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Abstract

Context: The increase in the prevalence of neurodevelopmental disorders, at least in some areas,
warrants identification of the possible underlying modifiable risk factors. Industrial chemicals such as
phenols and phthalates, which are endocrine disrupting chemicals (EDs), are frequently detected in
biospecimens from pregnant women. Several of them have been linked to various adverse
neurodevelopmental outcomes, at least from toxicological studies. One of the suggested mechanisms of
neurotoxicity of these compounds is disruption of the thyroid hormone pathway, which plays a major
role in brain development in early life. Previous research on prenatal exposure to phenolic and phthalate
compounds falls short of providing: 1) an understanding of the impact of specific sources of exposure
to these compounds, such as personal care products, which is necessary for interventions to reduce
exposure; 2) evidence of how early life exposure to ED active phenols other than bisphenol A, such as
benzophenone-3, triclosan, dichlorophenols, parabens, could influence child neurodevelopment and 3)
documenting possible effects of phthalates and phenols on the thyroid hormone levels, a mechanism

hypothesized to mediate neurotoxicity of these compounds.

Aims: The main aims of this thesis were 1) to document if the use of personal care products (PCP) could
influence phenols biomarkers concentrations in pregnant women; 2) to assess associations between
prenatal exposure to phenols and phthalates and child neurodevelopment at 3 and 5 years (cognition and
behavior); and 3) to assess associations between prenatal exposure to phenols and phthalates on the

thyroid hormone levels of pregnant women and their newborns.

Methods: We relied on three complementary cohorts. To characterize phenol levels following use of
PCPs, our analysis depended on a panel study design of 8 women of the SEPAGES-feasibility study
with multiple urine samples (total, 178) and detailed, time-resolved information on PCP use.
Associations between phenols, phthalates and neurodevelopment (the cognitive function and behavior)
were studied among 546 mother-son pairs of the French prospective EDEN cohort. We then relied on
the SEPAGES cohort to study the effects of gestational exposure to phenols and phthalates on thyroid
hormone levels among 418 and 421 women and newborns, respectively. In this study, intensive exposure
assessment (2 pools of 21 spot urine samples per individual) allowed to limit exposure measurement

error.

Results: PCP as sources of exposure to phenols: The total number of PCP applications (without
distinction) was positively associated with the parabens’ and bisphenol S urinary concentrations during
pregnancy. These associations varied by time window. The total number of PCP applications was not
associated with any of the other phenols assessed.

Phenols, phthalates and neurodevelopment: No phenol or phthalate metabolite pregnancy concentration

was negatively associated with child verbal or performance 1Q at 5 years. Some associations with child



behavior were observed at 3 and 5 years: Bisphenol A was positively associated with the relationship
problems subscale at 3 years, with an incidence rate ratio (IRR) of 1.11; (95% confidence interval (CI):
1.03, 1.20) for each unit increase in Ln bisphenol A concentration, and the hyperactivity—inattention
subscale scores at 5 years (IRR: 1.08; 95% CI: 1.01, 1.14). Mono-n-butyl phthalate (MnBP) was
positively associated with internalizing behavior, relationship problems, and emotional symptom scores
at 3 years. Monobenzyl phthalate (MBzP) was positively associated with internalizing behavior and
relationship problems scores at 3 years. After dichotomizing behavioral scores, triclosan tended to be
positively associated with emotional symptom subscales at both 3 and 5 years.

Phenols, phthalates and thyroid hormones levels: Regarding the associations with maternal hormones,
bisphenol A was negatively associated with the Ln (TSH) z-score (p = -0.05, 95% CI = -0.15, 0.06);
MBzP, a metabolite of benzylbutyl phthalate (BBP), was positively associated with the TT4 z-score (B
=0.12, 95% CI = -0.01, 0.25) and triclosan was negatively associated with the TT3/TT4 ratio z-score
(B =-0.05, 95% CI = -0.11, 0.00). When biomarker concentrations were categorized in tertiles, we
observed non-monotonic associations between TSH and triclosan (U-shape) and MnBP, a metabolite of
di-n-butyl phthalate (DBP) (inverse U-shape). In newborns, only sex-specific effects were observed:
bisphenol A was positively associated with the TT4 z-score in male newborns while triclosan was

negatively associated with the TT4 z-score in females.

Conclusion: Findings in this study concur with previous literature that PCPs use may contribute to
exposure to parabens. Our study was the first to report associations between PCP use and bisphenol S,
a substitute of bisphenol A. In line with previous studies, bisphenol A and various phthalates, including
DBP and BBP exposure during pregnancy, were associated adverse behavioral symptoms among boys.
Our study was the first to report adverse neurobehavioral effects in relation to triclosan exposure. These
results have since been replicated in one study from the USA, while another from Canada reported null
effects. The four compounds associated with adverse behavioral effects in EDEN were also associated
with one or more thyroid hormone levels of mothers or newborns in the SEPAGES cohort, suggesting

possible disruption of thyroid hormones homeostasis.

Keywords: endocrine disruptors, phenols and phthalates, prenatal exposure, personal care products,

neurodevelopment, intelligence quotient, behavior, thyroid hormones, thyroid stimulating hormone.



