolites and AGD in the offspring (Figure 3.2 and Figure 3.3). However, a
tendency towards a longer AGD with higher maternal concentrations of 3-PBA (AGDac, p-
trend: 0.14) and ZDE (AGDac, p-trend: 0.08) was seen in girls. Further, a statistically signifi-
cant shorter AGD in boys with maternal concentrations of 2,4-D in the second compared to the
first tertile (AGDas: -1.55 (95% CI: -2.81, -0.28) mm and AGDap: -1.62 (95% CI: -3.00, -0.24)
mm) was found. Thus, the results might suggest a weak sexually dimorphic effect.

The tendency to a longer AGD in girls related to increased ~DE concentration was not re-
flected in a similar tendency for TCPY despite chlorpyrifos is metabolized to TCPY and DEP.
This may indicate that the combined exposure to ethylated organophosphates was necessary
to induce a weak effect. To investigate potential interaction between the different groups of
pesticides on AGD, we performed pair-wise interaction analyses of those pesticides measured
in all the 858 mother-child pair (i.e., 2,4-D, TCPY, and 3-PBA). We used categorical variables
of the pesticides (above or below the medians). The results are shown in Table 3.16 and Table
3.17. We did not see any indication of additive effects in these rather crude analyses.

The Danish Environmental Protection Agency / Pesticide exposure and health risk in susceptible population groups 45



AGDas AGDap
2,4-D 0.04 2,4-D 0.0,
1st 15 1st] €
———— ——————
2nd 0.1 2nd~ 08,
—— _—
3rd 0.0 3rd 03
cont_24d - e cont_24d B
3-PBA 3-PBA
0.0 0.0
1t o5 | 1st- 02 |
2nd - »—_O'E’O——c 2nd - »—_(‘)10——(
ard e ard e
cont_pba - Fe cont_pba - e
TCPY TCPY
1st- °% 1st °%
2nd - >—'1:z——< 2nd )—”‘N—H
3rd e 3rd — e
cont_tcpy '0;'_2._4 cont_tcpy pi'zo__<
ZDAP ZDAP
1st 0 1st
2nd 01 2nd
3rd 1 3rd
cont_dap cont_dap
T T T T T T T T T
-4.0 -2.0 0.0 2.0 4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0
B(mm) B(mm)

FIGURE 3.2 Results of multiple linear regression analyses () of AGD in boys and maternal
urinary pesticide metabolite concentrations (ug/g creatinine) divided into tertiles (f = change in
AGD in mm compared to 1st tertile) and as continuous variables (B = change in AGD in mm

when doubling exposure)
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FIGURE 3.3. Results of multiple linear regression analyses of AGD in girls and maternal uri-
nary concentrations (ug/g creatinine) of pesticide metabolites divided into tertiles (B = change
in AGD in mm compared to 1st tertile) and as continuous variables (B = change in AGD in mm
when doubling exposure)
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TABLE 3.16. Estimated change (mm) in AGDas and AGDap (with 95% ClI) in boys after combined prenatal exposure to 2,4-D and 3-PBA, 2,4-D and TCPY or 3-PBA and TCPY
estimated by maternal urinary metabolite concentrations (ug/g creatinine).

2,4D

< median
2 median
3-PBA

< median

2 median

AGDas
3-PBA TCPY

<median = median < median = median

ref -1.06 (-2.55; 0.44) ref 0.13 (-1.38; 1.63)
-0.92(-2.39;0.54)  -0.63(-2.07;0.80)  0.58 (-0.86; 2.03) -0.82 (-2.18; 0.55)

ref -1.43* (-2.89; 0.03)
-1.06 (-2.50;0.38)  -1.03 (-2.46; 0.41)

*p<0.1; **p<0.05

AGDap
3-PBA TCPY

< median = median < median = median

ref -1.31(-2.94; 0.32) ref 0.35 (-1.29; 2.00)
-1.92** (-3.50;-0.35)  -1.09 (-2.64; 0.46)  -0.12 (1.69; 1.46)  -1.17 (-2.65; 0.31)

ref -0.96 (-2.54; 0.62)
-0.63(-2.21;0.93)  -0.67 (-2.23; 0.89)
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TABLE 3.17 Estimated change (mm) in AGDaf and AGDac (with 95% ClI) in girls after combined prenatal exposure to 2,4-D and 3-PBA, 2,4-D and TCPY or 3-PBA and TCPY
estimated by maternal urinary metabolite concentrations (ug/g creatinine).

2,4D

< median

2 median

3-PBA

<p50

2p50
*p<0.1; **p<0.05

< median

ref

0.63 (-0.39; 1.66)

3-PBA

= median

0.13 (-0.86; 1.12)
0.16 (-0.89; 1.22)

AGDaf
TCPY
< median = median
ref 0.46 (-0.53; 1.46)
1.01 (-0.08; 2.10) 0.26 (-0.67; 1.19)
ref -0.23 (-1.26; 0.81)

-0.43(-1.48;0.63)  -0.15(-1.11; 0.81)

AGDac

3-PBA TCPY

< median =median <median >median

1.45** (0.06; 2.84) 0.09 (-1.32; 1.50)

0.63 (-0.82; 2.08) 1.06 (-0.43; 2.54) 0.60 (-0.95;2.16)  -0.19 (-1.50; 1.13)

-0.60 (-2.05; 0.86)

0.88 (-0.61; 2.36) 0.60 (-0.74; 1.95)
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4. Discussion

4.1 Prenatal pesticide exposure and epigenetic

In the Greenhouse Cohort children, we found that maternal occupational pesticide exposure in
early pregnancy was associated with a differential methylation profile in DNA isolated from
blood samples from exposed children carrying the PON71 192R-allele compared to children
with the PON71 192QQ genotype and unexposed children. Some of the differentially methyl-
ated genes are known to be involved in neuroendocrine pathways that regulate appetite and
energy homeostasis. Since the methylation profile was measured in blood samples obtained at
the same time as the health outcomes at age 6 - 11 years, we cannot prove that the link is
causal. Hence, the differentially methylated positions might be a consequence of alterations of
food habits and physical activity among the exposed children with the PON1 192R-allele and
not an underlying mechanism. However, the mediation analysis performed suggested that at
least some of the differentially methylated marks are on the mechanistic pathway between pre-
natal pesticide exposure and higher body fat content and leptin levels. Furthermore, the asso-
ciation was strongest between pesticide exposure and delta BMI Z-score that integrates fat ac-
cumulation from birth and onwards to school age. Thus, our findings do suggest a link be-
tween epigenetics and genetic susceptibility towards pesticide exposure in foetal life (see pa-
per 1 for a more comprehensive discussion of the results).

4.2 Urinary concentrations of pesticide metabolites

The results from this study demonstrate a widespread exposure to organophosphate and pyre-
throid insecticides and to the chlorophenoxy herbicide 2,4-D in the Danish population, as me-
tabolites were detectable in urine samples from more than 90% of the women and children in
this study. The exposure levels for both groups of insecticides, pyrethroids in particular, were
similar or higher among the children in this study than in most other published studies on pop-
ulations without particularly residential exposure. This might be of concern since some recent
studies reported associations between urinary concentrations of 3-PBA in children and im-
paired cognitive functions (Viel et al. 2015) and increased risk of behavioural problems
(Oulhote and Bouchard 2013; Viel et al. 2017) including attention-deficit hyperactive disorder
(ADHD) (Wagner-Schuman et al. 2015) at exposure levels below those found among the chil-
dren in this study. The cross-sectional design of these studies does not allow conclusions
about causality but emphasise the need for longitudinal follow-up of studies of children with
childhood exposure data. Besides, associations between prenatal exposure to some insecti-
cides, including pyrethroids, and impaired attention and other neurobehavioral outcomes have
also been reported from longitudinal birth cohort studies (Abreu-Villaca and Levin 2017; De
Felice et al. 2014; Fluegge et al. 2016; Furlong et al. 2017a; Furlong et al. 2017b; Viel et al.
2017).

The exposure levels among the pregnant women from the OCC tended to be lower than in
most other studies although for chlorpyrifos, the metabolite (TCPY) concentration was only
higher for pregnant women with agricultural or residential exposures. Furthermore, the expo-
sure levels for the OCC women might be underestimated because the spot urine samples
were obtained after over-night fasting while the other studies used non-fasting spot urine sam-
ples. Comparisons of exposure levels between studies rely on pesticide metabolite concentra-
tions measured at different laboratories and minor deviations in the exact values cannot be
ruled out. However, we consider the levels to be comparable because the laboratories in gen-
eral use established and validated methods, participate in ring test (when available), and use
external as well as internal quality control samples and high quality standards.

The Danish Environmental Protection Agency / Pesticide exposure and health risk in susceptible population groups

49



In our study, the pesticide metabolite concentrations were determined in one single spot urine
sample and this procedure has some limitations. The pesticides are assumed to be rapidly
metabolized and to be excreted from the body within hours to days and substantial within-sub-
ject variability has been demonstrated for organophosphate metabolites (Spaan et al. 2015)
and to a lesser degree for pyrethroid metabolites (Watkins et al. 2016; Wielgomas 2013).
While within-subject variation is unlikely to affect comparison of exposure levels between dif-
ferent studies, it might have serious impact for investigating associations between exposure
level and health outcomes. In the OCC study of AGD and birth outcomes (paper 2), we tried to
reduce potential exposure misclassification due to this day-to-day variation by dividing the con-
tinuous exposure variables into categorical variables (tertiles) assuming that individuals with a
general high intake of non-organic fruit and vegetables are more likely to be in the upper tertile
compared to those with lower intake. This assumption is supported by a previous study, show-
ing that a single urine measure of TCPY was valid to predict tertiles of exposure (Meeker et al.
2005). Compared to DAPs and TCPY, the individual levels of 3-PBA were reported to be more
stable (Wielgomas 2013). Most pyrethroids are highly lipophilic and finding of relatively high
concentrations of these substances in human breast milk have raised concern that they are
not always so rapidly excreted as earlier anticipated (Corcellas et al. 2012). Further, the use of
urinary pesticide metabolite concentrations as markers of exposure is often criticised with the
argument that it overestimate the exposure to the parent pesticide because preformed metab-
olites in the diet will also be included in the measurement. Thus, comparison of urinary metab-
olite concentrations between studies with different exposure pathways might, to some extent,
be misleading. However, some pyrethroid metabolites, e.g, 3-PBA, have been demonstrated
to exhibit anti-androgenic activity in vitro with similar or even greater potencies that the parent
compounds (Saillenfait et al. 2016a; Tyler et al. 2000). Thus, preformed metabolites in the diet
should probably not always be considered as nontoxic or less toxic than the parent compound.
For that reason, the toxicity and exposure of a metabolite is also considered when establishing
the residue definition. Moreover, we cannot exclude that some other chemicals may contribute
to the measured urinary metabolites, especially the unspecific DAPs and 3-PBA. However, uri-
nary metabolite concentrations have been shown to be markedly reduced after one week of
limiting consumption to organic food (Bradman et al. 2015; Oates et al. 2014) and to be related
to frequent consumption of organic produce reported by questionnaire in population studies
(Curl et al. 2015). Thus, pesticide residues in food items, especially fruit and vegetables are
consistently found to be the main predictor for the concentrations of these metabolites in urine
samples from the general population (Spaan et al. 2015; Ye et al. 2015), although residential
use and proximity to agricultural use might contribute to a minor degree (Lind et al. 2017). In
our study, the urinary concentrations of pesticide metabolites among the greenhouse cohort
children were unrelated to residence and home-use of pesticides. However, a tendency to-
wards higher 3-PBA concentrations in children whose mothers were still working in green-
house floricultures may indicate some take-home exposure to pyrethroids.

The high detection frequency of 2,4-D among both the Greenhouse Cohort children and
women from the OCC was unexpected. It is most likely related to an increasing use of 2,4-D
as growth regulator in citrus fruit production (Chen et al. 2015). Accordingly, urine samples col-
lected from the children during autumn/winter had a higher 2,4-D concentration than samples
collected during spring/summer. This might reflect a higher intake of citrus fruit in the later part
of the year. Also for 3-PBA, the median urine concentration was higher in samples collected
during autumn/winter but potential food items responsible for this difference is not obvious and
the finding could also be due to other sources than diet. Since no organophosphate insecti-
cides are allowed for use in food production in Denmark, the relatively high urine concentra-
tions of TCPY and DAPs found in this study must reflect exposure from imported fruit and veg-
etables. According to the 2016 EFSA report on pesticide residues in food samples collected in
2014 in the EU (European Food Safety Authority 2016) pesticide residues were detected in
45.3 % of the conventional food products (3.0 % above the maximum residue level (MRL).
Residues of more than one pesticide were found in 28.3% of the samples. Similar findings
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were seen in the Danish Pesticide Residue Monitoring Programme (Fadevareinstituttet 2016).
Chlorpyrifos was among the most frequently detected pesticides and the one that most often
exceeded the acute reference dose (ARfD) in the EU-survey reported in 2015 ((European
Food Safety Authority 2015). Thus, despite chlorpyrifos has never been allowed in food pro-
duction in Denmark, the population seem to be widely exposed from imported fruit and vegeta-
bles. At the same time a high intake of fruit and vegetables is related to a healthy dietary life-
style (Groth et al. 2001) and this might explain the higher urinary concentration of organophos-
phate metabolites and 2,4-D seen among the most well-educated and slim women from the
OCC in this study. In contrast, the urinary concentration of 3-PBA did not follow the same dis-
tribution pattern in relation to population characteristic as the other pesticides. The higher con-
centration in nulliparous women and women with a pre-pregnancy BMI above 25 kg/m? might
indicate that, at least some pyrethroids are metabolized and excreted more slowly than previ-
ously assumed and/or that the dietary sources are different than for organophosphates and
2,4-D. Pyrethroids are lipophilic substances, and they have been detected in human breast
milk samples, sometimes in relatively high concentrations (Corcellas et al. 2012). Furthermore,
the concentration in human milk samples was reported to be inversely associated with number
of pregnancies and thus in accordance with or finding of lower urine concentration of 3-PBA in
multiparous women.

4.3 Pesticide exposure and health outcomes in the
Greenhouse Cohort children

Although the children in this study had relatively high urine concentrations of 3-PBA compared
to other studies on children, we did not observe any associations between the children’s cur-
rent urinary 3-PBA concentration and motor speed function or attention. Other recent studies
reported associations between impaired neurodevelopment or behavioural difficulties and the
children’s current urine concentrations of pyrethroid metabolites (Oulhote and Bouchard 2013;
Viel et al. 2015; Viel et al. 2017; Wagner-Schuman et al. 2015) even at lower 3-PBA concen-
trations than found in our study. The few neurodevelopmental outcomes included in our study
do only investigate specific functions, i.e., manual motor speed function and attention. These
tests might not be sensitive enough to detect an effect in a relatively small group of children
and other brain functions not covered by these tests might be affected. Thus, a more compre-
hensive testing battery combined with a longitudinal study design are needed to draw conclu-
sion on potential neurodevelopmental effects of pyrethroids at the current exposure level in
children.

Our results showed a positive association between concurrent organophosphate exposure and
number of hit errors in the attention test for girls but not for boys. This is in line with our previ-
ous findings from this cohort in relation to prenatal pesticide exposure where neurodevelop-
ment seemed more affected in girls than in boys (Andersen et al. 2015). In an experimental
study in mice, gestational exposure to chlorpyrifos (6 mg/kg/day per os on GD 14-17) was
demonstrated to cause sex-dimorphic neurodevelopmental effects with females being most
sensitive (De Felice et al. 2014). Some studies in humans found boys to be more affected than
girls after prenatal or postnatal organophosphate exposure (Horton et al. 2012; Marks et al.
2010) although in most studies the data analyses were adjusted for sex but potential sex-dif-
ferences in neurodevelopmental outcomes were not investigated. A recent study, based on the
French PELAGIE Cohort, found a negative association between the children’s urine concen-
trations of diethyl phosphate metabolites, ZDEP, and their working memory score at 6 years of
age (Cartier et al. 2016) at concentrations considerably below those measured in the Green-
house Cohort children in this study. The median of ZDEP among the children in the PELAGIE
cohort was 0.8 nmol/L versus 24.1 nmol/L in the Greenhouse Cohort children. As for the pyre-
throids, longitudinal studies are warranted to further investigate potential effects on the nerv-
ous system of childhood exposure to organophosphate insecticides at the current exposure
levels.
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4.4 Prenatal pesticide exposure, birth outcomes, and
anogenital distance at 3 months in the OCC

In accordance with other birth cohort studies among women without occupational or high resi-
dential pesticide exposure (Harley et al. 2016), we did not find indications on adverse effects
on birth outcomes. A slight reduction in abdominal circumference in female new-borns associ-
ated with maternal urinary concentration of 3-PBA and a higher gestational age at birth in boys
associated with TDAP concentrations was seen but the findings were not consistent and might
be random findings.

We did not observe any significant dose-related associations between maternal urinary con-
centrations of the pesticide metabolites and AGD in the infants. However, weak sexually di-
morphic associations were indicated, as 3-PBA and X DE tended to be dose-related to a

longer AGD in girls and as boys in the intermediate tertile of 2,4-D compared to the first tertile
had shorter AGDs. Since no change was seen from the first to the third tertile of 2,4-D, this
finding is likely due to chance, e.g. caused by multiple comparisons or it might be influenced
by negative confounding (Choi et al. 2014) i.e., those exposed to highest levels of 2,4-D are
likely to consume more fruits and vegetables, which may out weight the potential negative ef-
fect of 2,4-D

The tendencies observed suggest that in utero exposure to the pesticides may be associated
with slightly altered androgen action during the early stages of development of the reproduc-
tive system, which may be of concern due to the widespread exposure to these pesticides and
increasing use of pyrethroids.

In rodents, and probably also in humans, AGD reflect the exposure level to androgens in early
development. Males have longer AGD than females and AGD is routinely used in animal toxi-
cology studies as a sensitive marker of anti-androgenic exposures in males (Christiansen et al.
2009). High gestational exposure to testosterone has also been associated with longer AGD in
female offspring in rats, suggesting a masculinization effect (Hotchkiss et al. 2007). Thus, our
findings suggest that in utero exposure to these pesticides may be associated with slightly al-
tered androgen action during the early stages of development of the reproductive system.

To our knowledge, no previous human studies have investigated associations between in
utero exposure to pesticides and AGD in the offspring. Based on the Greenhouse Cohort chil-
dren, we have previously reported higher prevalence of cryptorchidism and smaller genitals at
3 months and school age in boys whose mother were occupationally exposed to pesticides in
early pregnancy compared to sons of unexposed mothers (Andersen et al. 2008; Wohlfahrt-
Veje et al. 2012a). In prenatally exposed girls from the same cohort, we found earlier breast
development and higher childhood serum concentrations of androstenedione and lower con-
centrations of Anti-Mullerian Hormone (AMH) compared to unexposed girls (Wohlfahrt-Veje et
al. 2012b). Unfortunately we did not measure AGD in these children and the study design did
not allow identification of specific pesticides associated with the findings.

The tendency to a dose-related elongation of female AGD associated with maternal urinary
concentrations of 3-PBA and DAPs might be explained by a sexually dimorphic effect on the
hypothalamic-pituitary-gonadal axis. Organophosphates and pyrethroids are neurotoxicants
that may disturb development of neuroendocrine axes (Dickerson and Gore 2007) and
chlorpyrifos has been reported to affect hypothalamic gonadotropin-releasing hormone
(GnRH) neurons by increasing GnRH mRNA levels in female rats after in utero exposure and
to cause earlier timing of vaginal opening and first diestrus (Gore 2001). An exposure associ-
ated increase in gonadotropins and a decline in testosterone was also reported in male rats
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exposed to the pyrethroid fenvalerate (Mani et al. 2002). In humans, urinary DAP and 3-PBA
concentrations were associated with increased serum concentrations of FSH, LH and prolactin
and with decreased serum testosterone and inhibin B (Aguilar-Garduno et al. 2013; Meeker et
al. 2009).

In mice, exposure to chlorpyrifos-methyl (4, 20 or 100 mg/kg bw/day by oral gavage) from ges-
tational day (GD) 7 to 17 caused increased AGD in female (from 20 mg/kg bw/day) and de-
creased AGD in male (from 100 mg/kg bw/day) offspring (Shin et al. 2015). In rats, oral expo-
sure to deltamethrin (1 mg/kg bw/day) from GD 7 and continued throughout the gestation and
lactation was found to cause shorter AGD in male offspring (Kilian et al. 2007) while another
rat study, in which the exposure (oral doses between 0.1 and 10 mg/kg bw/day) period was re-
stricted to the period of sexual differentiation between GD 13 to 19, did not find any effect on
AGD in male offspring or on expression of genes involved in the steroid synthesis pathway in
the testes of male foetuses (Saillenfait et al. 2016b). Potential effects on female offspring were
not included in these studies. For comparison the NOAELs set by EFSA from experimental
studies included in the risk assessment was 0.1 mg/kg/day for chlorpyrifos and 1.0 mg/kg/day
for chlorpyrifos-methyl, and deltamethrin. The critical effect was inhibition of Acetyl-cholinester-
ase or neurotoxicity in adult animals (rodents and/or dogs) whereas developmental neurotoxi-
city was not included. Thus, the alterations in AGD seen at NOAEL for deltamethrin or slightly
above for chlorpyrifos-methyl in the studies cited above could be speculated to be related to
developmental neurotoxic effects affecting hypothalamic function.

Only limited data are available on the potential of organophosphates, and pyrethroids to di-
rectly interact with sex hormone receptors and steroidogenesis. A recent review on in vitro
studies of pyrethroids concluded that the available data do not provide evidence for strong in-
teractions with estrogenic and androgenic pathways (Saillenfait et al. 2016a). Some of the
studies included 3-PBA and other pyrethroid metabolites and found similar or greater potency
than for the parent compounds (Saillenfait et al. 2016a; Tyler et al. 2000) indicating that trans-
formation to e.g., 3-PBA in the diet or by maternal metabolizing enzymes will not always cause
inactivation of potential hormone disrupting properties. Chlorpyrifos and piperophos were re-
ported to have anti-androgenic properties and to inhibit testosterone biosynthesis in vitro
(Viswanath et al. 2010) whereas another study, found no anti-androgenic activity for chlorpyri-
fos but a weak oestrogenic response (Andersen et al. 2002).

Also for 2,4-D, studies on reproductive development or sex hormone disrupting effects are
sparse. No alterations in AGD were reported in rat offspring exposed to 2,4-D in utero and dur-
ing lactation in a study performed by the manufacture Dow Chemical Company (Marty et al.
2013). No other studies investigating AGD after 2,4-D exposure were found. 2,4-D did not in-
teract with oestrogen or androgen receptors or steroidogenesis pathways in vitro (Coady et al.
2014; Sun et al. 2012) but the herbicide was reported to potentiate the activity of testosterone
(Sun et al. 2012) and dihydrotestosterone (Kim et al. 2005) through the androgen receptor.
Enhanced androgenic activity would, however, be expected to increase AGD in males in con-
trast to the shorter AGD observed for the boys in our study. Thus, the lack of experimental
data supporting our finding of shorter male AGD related to 2,4-D exposure, together with the
lack of dose-response relationship, further indicate that this finding is likely due to chance.

Overall, the evidence for a direct interference with sex hormone receptors or steroidogenesis
at relevant dose-levels for the pesticides included in this study is limited. Thus, the observed
tendencies to altered AGD in girls with increasing maternal urinary 3-PBA and >DE concentra-
tions are more likely related to developmental neurotoxic disturbance of the hypothalamic-pitu-
itary-gonadal axis or they may be chance findings.
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In human males, shorter AGD has been related to lower serum testosterone concentrations
and symptoms of testicular dysgenesis syndrome (TDS) (Skakkebaek et al. 2016). TDS sug-
gests a common in utero origin for several adverse male reproductive outcomes including mal-
formations of the male genitals at birth, as well as reproductive disorders such as poor semen
quality, reduced fertility or infertility, and an increased risk of testis cancer. Less is known
about AGD in females and potential relation to female reproductive disorders although animal
studies support an association (Crain et al. 2008; Woodruff and Walker 2008). In young adult
women, AGD was reported to be positively associated with the number of follicles (Mendiola et
al. 2012) and with serum testosterone concentrations (Mira-Escolano et al. 2014).

Although the associations between female AGD and maternal urinary concentrations of 3-PBA
and ~DE were non-significant and might be due to chance, the findings may be of concern due
to the widespread exposure of the general population to these pesticides and the increasing
use of especially pyrethroids. The effects may be related to developmental neurotoxicity of
these pesticides and potential disturbance of hypothalamic development and related impact on
neuroendocrine axes re (Gore et al. 2011). Such a mechanism is also supported by our find-
ings in the Greenhouse Cohort children of disturbed reproductive development (Andersen et
al. 2008; Wohlfahrt-Veje et al. 2012a; Wohlfahrt-Veje et al. 2012b) and metabolic disturbances
(Tinggaard et al. 2016; Wohlfahrt-Veje et al. 2011) indicating disturbed development related to
neuroendocrine signal pathways. Thus the findings deserve to be further investigated, e.g., by
using data on reproductive development (including AGD) and growth patterns collected at later
follow-up examinations of the children in the OCC.
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5. Conclusion and
perspectives

Based on the Greenhouse Cohort, we have previously found that children with an R-allele in
the PON1 192 position were more susceptible towards maternal occupational pesticide expo-
sure. Exposed children with the R-allele accumulated more body fat during childhood, had al-
tered fat distribution, higher blood pressure and other indications of an adverse cardiovascular
risk profile compared to exposed children with the RR-genotype and unexposed children. We
hypothesized that the increased susceptibility were related to differential epigenetic modifica-
tions in exposed children carrying the PON1 R-allele. The results from this study support our
hypothesis, as we found differentially methylated genes in several neuroendocrine signal path-
ways related to obesity and cardiovascular diseases. The findings deserve further investiga-
tion in a larger study with quantitative data on pesticide exposure. Since approximately 40% of
the population has the PON1 192R-allele it would also be highly relevant to investigate if this
genotype plays a role for pesticide related health risk at exposure levels occurring in the gen-
eral population. The OCC would be an obvious opportunity for such a study.

We found widespread exposure to organophosphate and pyrethroid insecticides and to the
chlorophenoxy herbicide 2,4-D with detectable metabolite concentrations in urine samples
from more than 90% of the women and children in this study. The exposure levels for both or-
ganophosphates and pyrethroids were similar or higher among the children in this study than
in most other published studies. This is of concern since some recent studies have reported
associations between urinary concentrations of 3-PBA in children and impaired cognitive func-
tions and behavioural problems at exposure levels below those found among the children in
this study. In this study we did not find any associations between the children’s current urinary
3-PBA concentrations and motor speed function or attention but studies including test that co-
vers different cognitive domains and neurobehavioral outcomes are warranted.