Résumé

Contexte : L'augmentation rapide de la prévalence de certains troubles du neurodéveloppement
nécessite une meilleure compréhension des facteurs de risque modifiables de ces troubles. Les
produits chimiques industriels tels que les phénols et les phtalates sont des perturbateurs
endocriniens dont [’exposition est prévalente en population générale. Plusieurs études
toxicologiques suggerent des effets neurotoxiques pour ces composés. Chez [’Homme, les
expositions a certains de ces composés durant la vie précoce ont été associées aux
comportements et / ou aux fonctions cognitives de [’enfant. L'un des mécanismes sous-jacents
a ces effets pourrait étre une action de ces composés sur [’axe thyroidien qui joue un role
déterminant dans le développement du systeme nerveux central pendant la grossesse. Lorsque
ces travaux de thése ont été initiés, les travaux publiés portaient majoritairement sur les
phtalates et le bisphénol A et aucune étude chez [’Homme n’avait consideéré les autres composés
de la famille des phénols comme le triclosan ou les parabénes. De plus, les associations avec
la fonction thyroidienne pendant la grossesse avaient été peu documentées. Enfin, une meilleure
compréhension de ['impact des sources d’exposition spécifiques a ces composés, telles que
[utilisation de produits de soin personnels, était nécessaire. Ce type d’information est en effet
essentiel pour la mise en place d’interventions visant a réduire les expositions.

Obijectifs : Les objectifs principaux de ce travail étaient 1) de documenter si I'utilisation de
produits de soin personnel pourrait influencer les concentrations urinaires de biomarqueurs
d’exposition aux phénols chez les femmes enceintes ; 2) d’évaluer les associations entre
I'exposition prénatale aux phénols et aux phtalates et le neurodéveloppement (comportement et
fonction cognitive) des enfants a 3 et 5 ans ; et 3) d’évaluer les associations entre I'exposition
prénatale aux phénols et aux phtalates et les concentrations d'hormones thyroidiennes chez la
femme enceinte et le nouveau-né, en tant que possible voie sous-jacente des effets sur le
neurodéveloppement.

Méthodes : Ce travail s ‘appuie sur trois cohortes francaises complémentaires. Les associations
entre utilisation de produits de soin personnels et concentrations urinaires de phénols ont été
étudiées chez huit femmes de [’étude SEPAGES-faisabilité pour lesquelles nous disposions de
multiples échantillons d'urine (au total, 178) et d'informations détaillées sur leurs utilisations
de produits de soin. Le lien entre, d'une part, les phénols et phtalates et, d'autre part, le
développement neurologique (fonctions cognitives et comportement) a été étudié parmi 546
paires mére / fils de la cohorte EDEN. Nous nous sommes ensuite basés sur la cohorte
SEPAGES afin d'étudier les effets de I'exposition aux phénols et phtalates sur les niveaux
d’hormones thyroidiennes pendant la grossesse (N = 418 femmes) et a la naissance (N = 421
nouveau-nés). Dans cette étude, un recueil intensif d’échantillons d’urine (42 échantillons
d'urine par grossesse) a permis d’évaluer finement les expositions.

Reésultats - Les produits de soin personnels comme source d’exposition aux phénols : le nombre
total d'utilisation de produits de soin était associé a une augmentation des concentrations
urinaires de bisphénol S et des parabénes mais pas des autres phénols (bisphénol A,
benzophenone-3, triclosan).



Phénols, phtalates et neurodéveloppement : aucun des composés étudiés n’était associé
négativement aux scores de quotient intellectuel a 5 ans. Pour ce qui est du comportement, les
concentrations urinaires maternelles de bisphénol A étaient associées a plus de symptémes de
type troubles relationnels a 3 ans (IRR = 1.11 (intervalle confiance (IC) 95% = 1.03, 1.20)
pour une augmentation de un de la concentration In-transformee) et de comportements de type
hyperactif a 5 ans (IRR = 1.08; 1C95% = 1.01, 1.14). Le mono-n-butyl phtalate (MnBP) était
associé a une augmentation des scores liés aux troubles émotionnels et relationnels a 3 ans
mais pas a 5 ans, tandis que le monobenzyl phthalate (MBzP) était lui associé a une
augmentation des scores liés aux troubles internalises et notamment les troubles relationnels.
Enfin lorsque les scores de comportement étaient étudiés en tant que variables binaires, une
association entre le triclosan et les scores liés aux troubles émotionnels était observée a 3 et 5
ans.

Phénols, phtalates et concentrations d'hormones thyroidiennes : les concentrations urinaires
de bisphénol A étaient négativement associées aux concentrations de thyréostimuline (TSH)
maternelles (In(TSH)-z-score, = -0.05, IC 95% = -0.15, 0.06) tandis que le MBzP, était lui
positivement associé aux Z-scores de thyroxine totale (TT4, f = 0.12, IC95% = -0.01, 0.25) et
le triclosan négativement associé au ratio TT3/TT4 (5 = - 0.05, 1C95% = -0.11, 0.00). Lorsque
les expositions étaient étudiées en terciles des relations non linéaires ont aussi été observées
entre le triclosan et la TSH (relation en U) et le MnBP et la TSH (U inversé). Les concentrations
urinaires de phénols et phtalates n’étaient pas associées aux hormones thyroidiennes chez le
nouveau-né quand les filles et les garcons étaient étudiés ensemble. Apreés stratification sur le
sexe, les concentrations urinaires maternelles de bisphénol A étaient positivement associées au
niveau de TT4 chez les garcons tandis que le triclosan était négativement associé a cette
hormone chez les filles.