The findings of an association between the children’s urinary concentrations of organophos-
phate metabolites (DAPs and TCPY) and hit errors in the attention test among the girls may be
of concern since some experimental studies have indicated that females might be more sus-
ceptible to neurotoxic effects of organophosphates than boys. Furthermore, we found girls in
this cohort to be more affected by maternal occupational pesticide exposure during pregnancy
than the boys. Further investigation in a larger cohort including a broader battery of tests
would be highly relevant.

Among 857 mother-child pairs from the OCC we found no consistent statistically significant
dose-related associations between maternal urinary concentrations of pesticide metabolites
and birth outcomes or AGD in the offspring. However, the tendency towards a dose-related
elongation of AGD in girls related to 3-PBA and > DAP (especially >DE) deserves to be further
investigated since the exposure to pyrethroid and organophosphate insecticides is widespread
and even weak effects might add to the combined effect of environmental endocrine disruptors
on reproductive development.

The increasing use of pyrethroids both in agriculture and as biocides in residential settings
combined with the findings in this study of a relatively high exposure level compared to other
studies illustrate the need for exposure monitoring as well as more studies on potential health
effects of pyrethroids. Some population studies indicate adverse effects on neurodevelopment
and behavioural difficulties at lower exposure levels than seen in this study. Our findings of a
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potential weak disturbance of reproductive development in females may suggest a sex-dimor-
phic disturbed hypothalamic function but confirmation of such a mechanism need further stud-
ies. Both pyrethroids and organophosphate insecticides are well known neurotoxicants and
developmental neurotoxicity is likely to be the most sensitive effect. However, only few studies
have investigated neurodevelopmental outcomes at exposure levels occurring in the general
population and especially longitudinal population studies would be highly relevant. In addition,
more experimental studies on potential mechanisms would be valuable. So far, developmental
neurotoxicity testing has not been required for regulatory approval of pesticides or for setting
of Maximal Residue Limits (MRL) in commodities. Inclusion of developmental neurotoxicity
would most likely reduce the NOAEL value for most pesticides with neurotoxic properties lead-
ing to lower ADI values and MRLs and thus offer better protection of vulnerable population
groups such as pregnant women and children. However, the human nervous system is very
complex and not all functions can be adequately investigated in animal studies. Besides, con-
current exposure to various pesticides with similar mode of action (e.g., more different pyre-
throids) might cause an effect even if the limit values for the individual pesticides are not ex-
ceeded. Therefor, population studies using validated sensitive neurodevelopmental outcomes
and valid exposure information (e.g., bio-monitoring) are needed to control safe population ex-
posure levels.
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Abstract

Badkground: Prenatal erwvironmental conditions may influance disease sk in later lile. We previously found a gene-
ernironment interaction between the paracwonase 1 (FONT) Q192R genotype and prenatal pestidde exposure keading
to an adverse cardic-meatabolic risk profile at school age However, the malecular medhanisms invohed have not yet
been resobed. it was hypothesized that epigenets might be imobred. The aim of the present study was thesfor to
investigate whether DMA methydation patterns in blood cdk wene related to prenatal pestidde exposure lavd, FONT

N 92R genotype and asodated metbolic effects abserved in the children,

Methods: Whole blood DA methylation patterns in 48 children &-11 years of age] whose maothers were
ocoupationally unexposed or exposed to pestiddes aarly in pregnancy, were determined by Numina 450 K
methylation arrays.

Results: A spedfic methylation profile was obsened in prenatally pesticide exposed children camying the PONT
192R-allde Differentially methyated genes were enriched in several neuroendoaine sigraling pathways
including dopamine-DARPFI2 feedback (appetite, reward pathways), corticotraphin releasing harmane signaling,
niOE, neuregulin signaling, mTOR sigraling, and type Il diabetes mellitus signaling. Furthenmore, we were able to
identify possible candidate genes which mediated the asodations between pesticide exposure and increased
leptin level, body fat percentage, and difierence in BMl 7 scare between birth and schoal age.

Conclusions: DNA methyation may be an underling mechanism explaining an adwerse ardiccmetabolic health
profile in children camying the PONT 192R-allele and prenatally exposed to pestiddes.
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Badkgrownd
A considerable part of modern pesticides has meunotoxic
andlor endocrine disnspting properties [1-3] and therefore
the potential to digurb development of neunbebonyvioral
neurendocrine, and meproductive inctons [4-8] egpe-
chally if exposune oorurs durlsg volsemble tme pedods in
fetal life or early childhood. To investigate potential health
effects of prenatal pesticide expoiure, we hove Bllowed a
cohort of children, whose mothers were e mployed in green-
house horticulture in pregrancy. Some of the mothers were
occupationally exposed to mixiures of pesticides in the frst
trimsester before the pregmancy was recognized, and pre-
ventive measures were taken. Findings from this cdhort
indude asmoctations between maternal pesticide exposire
and lower bieth welght illowed by incressed body fat scew-
mulation durdng childhood [¥, impaired reproductve de-
velopment in boys [10, 11], and eadier breast developmsent
[12] and impaired neurobehendoral function in gids [13]

The HDL-associated enryme parsoxomse 1 (POMNL)
catalyzes the hydrolysis of a wide range of substrates
induding some organophosphate insectcides [14, 15)
It ako protects lipoproteins from oxidative modifica-
tions and hence against development of athercsclerosis
[18, 17]. A common polymorphism in the coding se-
quence of the PONI gene substitutes glutamine () to
arginine (R) at position 192, This substitistion seeis to
affect both properties of the ereyme, and several stid-
jes have indicated an increased risk of candiovascular
disease in R-allele carriers [17, 18]. To investigate if this
polymorphizm affected the sensitivity to prenstal pesti-
cide exposure, the PONI (1%2R genotype was deter-
mined in the children. We found a marked interaction
between prematal pesticide exposure and the PONI
(192R genotype. At school age, exposed children with
the R-allele had significantly higher BML body fat per-
centage, abdomimal crcumirence, and blood presure
contpared to ubexposed chil deen with the sanme genotype
In the group of children with the 00 genotype, there was
no effect of preratal pesticide exposure on these parame-
ters [19]. In add iton, serum concentrtions of leptin, gh-
cagon, and plasminogen sctivator inhibitor type-1 (PAL-1)
were enhanced in prenatally pesticide eposed children
with the R-allele, also afier adjusting for BMI [20] which
also indicates disharbance of metabolic pathways related to
development of metabolic smdmme [21-23]. In addition,
leptin seemed to be a mediator of the increased fat acou-
mulation durdng chikdhood related to prematal pesticide ex-
posure in children with the PONT 192R-allede [20]. This,
the obtained mesults indicate a gene-emvimnment inter-
action between pesticide exposure and PONT gene hetero-
geneities already in eady prematal life that might enbance
ithe risk of candio-metabolic disesses later inlife.

The mechanism behind this intermction is not yet under-
stosd but might be medisted by epigenetic alterstions
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depending on both genotype and prematal exposure
Epigenetic marks, inchading DNA methylstion and cova-
lent histone modifications, are dynamic and can adapt to a
varlety of extersal simuli [24]. Fusthemsore, dircing fetal
development extersive de- and re-methylation events are
taking place making this period highly vulserable for
epigenetic dunges cavsed by emdronmental conditions
[25]. Indeed, emerging evidence in experimentsl animale
and in humans sssociate altered DNA methydation pat-
tems with a vadety of prenatal exposures induding dietary
factors, parental care, infections smoking, and ervinn-
mental pollutants [26-31]. In expedmental animals, eady
life changes in DNA methylation have been assocated
with diet-induced obesity and insulin resgance [32].
Recently, albo human studies have suggested tut DNA
methylation patterns at birth are related to birth weight
and fat moss later in childhood [33, 34]. The aim of this
exploratory udy was to investigate whether methylation
patterns in blood samples of school children weme related
to preratal pesticde exposure, PONT (192R genotype,
and adverse health outcomes already observed in the chil-
dren We hypothesized that the health effects assodated
with early prenatal pesticide exposure were related to
differential eplgenetic mod ifications in children with the
Q) -genotype and childen carrying the R-allele.

Methods

Study po pul ation

This study & a part of an ongoing progpective study
including 203 children born between 1996 and 2001 by
female greenhouse workers. The children were examined
for the fimt time at 3 months of age [11] and followed -
up at school age when 44 new age-matched controls
were included [9] and the PONI genotype was deter-
mined for 141 children [19]. For this exploratory study,
48 pre-pubertal (Tanner Stage 1) children, whose
mothes repoted not to heve smoked during pregrancy,
wemre selected equally distdbuted between the PONI
19200 and QR/ER genotype. The QR/RR genotype
group consisted of 3 children with the RE genotype and
21 with the QR genotype. After excluding children of
mothers who smoled in pregnancy, the mumber of
unexpoied controk within each genotype was low, 20
with the () genotype and 16 with the QR/RE genotype.
DMNA qualified for methylation amalysis was only avai-
able for 11 and 12 of these children, respectively. For
each genotype, we then uwsed individual matching to
select one exposed child of same sex and age for each of
the contrals For the QO genotype, two exposed chil-
dren were salected for esch of two controls to obtain 24
children Thus, in total we used data from 13 exposed
and 11 wnexposed children with the (0 genotype, and
12 exposed and 12 unexposed children with the QRER

genotype (Table 1).
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Table 1 Populstion characesstics and antheopometric data for 43 pre-pulbenal childen examined at age 6-11 yeas swatified by
BONT Q193 genatype and prenatal pes Sride evposuse
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Recrultment, chamcteristics, exposure categorzation,
and clinical examirstions of the childen have previously
been described in detall [%, 11, 19]. Briefly, we recruited
pregnant women working in greenhowses and referred
to the local Department of Cecupstional Healih for risk
assesament of their working conditions and guidance far
safe work pmctices during pregnancy. Detalled informe-
tion about working conditions inclusve pesticide use fur
the previows 3 months was obtained from motermal
interview at enmllment (gestatiomal weeks 4—10) and
supplemented by telephone contact to the employers.

For all women, re-entry activities (such a8 moving or
packing potted plants or nipping cuttings) constituted
thelr main work functions. Approcimately 2% of the
women reported having been directly involved in apply-
ing pesticides, mainly by irrigating fungicdes or growth
retardants. Only Bw (6%) of the women had applied
imgecticides. The women were categodzed as ooCissa-
tionally exposed if pesticides were applied in the working
ama more than once a month, and the women handled
treated plants within 1 week after treatment and/or the
women wem directly imoled in applying pesticides.
The wonen were categodzed as occupationally unex-
posed f none of the above cdteria was fulfilled All
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expomure asesments and categodzation of the mothes
as pesticide exposed or unexposed were performed inde-
pendently by two tocdeologists before the firg examination
of the children Women categorized a5 pesticide exposed
went on pald leave or were moved to work functions with
less or no pesticde exposure shortly after enmllment.
Hence, the expoure clhsification relates to the eady
weeks of the first trimester before study enrollment.

The exposure sitmtion was complex since the use of
specfic pestiddes varied with time and location, both
within the sme company and between companies, de-
pending on the plant production and the type of pest to
be controlled. Chut of 124 different active pesticide ingre-
dients used in the greenhouses were 59 insecticides (17
organophosphates, 12 pyrethroids, 9 carbamates, and 21
others), 40 fungicides, 11 growth regulators, and 14 her-
bicides Some were used only in few greenhouses or in
shomt pedods, wheeas othes were wsed mwore often
Organophosphate insecticides were used to some extent
in the working areas for 91% of the exposed mothers in
the entire cohort, and for 24 out of the 25 exposed
mothers whose children were inchaded in this study. The
most wsed organophosphates were dichlorves, dimetho-
ate, and chlorpyrifos. Other frequently wsed pesticides
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were the pyrethrad imsecticides deltame thrin and fenpro-
pathrin; the carbamate insecticides methiocarh, pirimd-
carb, and methomyl and the fungicdes ferarimaol
poschloras, tollofos-methd, visclozolin, iprodion, amd
chlorothalonll In generl, the time interval between
applying insecticldes and working in the treated areas was
longer (1-3 days) than for fungicides and growth regula-
tors (often a few hous). Becase of the complexity of the
exposure situation and becasse most of the women at
enrollment had been off work for some days while the dsk
assesmment of their working conditions was performed,
biomonitoring o the exposure was not feasible. A
complete st of the pesticides used in the greenhoeses can
be obtained fom the comesponding awthor.

At follow-up at age 6 to 11 yveas, 177 children wnd ee-
went a standardized dinical examination in which
sydolic and disstolic blood pressure, pubertsl staging,
height, weight, thickness of skin folds, and other an-
thmpometdc parameters were measured [9. The same
pedistrician perivmed all dinical examinations blinded
to information about matemal pesticide exposure during
pregnancy.

Venous non-fasting blood samples were collected
(between midmorning and late afternoon) in EDTA-
coated and uncoated vials (Venoject). After centrifisga-
tioh at Mg for 10 min at 20 °C, buffy coat for
genotyping and epigenetic amlysis was separated from
the EDTA-treated samples. Buffy cost and serum from
the uncoated vials were stored at —80 C until analysis.

Az previowsly described [19], C-108T (7053700 and
Q190R (m66d) polymorphisms of the PONT gene was de-
termined by the Tagman-based allele discdmination using
the ABI Prism 7700 Sequence Dwtectlon System, serum
activity of PONI was determined by spectrophotometry
with paraoxon a5 substrate, and irsulin (proinsslin and
imsulin) and leptin concentratons in srmum were deter-
it dfnedl by comnercial ELISA homsone kits feom RayBio.

Genotyping and all serum analyses were perfomed
blinded to both exposure information and examimton
oL e

Sample preparation

DMA from buffy coat samples was extmcted using
QlAamp DMNA Blood Mini Kt (Qiagen, Hilden,
Germany). The Blood spin protocel was applied ac-
cording to manufacturers instructions. Samples were
eluted in 100 pl ewtion buffer. DNA samples were
bisulfite-converted using the EZ DNA methyation kit
from Zymo scconding to manufscturer’s instructions.
Successful bisulfite conversion was checked wsing a
bisulfite-specific PCR of an amplicon in the SALL3
gene (see Additional file 1 for primer sequences). Only
samples showing an intense band on agarose gel were
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further analyzed by the 450 K methyltion array. As a
negative control non-converted gDNA was used.

DMA methylation and data preprocesing
The Infinium Humanbethylationd5) BeadChip army
(Musmdia, San Diege, CA, USA) was used to measisre
DMA  methylation genome-wide 4 plL of bisulfite-
converted DNA from each sample was amplified, frag-
mented, precipitsted, msuspended, and subsequently
hybridized onto the BeadChips. After overmnight incuba-
thon of the BeadChips, unhybddized fragments were
washed away, while hybrid med Fagments were extended
ugng fuorescent nudectide bases. Firally, the Bead-
Chips were scanned using the [lumina Scan system to
obtaln raw methlation ntensities for each probe

We wed the R package RnBeads to preproces the
I 450 K methyistion data [35]. Cg-probes were
filtered before normalization based on following cdterix
probes containing & SNI' within 3 bp of the amilyzed
CpG site. bad quality probes based on an ltemtive
Greedyost algodthm where a detection p valse of (L)1
was set a5 a threshold for an unrelisble measement,
and probes with missing values in at least one smple
After fltering these cg-probes, beta valves (ratlo of
methylated probe intensity versus total probe intensity)
wene within-aresy normalied wing the beta mibxhsre
quantile dilation (BMICH) method [36]. Another filtedng
step was performed afier mnormalization based on the
following crterix probes measuring methylation not at
CpG dtes and probes on sex chromosomes. The two
filtering steps removed a total of 20338 cg-probes and
ended up with a data set of nomualized methylation
values for 465,239 cg-probes. Beta values were trans-
formed to M values (M =logdBA1-B))) pdor to further
amalses. Princpal component amalysis (PCA) was
conducted to detect possible batch effects. Assocations
between the frat eght pancipal compopents and
possible batch efect covariates were measured The
Kruskall- Wallis test was wsed to find assochtions with
sentrix [ (BeadChip), while the two-dded Wilcoxon
sum rank test was wsed for ssocations with the pro-
cessing date. exposure and PONI (92R genotype.
Significant sssociations between pancipal component 2
and sentrix_[[ (BeadChip) and processing date were
suggestive for batch efiects and were therefore corrected
ugng the ComBat function in the SVA R package [37]
(Additional files 2 and 3). Raw and normalized army
data were uploaded to the Gene Expresion Omndbus
(GEQ) database and have accession mum ber: GSE®0177.

For esch smple, the relative cell type contribution
was measured usng the approsch descibed by Houwse-
man et al [38]. Reference methiomes of each blood cell
type (gramulocyte, CDM+ T-cell, CD8+ T-cell B-cell,
maonocyte, NE-cell) were obtained from the study of
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Reinius et al. using the FlowSorted Blood 450 K R pack-
age [39]. The analysis was Umited to the 100,000 most
variable sites. The top 500 cg-probes associated with the
cell types were wsed to estimate the relative cell type
composition in each sample. One-way ANCOVA was used
to determine diferences in relatve cell type compodton
between the exposed and the unexposed children and
between children with the 0 and QR /RR genotype. As-
sociations between relative cell type composition and
health outcomes (pencentage body fit, delta BMI z-scones
from birth to school age, and BMI Z scores), leptin levels
and age were amalyred using sim ple linear regression.

Statistical analysis

Diferential methylation was analyzed both at the single
CpG site level and at the region level (Fig. 11 At the single
CpG site level, multiple linear regression | Mathab version
2004, The Mathworks', Matiek, MA, USA) was per-
formed in which methyvlation was the dependent varishle
and PONT (192R genotype and prenatal pesticide expos-
ure (yes/'no) were the independent variables Our statis-
tical appreach was designed to explain—at the level of
methdation—the previously reported gene-environment
interscton between the pamoxonase 1 (PONI) Q1RER
genotype and prematal pesticide exposure leading to an
adverse cardio-metabolic ek proflle st school age among
children camying the R-allde [19]. Thus, our pemsary
interest was to identify methyiation marks associsted with
exposure that were more altered in R-allele carders than
in QO-homorygotes. Two statistical models were included
in our statistical approsch. In the first model, effect modi-
fication (interaction) of exposure by PONT (192R geno-
type was allowed by including main efiects (exposure and
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genotype) and cross-product terms | exposu re*genotype)
in the models. Sttistical significant effects of exposure in
the PONT 1920R/ER group were defined as follows: P
value intemction term <0.1 and P value of exposure in
the QR/RR group < (L0001, This model allows studying
symergatie effects where the combined effect of pre-
natal exposure and in the QR/RR group is greater than
the sum of the effects of each factor alone. In the sec-
ond model, effect modification of exposure by PONI
9R genotype was not assumed (no cross product
term included). Statistical significant effects of exposure
were defined as bllows: P valee of exposure <0000, P value
of PONI genotype <(.1. In this model the combined effect
of exposure and being R-allele carrier is equal to the sum of
the efiect of each factor s pamtely. For both models, the
amoctations were adjusted for child sex. To identify probes
that were most sherrant in the exposed QR/ER group, we
set an additional flter for both models in which we defined
that the prenatally exposed QR/ER group should either be
highest or lowest methylated (besed on mean methylatdon
level) a5 compared to the other three groups (exposed O,
unexposed QRRR and uneqposed QO These sites are
defined & sgnificantly differentially methylated positions
(sig-DMPs) in the remainder of this text. Sig-DMPs were
annotated wsng the Humanhethylationds) vi2 maniis
file. The freely svallable EpiExplorer tool was wed to add
further annotation indueding chromatin state segmentation
and histone modifications based on the UCSC hgld
browser [40]. Genomic locations of transcdption fctor
binding sites (TFBS) were directly downlosded from the
UCSC hit genome browser. Endchment or depletion of
sig-DMPs in a particular genomic regon was determyined
usgng the Fisher’s exact test.
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Difierentially methvated megions (DMEs) were detected
ugng the limma based DMBeate R package [41]. We only
looked for regions differentially methviated between the
exposed QRRRE grosp and one of the other gooups
(exposed O}, unexposed QR/RR and unexposed QO In
line with identification of dg-DMPs, significant reghons
[Pz, value < (0U05) were selected in which the exposed R-
allde cariess showed either the highest or the lowest
methylation state which are called sig-DMRs in the
remainder of this ted. P values were corpected for mul-

tiple testing using the Benjamini-Hochberg method ( Py).

Pyrosequencing

We uaed bisulfite pyrosequencing to further verify the
methylition differences observed in the methylstion
array. We selected regions in fur genes that are known
to be imvolved in metabolisne LER GPE3Y, PPARG, and
OPCML (Additoral file 4). LEP DNA methylation has
been associated with BML birth weight, and cholesteral
levels [42—44]. Also, maternal conditons have an effect
on the methvlation status of the LEP promoter [45-48].
GPR3% belongs to the ghrelin receptor famdly and was
shown to be associated with obesity [4]. PPARG & a
nudear receptor involved in egulation of lpld and
metabolism a5 well as a target for some obesogenic
endocrine disruptos [20, 50-53]. Furthermore, FPARy
is directly imvolved in the regulstion of PONL gene
expresson [54-5]. OPCML (Opicid Binding Protein/
Cell Adhedon Molecule-like) is a member of the IgLON
famdy. A SNP in the OPCML gene was assockted with
coronary artery caldfled plgue in Afdcan Americans
with type 2 disbetes [57]. A mouse and human GWAS
analysis identified an OPCML SNP asociated with obes-
ity traits and visceral adiposefsubcutanecus adipose
ratio, respectively [58, 59. 1 g DNA from each sample
was blsulfite-converted using the EpiTect Fast bisulfite
Conversion Kit (Chagen, Hilden, Gemany) acconding to
manufacturers imstroctions. 15 ng of bisulfite-treated
DMA was subsequently used in PCR amplification using
the PyroMark PCR Kit [Qiagen, Hilden, Germany).
Revere primers were blotimdated to get biotin-labeled
PCR products. Finally, DNA squences were pymse-
quenced using the PyroMark (24 Advanced imstrument
((Hagen, Hilden, Germany). First, streptavidin-coated
Sephamse beads (High Pedormance, GE Healthcare
Uppsala, Sweden) were wsed to immobilize the biotin-
labeled PCR products. Subsequently, PCR products were
captured by the PysoMark wvacuum (24 wostation,
washed and denaturated. The single stranded PCR prod-
ucts were mixed and were annealed with their corre-
sponding sequencing pimer. After the pymsquendng
run was inished, the results were amlyred using the Pyro-
Mark (24 Advanced software ((lagen, Hilden, Germany).
Biotinyiated-reverse, forwand, and sequencing primers
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were designed using the PyroMark Assay Design 20
software ((lagen, Hilden, Germany) (Additora] fle 1).

Mediation analysis
Fora subset of sig-DMPs and sig-DMRBs we analyzed (1)
whether methylation k& a meditor between exposure i
POND 192R-allede carrlers and leptin levels; and (2)
whether methylation & a medistor between exposure in
PON1 192R-asllele carders and body fat sccumulation
(using delta BMI-scome (from birth to school age), and
percentage body fat as endpoinis). Medistion analysis
was restricted to the subset of the methyviation data that
overlap between the list of sig-DMPs (intermction model)
and sig-DMRs. The analysis was pedformed by the pro-
cedure described by Baron and Kenny (1986) [80].
Leptin concentrations were logacithmically (ln) trans-
formed prior to amlyss. In mediston amlysis consider-
ing body fat percentage and leptin, the models were
adjusted for ®x. As sex was already comidered when
calculating BMI Z score. asochitons considering medi-
ation between pesticide exposure and BMI Z score were
ot adjusted for sex

To demonstrate mediation, ur requirements must be
met: (model 1) the dependent outoome vartable (leptin or
a body Bt measure) should be significantly associated with
pesticide exposure (independent vadable); (model 2) the
DMNA methylation mak (mediator) should be ggnificantly
assoctted with pestidde exposure (model 3 the
dependent variable should be significantly associated with
the DMNA methylstion mark: and (model 4) the DNA
methylation mark should be a significant predictor of the
outoome varible, while controlling for pesticide exposure.
The estimated exposure-related change in the outcome
variales in mode 4 should be less than in model 1 o
demonstrate partial mediation, and drop to zero to dem-
onstrate full med atlon. A P value below 005 was wed as
a cut-off for statistical significance in eschof te models.

Functionally relevant med iators, Le., mediators that have
been reported to be involved in development of weight
gain/obesity, insulin resictance/disbetes, candiovascular
disease, and for fetal growth retardation were subjected to
further statistical amalysis. R-package “medistion” was
uied to calcubte the significance of the causal medistion
effect usdng a bootsgrapping approach [81]. It should be
noted that the age of the children varied between & and
11 years at the follow-up examiration where blood was
collected. As child age might afect methyiation levels, the
exposed and unexposed children selected for this study
were age-matched within each genotype.

Functional analysis
Ingenuity Pathway Analysis (IPA, Ingenuity Systems®)
was used for biological interpretation The overlap be-
tween sig-DMPs and sig-DMEs was determined and
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used & imput for canonical pathway amalsis. A Fishers
exct test was used to determine whether the gene lisis
indude more genes msociated with a gven pathway as
contpared to mndom chanee (P valee < 0.05)

The DisGeNet platform (it /fwww.disgenet org)
was wed to wreen for gene disease assodations [62]
The datshase (curently) containg 429111 gene disease
asgocations for which the platform provides a reli-
ability score (DisGeNET Score). This score ramges
from 0 to 1 and takes into account the number and
type of sources (level of curation, cganisms), and the
number of publications supporting the assocition
(for further detalls we refer to the DisGebet website).
For this manuscript, we extracted the associations
with a score above (L1 By this criterion, 34180 gene
diseate assochtons remaln in the database Associ-
ated disesses were mapped to the overlapping list of
genes between sig-DMPs and sg-DMBs.

Results

Deseriptive statistics of the study population
Characteristics, inclusive anthropometric data, for the
48 children (6—11 years of age) are presented in Table 1.
In accordance with the findings for the whole cobart
[19]. birth welghts were significanty lower and mea-
sures of body composition (abdominal drcumference,
skin fold thickness), increase in BMI Z score from birth
to school age (delta BMI Z seore), disstolic blood pres-
sure, and leptin and insulin concentrations at school
age were significantly higher in the exposed PONI
1920R/RR group compared with the unexposed R/
RR growp. For children with the OO} genotype, none of
the varibles was significantly affected by prematal
pesticide exposure (P > (.05).