Conclusion : Les associations positives entre [’utilisation de produits de soin et les
concentrations urinaires de parabeénes étaient en accord avec les études précédentes sur le
sujet. Notre étude était la premiere a mettre en évidence de telles associations avec le bisphénol
S. Les associations observées entre les expositions prénatales au bisphénol A et au DBP et le
comportement avaient déja été mis en évidence dans des études précédentes chez de jeunes
gargons. Pour ce qui est du triclosan notre étude était la premiere a s’intéresser aux
associations avec le comportement. Nos résultats ont depuis été répliqués dans une étude
américaine tandis qu 'une étude au Canada ne montrait pas d’effet. Les composés associés au
comportement dans la cohorte EDEN ont tous été associés a au moins une hormone
thyroidienne dans la cohorte SEPAGES, suggérant une possible perturbation de ['homéostasie
des hormones thyroidiennes.

Mots-clés: perturbateurs endocriniens, phénols et phtalates, exposition prénatale, produits de
soin personnels, neurodéveloppement, quotient intellectuel, comportement, hormones
thyroidiennes, hormone stimulante de la thyroide.
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1 Introduction

1.1 Neurodevelopment

Development of the central nervous system originates in the early prenatal stages to late
childhood. This process is characterized by sequential mechanisms including; neurulation, cell
proliferation and migration, apoptosis, synaptogenesis, myelination and synaptic pruning
(Figure 1.1) *. This developmental period is so critical that minor alterations in the normal
occurrence of the developmental events could lead to functional abnormalities ranging from

mild retardations to complex neurodevelopmental disorders (NDDs) with life-long endurance
2
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1t trimestser 2" trimestser 31 trimestser

Figure 1.1: Illustration of the timeline of development of the human central nervous system *

NDDs are defined as a group of conditions with onset in the developmental period leading
to long term deficits that produce impairments of personal, social, academic, or occupational
functioning . In the USA, neurodevelopmental disorders such as autism spectrum disorders
(ASD), attention deficit hyperactivity disorder (ADHD), and mild learning disabilities, are
reported to occur in 16.9% of children between 3 to 17 years °. In France, national wide statistics
on NDDs are rare. A study carried out between 1997 and 2003, relying on population-based
registers covering four French counties, estimated the ASD prevalence at 0.36% among
children in these counties ©. Although low, this prevalence was exceptionally on the rise during
the study period. This trend is similar to that obsevered in the USA between 2009 - 2011 and
2015 - 2017, with an increase in these disorders from 16.2% to 17.8% ’. Globally, a significant
increase in the prevalence of ASD and ADHD has also been reported 8° with prevelences
estimated to be 0.7% *° and 7.2% ** of children worldwide, respectively.
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Some studies suggest that, the currently observed increase in prevalence of some

disorders such as ASD may not be due to etiological factors. That factors such as changes in
diagnostic criteria across the world and awareness of the health professionals could play a part
in this rise. In the USA, Bearman and King reported that 26% of the ASD prevalence increase
between 1992 and 2005 was attributable to diagnostic accretions and substitutions 2, while
earlier age at diagnosis was reported to explain a 12% of the ASD prevalence increase between
1990 through 2006 2,
Another study from Denmark reported that 60% of the increase in ASD prevalence among
children born between 1980 and 1991 was attributable to two changes in reporting practices;
change in diagnostic criteria in 1994 and the inclusion of outpatient data to the Danish
Psychiatric Register in 1995 4. In Australia Nassar et al., reported an increase in ASD
prevalence in relation to increased funding for ASD *°.

Although a considerable proportion of this increase is attributable to these changes, a
certain percentage still remains unexplained 3. This necessitates a clear understanding of the
modifiable underlying risk factors of these disorders, particularly due to the decreased quality
of life and societal cost attributable to these disorders. As an example, in Europe, these disorders

were estimated to cost about 798 billion euros in 2010 .

1.1.1 Assessment of neurodevelopment in epidemiological studies

In epidemiology, only few studies relied on clinical diagnosis of neurodevelopmental
disorders. This is due to the relatively low frequency of these conditions and the fact that in
some instances, clinical diagnosis is only confirmed later in childhood *’.

For this matter, continuous measures of functional domains (illustrated Figure 1.2)
related to clinical phenotypes, are commonly considered as proxies for clinical diagnoses & in
epidemiological studies.

According to Forns et al., functional domains may include the skills, abilities, capacities
and knowledge acquired during maturation of the brain as a result of the development of neural
networks. These functional domains are usually classified into cognitive, psychomotor and

social-emotional development subdomains (Figue 1.2) *8.
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Figure 1.2: lllustration of neuropsychological functional domains and clinical phenotypes
Abbreviations 1Q: Intelligence quotient, SLI: Specific language impairment, ADHD: attention deficit hyperactivity disorder, ASD: autistic
spectrum disorder
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As an example, in this thesis we relied on intellectual quotient (IQ) score to assess the
cognitive subdomain and on the Strengths and Difficulities scores to assess certain aspects of
the socio-emotional subdomain.

In term of results interpretation, as detailed in Braun et al., at the individual level, a loss of a
few 1Q points in relation to an exposure may not present substantial change in intellectual
functioning. Whereas at population level, a shift of the 1Q distribution to the left monumentally
increases the number of people with intellectual disabilities in a given population (a score below
70 denotes intellectual disability). This is illustrated in Figure 1.3 adapted from Braun et al.,
that shows that a 5-point shift in 1Q scores nearly doubles the proportion of people with 1Q
scores consistent with intellectual disabilities (IQ <70) in an exposed population (4.48%)

compared to an unexposed population (2.27%) (illustrated in Figure 1.3) ',
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I
Figure 1.3: Distribution of 1Q in two populations of one million individuals
each. The grey line signifies the threshold for 1Q scores consistent with
intellectual disabilities (IQ < 70). In the unexposed population (blue line),
the mean 1Q is 100 (standard deviation=15), while in the exposed population
(red line) the mean 1Q is 95 (standard deviation=15) *'.
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1.1.2 Risk factors for neurodevelopmental disorders