Page 7of 19

Prenatal pesticide exposureinduced methylation changes
at CpG sites enriched in promoter regions in PONT 192R-

allede camiers

Genpme-wide DNA methylation in whole blood samples
from the children was determined by Mumima 450 K
methylation arrave and differentia]l methylation patterns
related to prematal pesticide expomire and PONT CL92R
genotype were amlyred First differential methylation
was detected at the sngle OpG level udng two multiple
linear regression models (Fig. 1) Because relative cell
type compositon was not assochited with pesticide
exposure and PONT (HY2R genotype (Additonal file 5),
differences in cellular compesition were not further con-
sidered in the workflow of statistical analysis. Allowing
efiect modification by PONI Q2R genotype, 767 dg-
DMPs were identified of which 128 were hypermethy-
lated and 639 hypomethylsted in prenatally exposed
PONT 192R allele camiers When effect modification was
not asumed, and the intermction term between exposure
and PONI genotype was removed from the models, 70
sig-DMPs of which 44 were hypermethnlated and 26
hypomethylated in prematally exposed PONI 192R-allele
carriers were identified Hiemrchical clustering of the
samples using all the sig-DMPs demonstrated a dear
clugter of exposed PONI 19R-allele carders (Fig. 2).
Confidence in detection of differentially methylated
genes was increased by further analyds showing that the
changes in methylstion wem not restricted to single
CpGs, but were often located in regions or o called dif-
ferentially methylated regions (DMRs). 5002 sig-DMRs
were ldentified, of which 264 were hypermethylated
and 2738 hypomethndsted in the exposed PONI 192R
carrier group compared to the other groups. Allowing
interaction between exposure and PONI (%2R geno-
type to determine sigDMPs, 547 out of 767 sites

Fig 2 Hamap cusienng repeentason of the sg-00Ps Hestmap of femetyaton sales fom the sg0MPs showing 2 dear clu ser of prematal
pesticide expoed AON - B Frarer samples iomnge gy, Hemchical dushering & based on the audidean dstance and average Inlagemesic
Higher metindation wies ar mloed in by, whils ower megyiainn sl ane oloed in blue
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(713%) were ovedapping with the list of sigDMRs
(Additional file &) When effect modification was not
considered, 57 out of 70 dtes (81.4%) were overlapping
{Additional fle 7).

The pymsequencing methyation pementages con-
fimwed the robistress of Dluming results. They dwowed
significant posithve comelations with the Dlumina 450 K
bets values for all measured CpG probes (Fig. 3), except
for two probes in the LEP gene (cg00840332 and
Ccg2eB14075) which were borderline sgnificant (P value
007 and .16, respectivelyl. The reason for this ks
strong correlstion between the [lumina and the pyrose-
quencing LEP methylation is probably the lower inter-
individual methylation varisbility in this region compared
Lo GPRFY and PPARG.

In accordance with the Dlumina results, the pyrose-
quencing LEP methylton values were not assochted
with pesticide exposure andlor PONI (192R geno-
type. Furthermore, the serum leptin concentrations
were not comrelated with LEP methylation status (data
not shown) For GPR3Y, the region analyzed with
pyrosequencing contained three [llumina cg-probes
(cgl7172683, cgl1552903, and Cgl8444763). which
showed a high correlation (r> 0.78) between the [lu-
mina beta values and the pyrosequencing methylation
percentages. For most CpGs in the pyrosequencing
region, we could vedfy a significant exposure effect,
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and in each CpG site, prenatally exposed children with
the QR/RR genotype had the lowest mean methylation
value (Additional files 8 and 9). In the PPARG pro-
moter, a reglon was selected containing one Olumina
cg-probe (cg0l412654). Also here, the correlation
between the 450 K I[lemina bets values and the
pyrosequencing methylation percentages was strong.
However, DNA methylation in this reglon was not as-
soclated with pesticide exposure and/or PONT Q192R
genotype and did not correlate with PON1 activity
(data not shown) A reglon in the OPCML gene was
found to be higher methylated in prematal pesticide-
exposed children carrying the PONI 192R-allele. The
significant interaction effect between pesticide expos-
ure and PONI Q192R genotype could be successfidly
verified by pyrosequencdng. The pyrosequencng
methylation values were significantly higher methyl-
ated in exposed children compared to unexposed
children carrying the PON1 192R-allele for most of
the CpG sites in the region (Additonal file o).

Mext, we questioned whether the sig-DMPs were
enriched or depleted in a specific genomic location
(Fig. 4). Sig-DMPs for which interaction between expos-
ure and PONT (YR genotype was seen, were endched
in promoter reglons (200 and 1500 bp wpstream of tran-
sception start sites) and depleted in gene bodies, 3
UTRs and intergenic mgons This was ako evident
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when we ovedapped the sig-DMPs with different chro-
matin states, where we observed enrichment in active
and polsed promoters, while DMPs were depleted in
regions like transeriptional eongation, weak transcribed,
and heterochromatin regons. Furnhermore, DMPs were
significantly more located in CpG klinds and less ob-
served in CpG poor meglons. Sig-DMPs fbund in the
models without an intemction term were not endched
or depleted in a particular genomde reglon.

We alao looked for enrichment in TFBS wsing available
ChIP ENCODE data from the UCSC genome biowsee
Thirty-nine of the 161 TFBS were sgnificantly endched for
the model with interaction (Bonlrronl adjusted P value <
0.05) while no enrichment was found for the sig-DMPs
found in the model withowt intersction (Additonal Sle 100

DMA methylation differences were enriched for genes
imvelved in neuro-endocrine dgnaling pathways
Orverlapping the list of sig-DMPs with the list of dg-DMRs
we obtained a robust and a high confidence lig of differen-
tally methylated genes (N =446) This It wat wsed a2 an
input for ingenuity pathway anahsis. The top endched
canonical pathways (based on P ovalee) were dopanmine-
DARPPR2 feadback cAMP sigraling, corticotrmphin releas-
ing homone sigraling, aNOS sigraling in neunss, CDES
sigraling, and neuregulin dgraling (Table 2). In the context
of this mansecript, other significantly endched pathways
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such a5 mTOR signaling (rank 9, —log(P value) = 1.85) and
type TT disbetes mellitus sigraling (rank 16, JoglP value) =
151) are also highly relevant.

DMA methylation (partially) mediates associations
between pesticide exposure and higher leptin
concentrations, body fat content, and delta BMI Z scores
The ligt of genes that overlaps between sig-DMPs (as
identifled by the intemction model) and sig-DMRs
was abo wed as input for medistion amalysis, We
identified, respectively, 20, 31, and 45 candidate
methylation marks that (partly) mediate the efect be-
tween pesticide exposure and serum leptin concentra-
tions; delta BMI Z score; and body fat content. Based
on applied cut-off criteria, we were not able to iden-
tify methylaton marks that mediate the effec on
BMI Z score Cumrently known gene disease associs-
tions allowed to exiract meditors that were meported
to be involved in development of weight gain/obesity,
insulin  resistance disbetes, cardiovascular  disease,
andfor fetal growth retardation. This subset of media-
tors 15 ghen in Table 3. Based on Baron and Kennys
steps to analyze mediation, the assodation between
pesticide exposure and delta BMI Z score was par-
thally mediated by hypomethyldon of IQURCE,
MTNRIE and GRIN2A, and by hypermethylation of
FABP4 and LRPE. Methyaton of WQCRC2 and LEFS
was also a partial mediator in the assocation between
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Table 2 Sgrificant endched Ingenuity canonical pathways

Fank  Ingenuity canonical pasreays —loglf value) Fato Hyper-genes Hypo-genes

1 Dopamine DARRPLE Feadhack in cAMP sigraling el ] OO CRERS PARMEAR ML MIOS), ARG, GUCYIER, ADCYZ,

CATNALA PR, SMALY CACNAAD, PRACS

r Commimpn rdeasng Hormone sgraing T4 oo Rl AL AROED GLCYART, ALY PRNTH,
G PRMCG

E nCE sgnaing in newons 261 am  CAPNT WD RS, BB, RN

4 (D% sgnaling 241 OO APPARE CACMAIA CDNERY, MGRR, TioA2 LaMBn, ADCY2

% g in signaing 20 O E5AR, ERY CONGEHR, IR, FRATH, ARG

L] PP masmay 20 Qe JUNDL PO, BEPOS, WINTTE WTag

¥ Saanty orsstdabete of young MO0 sgnaing i O OANALA GARDH, CATNAID

] Reguiation af el and pAitsk sgmaling i vl O APPARDE FAU BPSIE, BPEA3, BPE0, G2 MEED, APS19

9 mICH sgnaing &5 G APPORDE, FAL BPS N, BPE13, BPS A0, RED, PRACH APS1E PRACG

10 Amyosophic berd sceoss sgnding 154 O CAPME CACMMIA  MIOS), GRRGA, MER, CACKAD

mn NF-s8 acivation by vinmes iE-] aar TREAW TR TREAR, PR, RS

13 FPhosphetd defanoamine biommthess il 1r 1 PTOES:

13 Rale of 04K paotens n cdl oycle chedkpoint contral L1 OO APPARE BFCE E2F3, CHEK)

14 Syrapic long - depresson & [a1a Y =8 W MR, GUCYART, PRKTH, GNALY PENC G

15 Ef8 sgnaing 153 O A5AR, Ry MG, FEATH, FRNTS

16 Type | dabetes melits sgraing 151 s A ] NG, ADRPORS, RET, PRACH PRNCG

17 Gbeta garmmasgnaling 149 o B ALY PEATH CHA BRGDS

18 phoEs sgnaing 142 (o e WRED, FRAGTH, ENAYE, PRNTS

19 Role of oseobiass, oseoclss, and 147 e ) FEDNE) MGFE, SMADS, WNTTE, ITGAL, L1BAP,

chondrocyies in feumataid atfiss WNTRE, TOFPLY, MEATC)

i Maleaular mesdhanisTs of canoes L4 o BASSRR TRGAC, WAITTE, MRS EXF3, ALY,
FIDNE) SMADE ADCES, WATRE, FRNTH,
CHEKD, PRACG

21 nM0S sgnaing in skeleta musde cels 145 00 CAPME M5

I Fafors promoting camdiogen s in vertsha e 142 [als 3 FIING SMADE, PRTH, TOERL2 PRGOS

I RARacawaon 141 o BEL BROCE, SMADS, MEF1, ADCKR, FRNTH,
BAMB, PEOS

2 (hadne degadazon | 14 0% GHDW

¥ Lufaw avaton for sulforeson 14 [ ]

o Memarh epar n euasoes 14 ol Ao MLH

iIr  Gloma sgraing 137 aE GAAEGR PRNTH, E2F3, PRNTG

¥ Mewn sgraing 138 o LCEC, MO NEATICD

X Cellubr ofers of siderofil (Magra) 113 O CATNGE CACMAIA  KCMND, GUICYI B, ADCYS, AN D

I GNAH sgmaling 133 Qe B3, (RES ADCYZ PRACH GNAS, FRNDS

31 Poten knass A sgraing 131 O HSTIHIA, CREET  PTANG, TMMSO, MEATC], GRALY ANAP2, RGFD,
PTREAY, ADCY2, FRNCH, TOFPL2, PRNGS

1 Ovaran cancer sgraiing (4] e &R FIDNG WNTIR, MUK, WATSE TR 2

11 (oloeda cancer metashsx sgnaling 11 o AR ADREC, APRL 1, FZTHO, WNTTE MLH, ADCYZ,
WA, TR

34 AgininfeRcons & newromurula juncian 13 [als Qe e T, LAvE

3% Guowdh hormone sigraliing 13 4 GAR RS, FRATH, FRNGS

pesticide exposure and body fat perentage. LEPE was also
found to mediate the association between pesticide expos-
ure and serum leptin concentration. The P value for

significance of the cassal medistion effect & incuded in
Table 3 and was below (1 for all mediators except for
UQCRC2 and GRINZA. Irespective of disese associstion
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af interest, the full list of potential medistors is provided
in Additioral file 11 which also includes the outcome of
the statistical aralysis.

MA methylation at the PONT promoter is affected by the
PONT-108CT SNP (705379 and negatively eorrelat ed
with parsoxonase 1 activity

Beside the genome-wide DNA methvation efiects of
the PONI (J192R genotype. we also cbserved a wide
variation in DNA methylation in the PONI promoter
ltself for nine Dlumdrs cg-probes. Prenatal pesticide
exposure and/or PONT (192R genotype did not affect
PONI promoter methyliton statss. However, another
polymorphism (705379, PONI -108CT) in the pmo-
moter regon of PON1 could explain a large extent of
this variation (Fig. 5). Individuals homozygous for the
T-allele showed higher methyiation values compared
with the homozygous C-allele carries. As expected,
hetercrygous individuak had an intermediate methyls-
tion walue. Furthermore, the pamoxonase 1 activity
was significantly associated with DNA methylation in
the PONI promoter region, with higher methylaton
values resulting in lower paracxomase 1 activity

Page 12019

(Fig. &). PONI (192R genotype had the strongest
effect on PON1 activity, while vadation in PONIL
promoter methyation led to a smaller but sgnificant
effect an PON1 activity.

Discussion
We found that prenatal pesticide exposure was assoc-
ated with a differentisl DMNA methyistion profile in chil-
deen carrying the PONI 192R-allele compared to
children with the PONI 19200} genctype and unex-
pesed children. 767 sig-DMPs were identified of which
128 were hypermethydated and 639 hypomethylated in
prematally exposed PONI 192R-allele carriers. The pro-
files of PONI 192R-allele carriers are dustered together.
As far as we koow, our study is the fiest one to d emson-
strate a link between epigenstics and genetic susceptibil-
ity towards pesticide exposure in Btal life Our study
supports a linkage of a differential methylation pattern
and higher body fat content and @nm leptin concentes-
thons in school age children dependent on both PONI
(192R genotype and prenatal pesticide exposure.

The majority of the detected sg-DMPs were hypo-
methylated in exposed children with the PONI 1920R/
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RR genotype. Interestingly, these DMPs were mainly lo-
cated in gene promoters, CpG lshnds and tEascription
factor-binding sites, suggesting a possible direct link
with gene expresion To increase the confidence of our
findings, we also screened for differentially methylated
regions. Most of the single CpG sites were pant of a
DMR suggesting that these were independent of tech-
nical vadation and could be considered a5 reliable.