Root causes of neurodevelopmental disorders are multifactorial and only partly
understood. These disorders were originally considered heritable, with underlying genetic
aetiologies such as abnormal number of chromosomes, chromosomal deletion and single gene
defects 1%2°, For example, some disorders such as Down’s syndrome (trisomy of chromosome
21) and Fragile X syndrome (CCG repeat expansion of the FMR1 gene) have well-known
genetic aetiologies 2422,

However, familial studies have shown that depending on the disorders, heritability
could account for 30 to 90% of risk %% and that various environmental factors such as maternal
nutrition, substance use, viral infections, psychological stress and exposure to industrial
chemicals could also adversely affect neurodevelopment %,

Regarding industrial chemicals, sufficient knowledge exists that pinpoints certain
metals such as lead and mercury and “legacy” persistent compounds like organochloride
pesticides (diclorodiphenyltricloroethane (DDT)) and polychlorinated biphenyls (PCB) as
neurotoxic. As such, these compounds are currently strictly controlled or prohibited 2.

Conversely, there has also been an increase in the production of newer, less studied
chemicals that are also currently suspected to affect brain development % such as
polybrominated diphenyl ethers (PBDEs), phenols and phthalates 2. In this PhD research, we
focused on phenols and phthalates, chemicals of high production volume and widespread

exposure in the general population, including pregnant women and young children 27?8,
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1.2 Phenols and phthalates

Several synthetic phenols and phthalates are categorized as endocrine disrupting
compounds (EDs). Endocrine disruptors are exogenous substances with the ability to cause
adverse effects to an organism and/or its progeny by altering functions of its endocrine system
29_

Phenols are chemical substances, which possess an aromatic ring bearing one hydroxyl
group or more. Some phenols exist naturally while others can be artificially manufactured for
industrial applications. Synthetic phenols are used to manufacture polymers (e.g.,
polycarbonate plastics) and epoxy resins (bisphenols), as ultraviolet light filters
(benzophenone-3), antimicrobial (triclosan) and preservative (parabens) agents, and in
herbicides (2,5 dichlorophenol) (see Table 1.1 for specific sources).

Phthalates or phthalic acid esters are artificially manufactured compounds found in a wide
variety of products (see Table 1.1 for examples of sources). The usage of phthalates depends
on the molecular weight. They are widely used as plasticizers in the production of polyvinyl
chloride base plastics such as polyvinyl tiles, rubber, cellulose film, adhesives, coatings (mainly
high molecular weight phthalates such as diethyl phthalate (DEP), di-iso-butyl phthalate
(DiBP), di-n-butyl phthalate (DBP)) and also as solvents in personal care products such as
perfumes and cosmetics (mainly low-molecular weight phthalates, such as benzylbutyl
phthalate (BBP), di (2-ethylhexyl) phthalate (DEHP), di-isononyl phthalate, (DiNP) di-n-octyl
phthalate (DNOP), di-isodecylPhthalate (DIDP), di-isononyl phthalate (DINP)) * (see Table

1.1 for specific sources).
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Table 1.1: Non-exhaustive list of sources of the phenols and phthalates considered in this study

Compounds

Biomarkers assessed

Sources

Low molecular weight phthalates

Di-ethyl phthalate Monoethyl phthalate MEP Personal care products (PCPs),
(DEP) pharmaceutical products, dyes
Di-iso-butyl phthalate ~ Mono-iso-butyl phthalate MiBP Pharmaceutical products
(DiBP)
Di-n-butyl phthalate Mono-n-butyl phthalate MnBP Personal care products (PCPs),
(DBP) lacquers, vanishes, pharmaceutical
products
High molecular weight phthalates
Benzylbutyl phthalate ~ Mono benzyl phthalate MBzP Vinyl flooring, adhesives and
(BBP) sealants, PCPs and food
packaging, industrial solvents
Di (2-ethylhexyl) Mono-2-ethylhexyl phthalate ~ MEHP Polyvinyl chloride plastics,
phthalate (DEHP) household products (floor tiles,
Mono-2-ethyl-5- MEHHP furniture), food packaging and
hydroxyhexyl phthalate medical devices
Mono-2-ethyl-5-oxohexyl MEOHP
phthalate
Mono-2-ethyl 5- MECPP
carboxypentyl phthalate
Di-isononyl phthalate ~ Mono-4-methyl-7- oh-MiNP Sealants, lacquers, paints
(DINP) hydroxyoctyl phthalate
Mono-4-methyl-7-oxooctyl oxo-MiNP
phthalate
Mono-4-methyl-7- cx-MiNP
carboxyoctyl phthalate
Di-n-octyl phthalate Mono-(3-carboxypropyl) MCPP Medical devices, PCPs and food
(DNOP) phthalate packaging
Di-isodecyl Mono(carboxyoctyl) MCOP Anticorrosive paints
Phthalate (DIDP) Phthalate
Di-isononyl phthalate ~ Mono-(carboxynonyl) MCNP Sealants, lacquers, paints
(DINP) Phthalate
Phenols
Dichlorophenoayacetic 2,4 dichlorophenol 2,4-DCP Herbicides and pesticides
acid
Dichlorobenzene 2,5 dichlorophenol 2,5-DCP Toilet-deodorizer and moth balls
Methyl paraben MP Pre-packed foods , PCPs and
Ethyl paraben Ep pharmaceuticals
Propyl paraben PP
Butyl paraben BP
Bisphenol A BPA Polycarbonate plastics and epoxy
. resins: food packaging, toys,
Bisphenol S BPS medical tubiﬁg, de%taglJ fill?/ngs,
thermal receipts
Benzophenone-3 BP3 Personal care products, food and
personal care products’ packaging
Triclosan TCS Personal care products and textiles
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1.2.1. Regulation of use of phenols and phthalates in the European Union (EU)

In the EU various laws regulate the use of some phenols and phthalates in several
consumer products to ensure public safety (detailed in Table 1.2 and Annex 7.2).