Technical reliability of the ouicomes from the 450 K
[lumina methyation army was successfully confimed
by bisulfite pyrosequencing of corresponding CpG probe
regions of four slected genes, Le, LER PPARG, GPR39,
and OPCML for which coresponding probes were
availlable.

LEP was chosen because we previously found leptin to
be a potential mediator of the asocttion between pre-
natal pedticide exposure and body fat accumulstion in
children with the PONI 192R-allele [20]. In addition,
multiple gudies demonstrated ssocations between LEP
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DMA methvation and BMIL bitth weight, and choles-
terol concentmtions [42—8]. LEF was also found to be
differentially methylated in the offgping of mothers auf-
fering from the Dutch winter Bimine [45]. Howewer, our
pyrosequencing results did not demonstmte a correl-
ation between leptin DNA methylation and leptin serum
concentrations, and prematal pesticide eoposure was mot
associated with changes in leptin DNA methylation This
suggests that the higher leptin concentration observed in
expoded children with the R-allele is not due to a direct
eflect on DMNA methyation of the leptin gene ltself. An-
other gene whose methylation was confirmed by pymo-
seguencing wat PPARG, a nuclear receptor contralling
the expression of genes involved in lipd stomge and
glucose metabolism and target for obesogenic com-
pounds [50-53]. Furthermore, PPARY is involved in the
regulation of PONI expresion [54-58]. However we
did not find a correlation between PPARG DMNA methy-
lation and PON1 activity (data not shown) [n our
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dataset, prematal pesticide exposure did not seem to
change PPARG methylation levels irespective of
PONT (%2R genotype.

Reduced GPR39 DNA methylation obsved in pre-
natally pesticide exposed R-allele camries was confirmed
with pyrosegquencdng GPRID s receptor for olbestatin (e-
longing to the ghrelin receptor famdy), involved in regula-
tion of appetite and glucow homeostasie [63, 64] and
associted with obesity [449. Furthermore, GPR3% knock-
out mice showed an increased fat accumulation due to
changes in lipolysis and energy expenditure [49]. S0, mis-
regulation of this gene due to methylation changes might
lead to an obese phenotype. To our knowledge, no other
study has yet reported methylation differences in this re-
gion amocdated with obesity o meetabolie dibordes o
showed links with pesticide expossre.

The higher methyviation values of the OPCML DMR in
exposed children carrying the PONI 192R-allele could
be confimmed by pyrosequencing OPCML encodes for a
protein belonging to the [gLON Emily. OPCML was
shown to be a tumor suppressor and insctivated by
DMA methylaton in a variety of cancer types [65-68].
There is also a link with metabolic diseases, as SNPs in
this gene were found to be ssodated with obesity traits,
coromary artery cakified plque, and visceral adipose/
suboutaneous adipose mbo [57-59].

Further analysis revealed that the differences in DNA
methylation were most propounced in genes involved in
neuro-endocrine sgraling pathways, induding “dopa-
mine-DARPPR2 feedback in cAMP signaling”, “cortico-
tropin releasing homone sigraling”, *nNOS dgraling in
neurons”, and “CDKS sgmaling”. These pathways are
important in the contml of food intake and energy bal-
ance. Dopamine sigraling, for example, & one of the key
plyers in the rewand pathway, ako controlling food
intake and preferences. Reduced dopamine signaling i
asmimed to lnduece ovemating [69, 7). In mice, a high-
fat diet during pregnancy msulted in altered gene
expresdon and DNA methylation of the dopamine trans-
potter gene in the offpring, leading to an increased
prefrence for sucrmae and fat [71]. Another study found
similar results in prenatally stressed rats given a high
fat-sucrose diet [72]. These studies suggest that prenatal
and early life conditions may influence food intake and
food preferences later in life through modulation of the
dopamine pathway [73-77]. Organophosphate insecti-
cides have been shown to modubite dopamine signaling
[78]. Furthemsore, low-dose exposure of neonatal rats
caused metabolic dysfunction resembling prediabetes,
and in adulthood, exposed animals gained excess welght
when fd a high fat diet compared to unexposed rats on
the same diet [79].

Corticotropin-releasing hormone (CRH) & a neum-
peptide secreted in response to stress. However, a role
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for CRH in regulating energy balance and food intake
has also been described [B0—82] induding a relation to
the action of leptin [£3].

Also NOS1 neurons are involved in energy balamce
and food intake [84—86]. Knock-out of NOSI in leptin
receptor- and NOSl-expresdng hypothalsmle beurons
results in hyperphagic obesity, decreased energy expend -
iture, amd hyperglycemis in mice [B5]. [nterestingly,
organophosphates have been shown to alter NOS1-
expressing neurons dudng development in mice [87, 88].

Meureguline 1 treatment in rodents has been shown o
increase serum leptin concentrations, prevent weight
gain, and lower food intake. Hence, affecting this path-
way may also change fod intake and energy metabolism
[#e, D]

A limitation of this study is that the methylation pro-
file & measured st the same tme a6 health outcomes
and causlity as such cannot be proven Some of the
genes that relute to the sig-DMPs are involved in newro-
endocrine pathways that regulate appetite and energy
balance, but this study cannot rule out if these sig-DMPs
are a consequence of alterations of food habits and phys-
ical activity among the exposed children with the PONI
192R-allele or an undedying mechanism. However, the
mediation amlyss suggested that some of the differen-
tially methvisted marks are on the mechanlstie pathway
between prematal pesticide exposure and the measured
outcomes. This result suggests that, at least in some,
CpG dtes a change in methylation might contdbute to
metsholic disturbances later in life. Furthermaore, the
assoclation was not significant between pesticide expos-
ure and BMI Z score a8 anch, but between pesticide ex-
posure and delta BMI Z score which integrates fat
accumulation from birth and onwards to school age.

Interestingly, some of the mediator marks could be
linked to gpecific genes that were reported eadier to play
a pole in the development of welght galn/obesity, inaslin
resistance/disbetes, cardiovascular disease, and/or fetal
growth  retardatiors  UQCRC2, MTNRIB, GRINZA,
FABPY, and LEPE FABPS encodes for a member of the
fatty scid-binding protein Bmily regulating lipid taffick-
ing, sigraling, and metsbolism. Different studies have
demaonstrated the role of this protein in obesity, type 2
diabetes and athemsclemsis development [91-93]. In
ApoE deficent mice with hyperhomocysteine FABRS
DMNA methylaton is reduced in the aorta compared to
wild type mice, leading to a higher gene expression [94,
95]. UQCRC2 encodes a protein which iz part of the
ubiguinol-cytochrome ¢ reductase complex in the mito-
chondra. UQCRC? was shown to be downregulated in
individuals who were susceptible to weight gain and
obesity development [96]. The melstonin receptor 1B
(MTWEIE) has a main functon in regulating circadian
rhythm. Interestingly, seveml polymorphisms in the
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MTNRIE gene are sssociated with type 2 diabetes, fst-
ing ghioose concentration, and insulin secretion [97-99].
GRINZA encodes for a NMDA glutamate receptor sub-
unlt Polymorphisms in the GRIN2A gene are assoclated
with epilepsy and difierent neurclogical and mental
disorders [100-1M]. A decremed gene expression of
GRINZA in mis after intmutedne growth retardation
suggests a possible role for this gene in fetal growth and
development [105]. LEFS encodes for a member of the
LDL receptor famiy. Common polymorphisms in the
LEPE gene are assoclated with coromary anery disease,
myocardial infarction, and high bith weight [106-110].
Thuss, the mediation analysis suggesis a mechanistic mle
of epigenetics in the development of an adverse metabolic
rigk profile among the premstally exposed children with
the PONI R-allele & previowsly reported for these chil-
dren [19] and confirmed in the slected subset of childen

A few studies have investigated assochitions between
FONL genotype and metabolic disturbances in childen
A recent stsdy showed a higher risk of insulin resigtance
(HOMA-IR) in Mexican children with the RR-genotype
as compared to children with the (0 or QR genotypes
although BMI did not difier between the groups [111].
Among Mexican-American children from an agdculbural
community in California, a trend of increased BMI Z
seomes with increased number of PONT 1920) alleles was
seen [112]. However, potential intemactions between
FONL genotype and prematal exposure to pesticides, or
other environmental contaminants, werm n[ot invest-
gated in thes sudies In our cohort, wnexposed O0)-
homozygote children also tended to have higher body fat
content than unexposed R-carmriers, but prematally pesti-
cide exposed children with the R-allde accumulated
maore fat during childhood and had a maore unhealthy
metabolic rigk profile at school age than unexposed chil-
dren and exposed children with the Q) genotype [19].

We also demonstrated that methylation in the PONI
promoter isell s affected by a SNP (PONI -108CT,
wT05379). In addition, PONT methylation values were
negatively associated with parsoxonase 1 activity. These
results are in agreement with the outcome of a recent
study from Huen and colleagues [113] They found
methylation in the same nine CpiG sites to be associated
with the PONI -108CT polymorphism and also reported
an inverse assocition with AREase activity a5 a measure
of PONI expression, both in newborns and 9-year-old
children. Furthermore, they demonstrated that PONI
methylition mediates the mlitomhip baween PONI
expresdon and the promoter - 108 genotype. However,
the effect of prenatal pesticide exposume on the health
outcomes shown in Table 1 was not modulsted by
FONL -108CT genotype (data not shown).

Our findings indicate that the higher wulnembility
among children with the R-allde towands prenatal
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pesticide exposure might be medisted by genotype-
specific epigenetic altemtons. However, a limltation of
this study is that we cannot identify indvidual pesticides
related to these fndings, dnce the study dedgn did not
allow bio-monitoring of pestidde exposure in the
mothes, and the ecposure clsification of the mothes
encompased mome than 100 pesticides wed in different
mictures [11].

However, the exisgtence of miwed exposure is a peal-
world situstion, and the longitudinal design, the blinded
exposure clisification, and the blinded dinical exanmdma-
tions, and genotyping minimized the posible impact of
exposure misdassification and bias

Since PONL & known to detoxify some oganophos-
phate imecticides (eg., chlompyrifos), and these sub-
stances were frequently applied in the mothers” working
areas, oganophosplote ingecticides could be msumed to
be responsible for the observed effects Howewer, the
mechaniem iz unclear and does not sem to be related
to the hydrolysis efficlency, since R-carrlers have higher
parsoxonase activity than OO homorygotes. Besides, at
relatively low exposure levels, as in this study, the cap-
adty to detoxify oganophosphates is comsidered to be
independent of the PONI Q192R genotype [114], and
furthermare, serum PONL activity was reported to be
low in newborns and may be even lower before birth, a
indicated by lower activity in premature compared to
term bables [115, 116]. Thus, diferences in ftal detosi-
fication of pesticides related to PONI genotype might
ot be s likely explination of the exposure-related differ-
ence in methylation pattern between children with the
QR/RER and OO} genaotype.

Another limitation of the study is that DNA methyla-
tion aralyses were pedformed in white blood cells & sur-
rogates for the target thsues We do not know whether
the differences in DNA methation pattems bund in
bloseed mieror a similar change in adipose tsoe, for ex-
ample A recent study from Huang et al. demaonstrated
several potent il limitations in wsing methvlation profiles
in blood to miror the cormsponding profile in target
tisges by comparing paired blood and adipose tissue
methylation profiles [117]. Furthermore, the compos-
ition of blood cell types may be vadable and might affect
the DNA methylation analyses. In our dataset, prenatal
pesticide exposure and/or PONI (H92R genotype did
not affect the relative blood cell counts determined by
the reference-based method of Howseman Cell counts
wene not included in the models due to the small sample
size of the study. Since we bund that some of the health
efiects (mainly leptin) were assmciated with cell type
count (Additonal file 12), we cannot exclude that the
results of the mediation amalysis were biased by differ-
ences in cell type composition. Based on the data of
Reiniug et al [39], methylation of only two CpiG probes
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(cgl8202502 and cgl5134033 in Table 3 were slightly
associated with cell types (data not shown). Methylation
in the other CpiG probes in Table 3 was not significantly
different between the Blood cell types.

Fimally, the small number of subjects included in this
explocatory study & a desr weaknes because of the lim-
ited statistical power. Despite these constraints, our fnd-
ings suggest that DMA methylation might be a link
between prenatal pesticdide exposure and cardio-
metsbolic risk profile in children carrving the PONIL
192R-allele. The findings deserve further investigation in
a larger study with quantitative data on pesticide expos-
ure. Whether this DNA methylation pattern is unlgue to
pesticide exposure or & shared by other adverse prenatal
environmental factors also peeds further lvestigation

Conclusions

In summary, our data indicate that DNA methylation
may be an undedying mechanism explaining an adverse
cardio-metabolic rik profile in premtally pesticde-
exposed children carrying the PONI 192R-allele.
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Abstract

Many pesticides found as residues in food items possess endocrine disrupting properties.

In the Odense Child Cohort (OCC), concentrations of the pesticide metabolites 3-phenoxyben-
zoic acid (3-PBA), 3,5,6-trichloro-2-pyridinol (TCPY), 2,4-Dichlorophenoxyacetic acid (2,4-D)
and dialkyl phosphates (DAPs) were measured in urine samples collected in gestational week
28 in up to 858 pregnant women. Gestational length, birth weight, head and abdominal circum-
ference were obtained from birth records and anogenital distance (AGD) was measured at a
physical examination three months after the expected date of birth. The pesticide metabolites
were detectable in most of the urinary samples (>93%). We did not find consistent statistically
significant dose-related associations between pesticide metabolite concentrations and birth
outcomes or AGD. However, a non-significant dose-related elongation of AGD in girls was
seen for 3-PBA (AGDac, p-trend: 0.14) and diethyl phosphate (DE) metabolites (AGDac, p-
trend: 0.08). These tendencies may suggest a possible weak disturbance of sex hormone ac-

tion.