The cosmetics regulation No 1223/2009 prohibits the use of three phthalates BBP,
DEHP, DBP in personal care products and further restricts the use of phenols such as
methylparaben, ethylparaben, butylparaben and propylparaben to 0.4% or 0.8% of product
weight when used as mixtures or as a single compound, respectively 3! (Table 1.2). This law
was amended in 2014 to restrict triclosan use to a concentration of 0.3% in products (regulation
No 358/2014) and in 2017, to restrict the use of benzophenone-3 to 0.6% of product weight
(Regulation 2017/238).

Compound specific laws also exist; in 2011, bisphenol A was banned from baby bottles
in the EU. Since then, laws have followed limiting its use in food contact materials and toys.
As of 2020, a maximum concentration of bisphenol A of 0.02% by weight shall be authorized
in thermal papers. Bisphenol A is recognized as a substance of very high concern (SVHC) for
its endocrine disrupting properties by European Chemicals Agency (ECHA), it has not yet been
annexed in Registration, Evaluation, Authorization and Restriction of chemicals (REACH)
(REACH) 32 (Annex 7.2). REACH is a regulation of the European Union (EU), adopted to
improve the protection of human health and the environment from the risks that can be posed
by chemicals (detail on this regulation in Annex 7.2).

Phthalate compounds including BBP, DEHP, DIBP and DBP are listed in the REACH
annex X1V and require authorization before use 32. Other regulations on use of phthalates in the
EU and France include 1) being banned toys, child care products, food contact materials
(FCMs) and pediatric / neonatal / maternity ward medical tubes and 2), restricted use in

electrical and electronic equipment (Table 1.2).



Introduction

Table 1.2: Regulations of use of phenols and phthalates in France and in the European Union

propyl paraben

Compounds Legislation number Jurisdiction  Year of Regulation
effect Ban Restriction
BBP,DINP, Directive 2005/84/EC EU 2005 Toys and child care
DEHP,DBP products
and DNOP
BBP, DEHP, Directive (EU) 2015/863 EU 2015 0.1% in electrical and
DBP and DIBP electronic equipment
(excluding medical
devices)
DIBP Directive 2007/19/EC EU 2007 Materials in contact
with foodstuffs
(FCMs)
BBP, DEHP, Sgecific migration limits
DBP, DIDP (SML) in FCMs
and DINP
DEHP Law NO 2012-1442 France 2015 Medical tubes in
pediatrics,
neonatology and
maternity wards in
hospitals
BBP, "EC Regulation 1223/2009) EU 2009 Cosmetics
DEHP,DBP
24 French Law NO 2010-729 France 2010 Moth balls
dichlorophenol
Bisphenol A French Law NO 2010-729 France 2010 Baby bottles
EU Regulation 321/2011 EU 2011 Baby bottles
Law NO 2012-1442 France 2015 FCMs
EU Regulation 10/2011 EU 2018 SML= 0.05 mg/kg from
varnishes and coatings in
FCMs with food
Directive 2009/48/EC 2018 SML=0.04 mg/kg in toys
Regulation (EU) 2016/2235 2020 0.02% by weight in
thermal papers
Triclosan Directive 2002/72/EC EU 2002 FMC plastics
*EU Regulation NO EU 2014 0.3% wi/w in cosmetics
358/2014 and personal hygiene
products
0,2% in mouthwash
Decision 2016/110/EU 2017 Biocidal products
Benzophenone- "EU Regulation 2017/238 EU 2017 6% w/w in cosmetic
3 sunscreen 0.5% in all
types of cosmetics
Methyl, ethyl "EC Regulation 1223/2009 EU 2009 0.4% w/w for one paraben
butyl, and 0.8% for a mixture of
an parabens in cosmetics
propylparaben
Butyl and "EU regulation 1004/2014 EU 2014 0.14% wi/w for one

paraben leave-on
cosmetics for application
on the nappy area of
children below the age of
3 years

Abbreviations: EU: European Union, EC : European Commission, FCM : food contact materials, w/w:

weight per weight of product, SML.: specific migration limits.

*Regulations pertaining to application of phenols and phthalates in personal care products

10
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1.2.3 Routes of exposure and metabolism

Phenols and phthalates are not chemically bound in products and as a result, these
chemicals migrate from product to product (as in the case of food contact materials and personal
care product (PCP) containers) or into the ambient environment 3. Human exposure occurs via
three major routes: 1) ingestion of contaminated foods, drinks and PCPs, 2) inhalation of dust
particles or use of aerosol products and 3) dermal absorption following direct contact with
contaminated surfaces, household products or PCPs use. Following exposure, phthalates and
phenols are absorbed into the body, and are rapidly metabolized and excreted at a half-life less
than 24 hours, depending on route of absorption 3339,

Phenols are usually excreted as the original parent compound or in conjugated form, a
form that increases water solubility and thereafter excretion in urine.