Keywords: endocrine disruption, reproduction, organophosphate insecticides, chlorpyrifos,

pyrethroids, 2,4-D, anogenital distance

The Danish Environmental Protection Agency / Pesticide exposure and health risk in susceptible population groups 85



1. Introduction

Organophosphate and pyrethroid insecticides and the herbicide 2,4-dichlorophenoxyacetic
acid (2,4-D) are some of the most commonly used pesticides worldwide and residues of these
pesticides are among the most frequently detected in food items at the European market [1]. In
Denmark, organophosphates are no longer allowed for food production but residues are still
frequently detected in imported food items with residues of chlorpyrifos being most prevalent
[2]. While the quantity of organophosphates used is declining, the use of pyrethroids is in-
creasing both for agricultural use and for residential pest control [3]. 2,4-D is used to control
broadleaf weeds in agricultural and residential settings and as a growth regulator in citrus fruit
production [4]. All these pesticides are non-persistent with biologic half-lives of hours to days
and they are able to cross the placenta in humans [5]. In experimental studies, 2,4-D and
some organophosphates and pyrethroids have been identified as potential endocrine disrup-
tors with capacity to interfere with sex hormone action [6-9].

We previously reported higher prevalence of cryptorchidism and smaller genitals at age 3
months and at school age in boys whose mothers were occupationally exposed to pesticides
in early pregnancy compared to sons of unexposed mothers [10, 11]. In prenatally exposed
girls from the same cohort, we found earlier breast development and higher childhood serum
concentrations of androstenedione compared to unexposed girls [12]. However, potential ad-
verse effects on reproductive development, e.g. anogenital distance in humans at exposure

levels occurring in the general population have not been investigated.

Anogenital distance (AGD), the distance between anus and genitals, is routinely used in ro-
dent studies as a marker of androgen action during an early fetal reproductive programming
window [13]. AGD is sexual dimorphic with males having a larger AGD than females [14]. In-
sufficient androgen action reduces AGD in male rats whereas excessive androgen exposure
increases AGD in female rats [13]. Human studies suggest similar adverse effects, as mater-
nal exposure to phthalates (with anti-androgenic action) [15] has been associated with shorter
AGD in male offspring [16]. Few human studies have examined AGD in females. In rodents,
the pyrethroid deltamethrin [17] and the organophosphates fenitrothion [18] and chlorpyrifos-
methyl [19] have been associated with altered AGD in offspring but to our knowledge no hu-
man studies have been conducted. We therefore investigated whether the maternal urinary
concentrations of 2,4-D and organophosphate and pyrethroid insecticide metabolites were as-

sociated with birth outcomes (birth weight, head and abdominal circumference and gestational



length) and AGD in the offspring at three months of age in 858 mother-child pair from the

Odense Child Cohort.

2. Materials and Methods

2.1 Study population

Participants for this study were derived from the Odense Child Cohort (OCC). Briefly, all
women living in the municipality of Odense who were newly pregnant between 1st of January
2010 and 31st of December 2012 were invited to participate (a total of 6707). They were re-
cruited either at a voluntary meeting regarding ultrasound examinations, at their first antenatal
visit or at the ultrasound examination at Odense University Hospital between gestational age
(GA) 10-16 weeks [20]. Of the eligible women, 4017 were informed and 2874 (43%) agreed to

participate.

At GA 28 weeks, the participating women donated a urine sample, and twice during preg-
nancy, they filled out a questionnaire on e.g. general health, lifestyle and social factors. Infor-
mation on maternal age, ethnicity and educational level was obtained from the questionnaire
completed at the time of inclusion, while information on parity, smoking and child sex was de-
rived from the birth records. Information on educational level was missing in the questionnaires
for 132 women for which information on occupation was retrieved from the birth records and

used to estimate educational level whenever possible.

2.2 Birth outcomes and AGD

Information about birth weight (grams), head circumference (cm), abdominal circumference
(cm) and gestational age (days) was obtained from birth records. A clinical examination includ-
ing measurements of length, weight and AGD was scheduled to take place three months after
expected due date, regardless of actual gestational age at birth. The AGD was measured us-
ing a Vernier caliper and expert-trained technicians conducted the measurements. In boys, a
short AGD was measured from the center of anus to the posterior base of scrotum (AGDas)
and a long AGD was measured from the center of anus to the cephalad insertion of the penis
(AGDap). Correspondingly in girls, a short AGD was measured from the center of anus to the
posterior fourchette (AGDaf) and a long AGD from the center of anus to the top of clitoris (AG-
Dac) The measurements were conducted three times for each child in order to decrease the
risk of measurement bias. An arithmetic mean was calculated for each type of AGD measure
on each child. For all three AGD measurements the coefficient of variation (CV) was below 10

%, except for AGDaf, in which two girls had CV’s of 10 % and 14 %, respectively. Four trained
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technicians performed all measurements in order to minimize the risk of inter-observer varia-

tions [21].

2.3 Exposure measurements

The participating women donated a urine sample around gestational week 28 (range 27.0 -
28.6) and due to other examinations being conducted the same day the women were fasting.
A total of 858 women had their urine analyzed for the specific metabolite of chlorpyri-
fos/chlorpyrifos-methyl, TCPY (3,5,6-trichloro-2-pyridinol), the generic pyrethroid metabolite, 3-
PBA (3-phenoxybenzoic acid) and the herbicide 2,4-D, whereas 564 of these also had their
urine analyzed for six unspecific OP metabolites (dialkyl phosphates, DAPs): three dimethyl
(DM) phosphate metabolites (dimethyl phosphate (DMP), dimethyl thiophosphate (DMTP), di-
methyl dithiophosphate (DMDTP)) and three diethyl (DE) phosphate metabolites (diethyl phos-
phate (DEP), diethyl thiophosphate (DETP), and diethyl dithiophosphate (DEDTP)). The first
200 urine samples were selected randomly, whereas the remaining were selected based upon
availability of information from questionnaires, birth records and AGD measurements from the
three-month examination. The urine samples were stored in freezers at -80 degrees Celsius at

the Odense Patient data Explorative Network (OPEN) [20] until analysis.

Urine concentrations (ug/L) of TCPY, 3-PBA, and 2,4-D were measured by reversed-phase
high performance liquid chromatography and tandem mass spectrometry with isotope dilution
quantitation, according to the method described by Davis et al. [22] after minor modifications.
Spectrophotometric determination of creatinine concentrations was conducted on a Konelab
20 Clinical Chemistry Analyzer, using a commercial kit (Thermo, Vantaa, Finland). The analy-
sis of TCPY, 3-BPA, 2,4-D and creatinine were performed at the Environmental Medicine La-
boratory, University of Southern Denmark (SDU).

Urine analyses of DAPs were performed at the Flemish Institute for Technological Research
NV (VITO), Belgium using solid phase extraction (SPE) followed by Ultra Performance Liquid
Chromatography-tandem mass spectrometry (UPLC-MS/MS). Briefly, the urine samples were
acidified and spiked with mass-labeled internal standards and concentrated using SPE. The
compounds of interest were eluted with 5% NH4OH in methanol. The extract was evaporated
to dryness and reconstituted with UPLC-grade water. An aliquot of the extract was injected
into the LC-MS/MS system (Waters, Milford, MA, USA). The phosphate metabolites were sep-

arated on an Acquity UPLC RP shield column (100 mm % 2.1 mm; 1.7 ym). The column tem-



perature was kept at 40 -C. Optimum separation was obtained with a binary mobile phase con-
stituted of ultrapure water (solvent A) and acetonitrile (solvent B), both solvents acidified with
0.1% formic acid. The flow rate of the mobile phase was 0.4 mL/min. The UPLC system was
coupled to a Waters Xevo TQ-S tandem mass spectrometer and operated in the negative
electrospray ionization mode (ESI-). The system was operated in multiple reaction-monitoring
(MRM) mode after selection of the characteristic precursor and product ions of each analyte.
The metabolite concentrations were converted from g per liter urine to their molar concentra-
tions (nmoles per liter) and summed to obtain the total concentration of dimethyl phosphate
metabolites ((DM), sum of DMP, DMTP, and DMDTP), diethyl phosphate metabolites ((DE),

sum of DEP, DEDTP, and DEDTP), and total DAP (sum of all six metabolites).

2.2 Ethics

The study was conducted in accordance with the principles of the Declaration of Helsinki and
the women provided written informed consent to participate. The study was approved by The
Regional Committees on Health Research Ethics for Southern Denmark (S-20090130) and the

Danish Data Protection Agency (13/14088).

2.3 Statistics

To correct for urinary dilution, all pesticide metabolite concentrations were expressed per gram
creatinine.

The distributions of all urinary pesticide concentrations were not normally distributed and
therefore reported as medians. For further analyses, the continuous concentrations were both
transformed by the use of natural logarithm (In(2)) and divided into tertiles. Differences in con-
centrations according to maternal characteristics were tested by Kruskal Wallis test or Will-
coxon rank sum test.

Linear regression analysis was conducted to estimate associations between creatinine ad-
justed maternal urinary TCPY, 3PBA, 2,4-D, 2DAP, 2DE and ZDM concentrations, and birth
outcomes and AGD at three months of age and adjusted for potential confounders. Confound-
ers included in the final models were known to be possible predictors for birth outcomes or
AGD and were associated with pesticide exposure. The models investigating pesticide metab-
olites and birth weight, head and abdominal circumference were adjusted for maternal educa-
tion, pre-pregnancy body mass index (BMI), smoking and gestational age, whereas the mod-
els of gestational age were adjusted for maternal educational level, pre-pregnancy BMI and

smoking. All analyses were stratified by child sex as sex dimorphic effects were expected. In
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the models for birth outcomes, the analyses with 3-PBA were repeated adjusting for parity as
the concentration of 3-PBA (but none of the other metabolites), seemed to be related to the
number of previous births.

AGD is associated with weight and age and a measure of “post-conceptual-age” was therefore
constructed. The “post-conceptual-age” was defined as the sum of gestational age at birth
(days) and the age of the child (days) at the three-months examination. Furthermore, an age-
and-sex specific Z-score for the weight of the child was calculated from all 2041 singleton chil-
dren who completed the three-months examination in the OCC. The linear regression models
of the association between pesticide metabolites and AGD were thus adjusted for weight-for-
age Z-score and age at 3-month examination. Due to known ethnic differences in size at birth
and AGD [23], we repeated the analyses after excluding women with non-Western ethnicity
(mother or maternal parents born in Western countries (yes/no). We also did a sub analysis
adjusting for maternal education level. In all final models, we checked for normal distribution of
the residuals as well as linearity, homogeneity and outliers. The model assumptions for linear
regression analysis seemed satisfied. Analyses were conducted in STATA 14 and results are
presented with 95% confidence intervals, and p-values <0.05 were considered statistically sig-

nificant.

3. Results

The mean age of the participating women was 30.3 years, 56% of the women were primipa-
rous, 97 % were of European origin and 4% smoked during pregnancy. Mean gestational age
was 280 days whereas the mean birth weight was 3606 g for boys and 3475 g for girls. The
mean abdominal circumferences at birth were 33.1 and 33.0 cm, and the mean head circum-
ferences were 35.4 and 34.8 cm for boys and girls, respectively. Significantly fewer smokers
(4% vs. 7% p=0.007) and mothers of non-European origin (3% vs. 6% p<0.001) in our study
population compared to all participating women in the OCC were found. Further, pre-preg-
nancy BMI was higher in our study population (p=0.008). Maternal age, parity and birth meas-
urements did not differ (data not shown).

Concentrations of 2,4-D were detectable in 97.6%, 3-PBA in 94.3% and TCPY in 93.1% of the
mothers (Table 1). Mothers with a high pre-pregnancy BMI had lower concentrations of DAPs
and 2,4-D while 3-PBA tended to be higher (Table 2). Further, 3-PBA was lower in multiparous
women. A higher maternal education was associated with higher concentrations of TCPY and

2,4-D (Table 2).



No clear patterns of associations between maternal pesticide exposure and birth outcome
were seen. Gestational length tended to be longer for boys in the third tertile of maternal DAP
concentration compared to the boys in the first tertile (3.2 (95% CI: 0.1, 6.4) days, p-trend:
0.05)(Table 4). Further, a tendency towards a smaller abdominal circumference with increas-
ing 3-PBA concentrations was seen in girls (B: -0.3 (95%CI: -0.5, -0.003) cm). Further adjust-
ment for parity did not change the association (data not shown).

We did not find statistically significant dose-related associations between the maternal urinary
concentrations of any pesticide metabolite and AGD in the offspring (Figure 1 and 2). How-
ever, a tendency towards a longer AGD with higher maternal concentrations of 3-PBA (AG-
Dac, p-trend: 0.14) and ZDE (AGDac, p-trend: 0.08) was seen in girls. Further, a statistically
significant shorter AGD in boys with maternal concentrations of 2,4-D in the second compared
to the first tertile (AGDas: -1.55 (95% ClI: -2.81, -0.28) mm and AGDap: -1.62 (95% CI: -3.00, -
0.24) mm) was found (Table 3). Analyses excluding women of non-Western origin or further

adjustment for maternal educational level did not affect the findings.