Phthalate biotransformation is according to their molecular weight: low molecular
weight phthalates are changed into their hydrolytic monoesters, while higher molecular weight
phthalates are also metabolized to hydrolytic monoesters, and then undergo enzymatic
oxidation of the alkyl chain, to produce oxidative metabolites %2.

In epidemiological studies, concentrations of metabolites and parent compounds
(mainly for phenols) are measured from various biological matrices (in urine, as in the context

of this study) to constitute the individual internal dose.

1.2.4 Exposure to phenols and phthalates

Phenols and phthalates are ubiquitous environmental contaminants and are nearly
always present at various levels in virtually all people, including sensitive populations of
children and expectant mothers. Indeed, biomarkers of these compounds (metabolites or parent
compounds) are constantly detected in biological matrices of mothers and their children
including urine samples 2/4°, amniotic fluid ***2 and umbilical cord blood 2.

In France, several cohort studies have assessed phenol and phthalate urinary
concentrations among pregnant women (EDEN (2003-2006) #4, ELFE (2011) *°, SEPAGES
(2014-2017) “647), children and adults (ESTEBAN, 2014-2016) “%). Although the median
urinary concentrations tended to be lower in the most recent cohort (SEPAGES) compared to
the older (EDEN) cohorts (see Figure 1.4 for the phenols #7), frequencies of detection are still
high. As an example, bisphenol A was detected in 98% of the urine samples from pregnant

11
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women in SEPAGES (2014-2017) and 100% of the urine samples from children aged 6 to 17
in ESTEBAN (2014-2016).
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Figure 1.4: Comparison of median phenol maternal urinary concentrations across
several French mother-child cohorts (Adapted from Rolland et al., Submitted *")
Median concentration of methylparaben is divided by 10

In the wake of stricter regulations on use of bisphenol A and certain phthalates (detailed
in section 1.2.1), substitute compounds have become widely used in various consumer products
including diisononylcyclohexane-1, 2-dicarboxylate (DINCH) a plasticizer and various
analogues of bisphenol A such as bisphenol S, bisphenol F and bisphenol AF. However, these
substitutes may not be safer alternatives with some previously reported to have endocrine
disrupting capabilities **°°, hence human studies are needed to understand their exposure

sources and possible associated health effects.
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1.2.5 Exposure to phenols and phthalates, role of personal care products

A number of phenol and phthalate metabolites have been detected in mixtures of
numerous PCPs on Chinese and American markets including soaps and shampoos (parabens,
di-ethyl phthalate, bisphenol A and S), lotions (parabens and di-ethyl phthalate), toothpaste
(triclosan, bisphenol A and S), facial cleansers (bisphenol A and S), sunscreen (methylparaben
and benzophenone-3) and colored cosmetics (di-isobutyl phthalate, di-ethyl phthalate,
bisphenol A and parabens 51, Detection rates of some compounds in mixtures of different
types of products from the USA are detailed in Figure 1.5.

Owing to their daily use specifically among women, PCPs are potential sources of
exposure to phenols and phthalates. It is therefore necessary to characterize how use of various
PCPs could influence exposure to these compounds especially during critical periods such as

pregnancy.
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Figure 1.5: Concentrations of environmental compounds, including phenols and phthalates (left) in conventional consumer products in USA. Extracted from
Dodson et al *
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Previous epidemiological studies assessing the associations of use of PCPs with the
urinary concentrations of phenols or phthalates in populations of adults, children %6-%° and
pregnant women (results summarized in Table 1.3) 6% reported that use of many PCPs or
single PCPs such as deodorant, shampoo, hair care products, shaving cream, cologne/perfume,
soaps, lotions, cosmetics, sunscreen, and nail polish in the past 24 or 48 hours before urine
sample collection was associated with higher urinary concentrations of phenols such as
bisphenol A, triclosan, parabens, benzophenone-3 and some phthalates (Table 1.3).

With a few exceptions 2606467 ‘most previous studies characterized use of PCPs as a
binary variable (Yes / No) or as the frequency of use in the 24 to 48 hours prior to urine
collection, without assessing the exact time of PCP use. These may not be the relevant time
windows since experimental studies of non-pregnant humans reported excretion of various
phenols to peak between 2 to 11 hours after dermal or oral exposure 3337.38.6869,

This suggests that it would be relevant to look at shorter time windows than those
considered in most previous studies. Shorter time windows might help in reduction of
misclassification of PCP use which might partly be the reason as to why previous studies do
not usually report associations with compounds that might be present in the PCPs. For example,
bisphenol A and S were frequently detected in PCPs in America "® and China ™ but previous
studies did not always report associations with use PCPs in relation to this compound %%, So
one of our hypotheses was that for such compounds, that peak within few hours of exposure ¢,

use of longer time windows might dilute this effect.
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Table 1.3: Summary of the results of previous studies that assessed associations of PCP use in the previous 24 to 48 hours with urinary
concentrations of phenols and phthalates during pregnancy and PCP survey studies.

Epidemiological studies? | PCP survey studies

Phenols
Author | Meeker etal.,  Buckerly et Braun et al., Larsson et al., Parlett et al., Fisher et al., (Ashrap etal., | Dodsonetal., Liaoand Luetal.,
2013 al., 2012 2014 2014 2014 2017 2018) 2012 Kannan, 2014 2018
N 105 women, 50 Women, 170 women, 98 women, 337 women, 31 women, 1003 Women, | USA Chinaand USA  China
Puerto Rico RET USA Sweden SFF multistate  Canada Puerto Rico
multistate study, USA
study, USA
BPA | Mouthwash N/A N/A Cosmetics NA N/A Cleanser Cosmetics Cleaner
Creams Hair products  Hair products Creams
Mouthwash Creams Liquid soap Hair
Nail polish Creams products
Shower gel Shower gel Masks
Sunscreen Toothpaste Shower gel
Sunscreen
BPS N/A N/A N/A NA N/A N/A N/A Cosmetics Cleanser
Liquid soap Hair
Creams products
Shower gel Toothpaste
Toothpaste
TCS | Liquid soap N/A N/A N/A NA N/A Creams Hand soap Cosmetics Cleaner
Hair products Liquid soap Toothpaste Hair products Creams
Liquid soap Hair
Creams products
Shower gel Masks
Toothpaste Shower gel
Sunscreen
Toothpaste
BP-3 | Creams N/A N/A N/A NA N/A Cosmetics Sunscreen N/A N/A
Mouthwash Sunscreen
Sunscreen Creams
MP Cosmetics N/A Cosmetics Cosmetics NA Creams Lotion, Cosmetics N/A N/A
Creams Hair products  Creams Bar soap cosmetics, Hair products
Perfume Mouthwash Hair products | Liquid soap
Creams, Creams
Sunscreen
EP NA N/A N/A Sunscreen NA Creams Creams Creams N/A N/A
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Cleanser Cosmetics Cleanser
Hair products | Cosmetics
Nail polish
PP Cosmetics N/A Creams Creams NA Creams Creams N/A N/A N/A
Creams Cosmetics Cosmetics, Bar soap Cosmetics
Mouthwash Hair products
BP Creams N/A Cosmetics N/A Creams Creams Creams N/A N/A
Cosmetics Hair products Cosmetics Cosmetics Cosmetics
Creams Deodorant Nail polish
Bar soap
Toothpaste
Phthalates
DBP | Creams Cosmetics Sunscreen Perfume Cosmetics
Nailpolish
DEP | Creams Cosmetics Hair products Bar soap
Nailpolish Bar soap, Liquid soap
Cosmetics, Deodorant, Creams
Perfume Perfume Hair products
Cleanser
Toothpaste
DEHP | N/A Cosmetics Deodorant
Perfume Cosmetics
Nail polish
Sunscreen
BBP N/A Perfume

Abbreviations PCP: personal care products, BP3:benzophenone-3, BPA: bisphenol A, BPS: bisphenol S, MP: methylparaben, EP: ethylparaben, PP: propylparaben, BP:
butylparaben, TCS: triclosan, DBP: Di-n-butyl phthalate, DEP: Diethyl phthalate , DEHP: Di (2-ethylhexyl) phthalate, BBP: Benzylbutyl phthalate

N: sample size and location of study

PCP groups: hair products (shampoo and conditioner), cosmetics (Mascara, eyeliner, lipstick, foundation, contour, eye shadow), perfume (cologne and perfume), Creams
(Body, face, hand creams)
N/A: Compound not assessed in the study

20nly the PCPs positively associated with urinary concentrations are displayed in the table.
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1.3 Prenatal exposure to phenols, phthalates and neurodevelopment

In rodent studies, prenatal exposure to bisphenol A, 2,4- dichlorophenoayacetic acid the
parent compound of 2,4 dichlorophenol, butylparaben and some phthalates were linked to
adverse behavior and memory effects 276, While gestational exposure to triclosan,
benzophenone-3 and some phthalates was reported to disrupt mechanisms involved in fetal
brain development. For example, benzophenone-3 altered epigenetic statuses of brain neurons
in embryos 77, triclosan was reported to significantly decrease thyroxine levels while the
phthalates metabolites interfered with calcium signaling pathways 881,

Several human studies on the effects of prenatal maternal levels of these substances on
neurodevelopment have been carried out 8282, Of specific interest to our study, are prospective
cohort studies of mother-child dyads with the inherent practicability to consider long-term
neurodevelopmental outcomes when assessing such relationships. In these studies,
continuously distributed measures of functional domains were usually the major outcomes
considered (cognition and behavior, illustrated Figure 1.2), and these were assessed using
standardized tools administered by professional psychologists or in the form of questionnaires

filled by care takers.

1.3.1 Association between exposure to phenols or phthalates and child cognition

Among other tools, cognition was usually assessed with either the mental development
index of the Bayley Scales of Infant Development (BSID) or 1Q with the Wechsler Scales of
Intelligence (Table 1.4). We mainly discuss findings related to 1Q as we also assessed 1Q in our
study. The mental developmental index is sometimes discussed for less-studied compounds.

Epidemiological studies assessing the associations between in-utero exposure to
phenols and child intellectual functioning are as recent as 2017. Bisphenol A remains the most
highly studied phenol followed by triclosan. Findings in these studies were not in favor of any
association between pregnancy levels of bisphenol A, triclosan, benzophenone-3 or parabens
with 1Q or the mental development index. Among all seven studies of children between 1 and
8 years, none reported a statictically significant association #8488 except one that suggested a
negative association between parabens and the mental development index of girls at 2 years °
(Table 1.4).
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Associations between gestational levels of phthalates and child 1Q were first studied by
Factor-Litvak et al, in 2014. This study was based off a distinctive social-economic mother-
child cohort from New York inner cities. They found that increased MnBP and MiBP levels
were associated with decreasing full scale 1Q (FSIQ), while MnBP, MiBP and MBzP were
negatively associated with various subscales of the WISC. This study also reported sex specific
effects in relation to various subscales, the strengths of the associations varied by sex %.
Proceeding longitudinal studies considering 1Q of children between 6 and 12 year, found no
statistically significant associations 4992 (Table 1.4).