4. Discussion

In this prospective study of 858 mother-child pairs, we did not observe any statistically signifi-
cant dose-response associations between maternal urinary concentrations of pesticide metab-
olites and AGD in their offspring at three months of age. However, weak sexually dimorphic
associations were indicated, as 3-PBA and Y DE tended to be dose-related to a longer AGDac
in girls and as boys in the intermediate tertile of 2,4-D compared to the first tertile had shorter
AGDs. However, since no change was seen from the first to the third tertile in boys, the finding
may be due to chance, e.g. caused by multiple comparisons.

The tendencies observed in girls suggest that in utero exposure to the pesticides may be as-
sociated with slightly altered androgen action during the early stages of development of the re-
productive system, which may be of concern due to the widespread exposure and increasing
use of pyrethroids. We did not find any consistent associations between the urinary concentra-
tions of the pesticide metabolites and gestational length, birth weight, or head and abdominal

circumference.

TCPY, 3-PBA and 2,4-D were detectable in more than 90 % of the women in our study indicat-

ing a widespread exposure of the Danish population. The urinary concentrations of DAPs,

TCPY, 3-PBA, and 2,4-D were in general lower than reported in recent studies from the US
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and Canada [24-28], but similar or higher than concentrations reported in most European stud-
ies [29-33]. However, the urine samples analyzed in our study were obtained after over-night

fasting and this might have underestimated the exposure levels.

Occupational or residential exposure to pesticides during pregnancy has in some studies been
related to lower birth weight [34, 35] or length [36] in the offspring or shorter gestational length
[37]. In some of these studies, the adverse birth outcomes were demonstrated to be associ-
ated with maternal urinary concentrations of TCPY or DAPs. However, at lower exposure lev-
els, as seen in the general population, there seem to be no consistent association to adverse
birth outcomes [28, 38]. Only few studies have investigated associations between maternal uri-
nary concentrations of 3-PBA and fetal growth indices and none of these studies reported sig-
nificant adverse effects [39-41]. No studies investigating exposure to 2,4-D and birth outcomes
were found. Thus, the findings from our study of no consistent associations between maternal
urinary pesticide metabolite concentrations and birth outcomes are in agreement with findings
from other studies based on non-occupational exposed populations with low residential use of

pesticides.

To our knowledge, no previous human studies have investigated associations between in
utero exposure to pesticides and AGD in the offspring. We previously reported higher preva-
lence of cryptorchidism and smaller genitals in boys and earlier breast development and
higher childhood serum concentrations of androstenedione in girls whose mother were occu-
pationally exposed to pesticides in early pregnancy compared to children of unexposed moth-
ers [10, 11]. Unfortunately, we did not measure AGD in these children and the study design

did not allow identification of specific pesticides associated with the findings.

The tendency to a dose-related elongation of female AGD associated with maternal urinary
concentrations of 3-PBA and DAPs (especially DEs) seen in our study might be explained by a
sexually dimorphic effect on the hypothalamic-pituitary-gonadal axis. OPs and pyrethroids are
neurotoxicants that may disturb development of neuroendocrine axis [42]. Thus, chlorpyrifos
has been reported to affect hypothalamic gonadotropin-releasing hormone (GnRH) neurons by
increasing GNRH mRNA levels in female rats after in utero exposure and to cause earlier tim-
ing of vaginal opening and first diestrus [9]. Little is known about AGD in females and potential
relation to female reproductive disorders although animal studies support an association [43-

45]. In young adult women, AGD was reported to be positively associated with the number of



follicles [46] and with serum testosterone concentrations [47]. A possible association between
prenatal exposure to the pesticides and AGD in females are thus of concern as it may affect
the reproductive system in later life.

Although we did not find any clear tendencies of altered AGD in males after in utero pesticide
exposure in this study, studies among adult men also indicate that OPs and pyrethroids may
interfere with the hypothalamic-pituitary-gonadal axis. Among male floriculture workers, urinary
DAP concentrations were associated with increased serum concentrations of FSH and prolac-
tin and with decreased serum testosterone and inhibin B [48]. Furthermore, population repre-
sentative urinary concentrations of pyrethroid metabolites, including 3-PBA (within the same
range as this study), have been associated with reduced semen quality [49], higher serum
concentrations of FSH and LH, and lower inhibin B, and testosterone [50]. In accordance with
these findings, the pyrethroid fenvalerate caused increased gonadotropins and a decline in
testosterone in male rats [51]. Further, exposure to deltamethrin throughout gestation and lac-
tation caused shorter AGD in male offspring [17], whereas no effects on AGD or on expression
of genes involved in testicular steroidogenesis in the testes was observed when the exposure
period was restricted to the period of sexual differentiation between gestational day 13 and 19
[52]. None of these studies investigated female offspring. In mice, gestational exposure to
chlorpyrifos-methyl caused longer AGD in female offspring at 20 mg/kg /day and shorter AGD

in male at 100 mg/kg/day [19].

Only limited data are available on the potential of OPs and pyrethroids to interact with sex hor-
mone receptors and steroidogenesis. A recent review on in vitro studies of pyrethroids con-
cluded that the available data do not provide evidence for strong interactions with estrogenic
and androgenic pathways [6]. Some of the studies included 3-PBA and other pyrethroid me-
tabolites and found similar or greater potency than for the parent compounds [6, 53] indicating
that transformation to e.g., 3-PBA in the diet or by maternal metabolizing enzymes might not
eliminate potential endocrine disrupting effects of pyrethroids on the fetus. Chlorpyrifos and
piperophos were reported to have anti-androgenic properties and to inhibit testosterone bio-
synthesis in vitro [7]. Also for 2,4-D, studies on reproductive development or sex hormone dis-
rupting effects are sparse. No alterations in AGD were reported in rat offspring exposed to 2,4-
D in utero and during lactation [54]. 2,4-D did not interact with estrogen or androgen receptors
or steroidogenesis pathways in vitro [8, 55] but the herbicide was reported to potentiate the ac-
tivity of testosterone through the androgen receptor [8], which would be expected to increase

AGD in males in contrast to the decrease observed in our study. Overall, the evidence for a
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direct interference with sex hormone receptors or steroidogenesis at relevant dose-levels for
the pesticides included in this study is limited. Thus, the observed alterations in AGD are more
likely related to developmental neurotoxic disturbance of the hypothalamic-pituitary-gonadal

axis or they may be chance findings.

Our study has several strengths and limitations. It is population based with prospectively col-
lected data. Birth outcomes were well reported and AGDs were measured three times by
trained technicians. However, only 42% of the eligible women participated in the OCC and par-
ticipants were better educated and more often of Danish origin than non-participants. How-
ever, the pregnant woman had no prior knowledge of their urinary pesticide concentrations or
the birth and AGD measures of their child at enroliment, making selection bias less possible.
We adjusted for relevant confounders but cannot rule out the possibility of confounding by
other factors associated with pesticide exposure and growth measures, e.g. co-exposure to
other environmental chemicals or lifestyle factors associated with pesticide exposure including
potential beneficial effects of intake of fruit and vegetables which might have introduced nega-
tive confounding [56]. An additional limitation is that the pesticide metabolite concentrations
were determined by one single spot urine sample collected after overnight fasting. The pesti-
cides are assumed to be rapidly metabolized and excreted from the body within hours to days
and substantial within-subject variability has been demonstrated for organophosphate metabo-
lites [57] and to a lesser degree for pyrethroids [58]. Thus, some exposure misclassification is
expected but it is unlikely to be dependent on the investigated health outcomes, making it non-
differential and tend to bias the effect estimates toward the null. By dividing the continuous ex-
posure variables into categorical variables (tertiles), we tried to reduce potential misclassifica-
tion by assuming that individuals with a general high intake of non-organic fruit and vegetables
are more likely to be in the upper tertile compared to those with lower intake. This assumption
is supported by a previous study, showing that a single urine measure of TCPY was valid to
predict tertiles of exposure [59]. Finally, we performed a relatively large number of statistical
analyses, which increase the likelihood of chance findings.

5. Conclusion

In this population-based study of 858 mother-child pairs we found no consistent dose—re-
sponse associations between maternal urinary concentrations of pesticide metabolites and

birth outcomes or AGD in the offspring. However, the tendency towards a dose-related elonga-



tion of AGD in girls related to 3-PBA and DAP deserves to be further investigated since the ex-
posure to pyrethroids and OPs is widespread and even weak effects might add to the com-

bined effect of environmental endocrine disruptors on reproductive development.
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Table 1. Concentrations of 2,4-D, 3-PBA, TCPY, and }DAP, >DE, > DM* measured in urine
samples collected in gestational week 28 from pregnant women in the Odense Child Cohort
(2010-2012)

Pesticide metabolite N LOD %>LOD Minimum 5 25 50 75 95 Maximum
2,4 D (ug/L) 858 0.03 97.6 <LOD 0.04 0.10 0.16 0.28 0.70 10.16
3-PBA (ug/L) 858 0.03 94.3 <LOD <LOD 0.93 0.20 0.49 217 75.96
TCPY (ug/L) 858 0.3 93.1 <LOD <LOD 0.95 1.73 3.1 8.15 65.91
>DAP (nmol/L) 564 12.23 12.23 26.89 56.5 102.89 252.81 1446.16
> DE (nmol/L) 564 3.76 3.76 10.88 20.05 45.02 108.52 334.22
>DM (nmol/L) 564 8.47 8.47 8.47 25.64 54.35 168.06 1416.83
2,4 D (ug/g creatinine) 857 0.007 0.05 0.1 0.18 0.30 0.73 5.52
3-PBA (ug/g creatinine) 857 0.007 0.04 0.13 0.23 0.45 1.73 29.34
TCPY (ug/g creatinine) 857 0.07 0.51 1.15 1.84 3.15 8.26 74.16
>DAP (nmol/g creatinine) 564 7.16 16.61 36.55 58.42 103.7  259.06 1144.52
> DE (nmol/g creatinine) 564 1.53 4.18 13.12 23.26 41.85 95.35 346.94
> DM (nmol/g creatinine) 564 2.96 5.84 14.23 29.70 57.23 173.23 1121.31

LOD, Limit of Detection
*yDE= DEP + DEDTP + DEDTP, DM = DMP + DMTP + DMDTP , Y DAP=YDE+ >DM

https://www.sciencedirect.com/science/article/abs/pii/S0890623817303398?via%3Dihub
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Summary

We previously reported associations between pesticide exposure during early pregnancy in fe-
male greenhouse workers and their children’s development and growth, including more body fat
and higher blood pressure at school age. This association was mainly seen for children with a
common gene variant (change in genetic material), which nearly half of the children had. One
aim of this project was to investigate a possible mechanism behind this finding. We found that
children who had the gene variant and were exposed to pesticides in foetal life, had a different
methylation pattern in genes involved in regulation of appetite and energy balance than unex-
posed children or children without the gene variant. This indicates that the activity of these
genes has been affected by pesticide exposure in early foetal life.

Another aim was to investigate the pesticide exposure level among pregnant women and
schoolchildren. We measured degradation products of insecticides (organophosphates and py-
rethroids) and the herbicidal 2,4-D in urine samples and found measurable amounts in more
than 90% of the samples. The level was generally higher or at the same level as in studies from
other countries. We saw no clear association between the women's urine concentrations of the
pesticides and their children's birth weight and length or their head and abdominal circumfer-
ence. There was a tendency for a longer ano-genital distance at 3 months in the girls related to
the insecticides and shorter distance in the boys related to 2,4-D. This may indicate a weak dis-
turbance of the children's sexual development. Finally, we investigated whether the urine con-
centration of insecticides in school age children was related to motor function and attention. We
found no correlation for pyrethroids, but organophosphates were related to a reduced attention
in girls.

Resume

Vi har tidligere fundet sammenhzeng mellem gartneriansatte kvinders udsaettelse for pesticider
tidligt i graviditeten og deres bgrns udvikling og veekst, herunder mere kropsfedt og hgjere
blodtryk ved skolealderen. Denne sammenhaeng sas primeert for barn med en hyppig genvari-
ant (sendring i arvematerialet), som naesten halvdelen af bgrnene havde. Et formal med dette
projekt var at undersgge en mulig mekanisme bag dette fund. Vi fandt, at bern med den pageael-
dende genvariant, som havde veeret udsat for pesticider som fostre, havde et andet metyle-
ringsmenster i gener involveret i regulering af appetit og energiomsaetning end ueksponerede
bern eller bgrn uden den pageeldende gensendring. Det tyder pa at disse geners aktivitet er sen-
dret af den tidlige pesticideksponering.

Et andet formal var at undersgge eksponeringsniveauet for pesticider blandt gravide kvinder og
skolebgrn. Vi malte nedbrydningsprodukter af insektmidler (organofosfater og pyrethroider) og
ukrudtsmidlet 2,4-D i urinprgver og fandt malbare maengder i mere end 90 % af preverne. Ni-
veauet var generelt hgjere eller p4 samme niveau som i undersggelser fra andre lande. Vi fandt
ingen tydelige sammenhaenge mellem kvindernes urinkoncentrationer af pesticiderne og deres
berns fadselsveegt og -laengde eller hoved- og maveomfang. Der var en tendens til leengere
ano-genital afstand ved 3 maneder hos pigerne relateret til insektmidlerne og kortere afstand
hos drengene relateret til 2,4-D. Det kan indikere en svag forstyrrelse af barnenes kgnsudvik-
ling. Endelig unders@gte vi, om urinkoncentrationen af insektmidler hos skolebgrn var relateret
til motoriske funktion og koncentrationsevne. Vi fandt ingen sammenhaeng for pyrethroider men
organofosfater var relateret til en nedsat koncentrationsevne hos pigerne.
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