In other studies, where cognitive development was assessed with the mental
development index, maternal urinary concentrations of several phthalate metabolites were
associated with decreased MDI scores at 6 months *3, 2 years ®4¢ and 3 years °¢°’. Depending
on the study, some of the phthalates metabolites incriminated were MnBP %% DEHP
metabolites %%, MBzP and MCPP %

Some of these studies also highlighted sex specific trends (detailed in Table 1.4)
91,93,94,96,97.
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Table 1.4: Mother-child cohort studies on the associations between maternal phenol and phthalate urinary concentrations with child cognition

Phenols
®Nakiwala etal, EDEN 452  BPA 5-6 years WPPSI-1II In boys: No association with 1Q
2018
Stacy et al., HOME 438 BPA 5 and 8 years WISC-IV In boys & girls: No association
2017 observed
Braun et al., MIREC 896 BPA 3 years WPPSI-1II In boys & girls: No association
2017 observed
Etzel et al., 2018 MIREC 528 TCS 3 years WPPSI-III In boys & girls: No association
observed
Jackson-Browne HOME 198 TCS 5 years WISC-IV In boys & girls: No association
etal., 2018 observed
Casas et al., INMA-Sabadell 438 BPA 1, 4, 7 years BSID In boys & girls: No association
2015 observed
Jiang etal., 2019 WWCMCC 476  BP3, MP, EP, PP, BP, 2 years BSID In boys & girls: No association
TCS observed
In girls: | MDI with MP and molar
sum of parabens
Phthalates
®Nakiwala etal., EDEN 452  MEP, MnBP, MiBP, 5-6 years WPPSI In boys: No association with 1Q
2018 MECPP, DEHP
metabolites, MBzP,
MCOP, MCPP, MCNP
Kimetal., 2017 MOCEH 174  DEHP metabolites, MnBP 6 years WISC In boys & girls: No association with
1Q
Huang et al., Taiwan Maternal 110- MMP, MEP, MnBP, 3,6, 9,12 years BSID-Il & In boys & girls: No association with
2015 and Infant Study 73 MBzP, DEHP metabolites WSCI 1Q or MDI
Factor-Litvak et CCCEH 328 MnBP, MBzP, DEHP 7 years WISC In boys & qgirls: | full scale IQ with
al., 2014 metabolites, MEP, MiBP MBnP and MiBP.
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In girls: | working memory with
MnBP

| perceptual reasoning with MnBP
and MiBP

In Boys: | perceptual reasoning with
MBZzP, processing speed with MnBP,
| comprehension with MiBP

Doherty et al., Children's 258  DEHP metabolites, 2 years BSID-I1I In boys: 1 MDI score with MnBP,
2017 Environmental MnBP, MiBP, MEP, MBzP.
Health Study MBzP, MCPP In qgirls: | MDI score with MnBP,
MiBP, MCPP.
Tellez-Rojo et ELEMENT 135 MEP, MnBP, MiBP, 24, 30, 36 months BSID-II In girls: | MDI with MEHP,
al., 2013 MBzP, MCPP, DEHP MEHHP, MEOH, MECPP and
metabolites >DEHP
Kimetal., 2011 MOCEH 460 DEHP metabolites, MnBP 6 months BSID-II In boys & girls: | MDI with

MEHHP. | MDI with MEOHP

2 See chapter 3 for details about this study.

Abbreviations: BPA: bisphenol A, TCS: triclosan, BP3: benzophenone-3, MP: methylparaben, EP: ethylparaben, PP: propylparaben, BP: butylparaben,
MEP: monoethyl phthalate, MiBP: mono-isobutyl phthalate, MnBP: mono-n-butyl phthalate; MCPP: mono (3-carboxypropyl) phthalate, MCNP: mono-
(carboxynonyl) phthalate, MCOP: monocarboxy-isooctyl phthalate, MBzP: monobenzyl phthalate, MEHHP: mono(2-ethyl-5-hydroxyhexyl) phthalate,
MEOHP: mono(2-ethyl-5-oxohexyl) phthalate, MECPP: mono(2-ethyl-5-carboxypentyl) phthalate, MEHP: mono(2-ethylhexyl) phthalate, BSID: Bayley
Scales of Infant Development, WISC: Wechsler Scales of Intelligence, WPPSI: Wechsler Preschool and Primary Scale of Intelligence, 1Q: Intellectual

Quotient, MDI: mental development index.

21



Introduction

1.3.2 Association between prenatal exposure to phenols or phthalates and behavior

Regarding child behavior, various behavioral rating scales have been previously used
in epidemiological studies to assess two broad-band behavioral symptoms: externalizing
(comprising of symptoms such as hyperactivity / impulsivity / inattention, conduct problems,
aggression problems, delinquent behavior, rule-breaking behavior) and internalizing
(comprising of symptoms such as emotion, peer relationships, anxiety / depression,
somatization, withdrawal) that characterize children’s behaviors based on their reactions to
stressors. The most commonly used scales in these studies were the Child Behavior Checklist
(CBCL), Behavior Assessment System for Children (BASC), Strength and Difficulties
Questionnaire (SDQ), Behavior Rating Inventory of Executive Function (BRIEF).

Previous epidemiological studies of phenols are largely focused on bisphenol A. Up
until 2015, in a review of existing publications, Mustieles et al., found that only eight
prospective birth cohort studies had be carried out in relation to this compound. Six of these
studies reported adverse behavioral problems of internalizing or externalizing nature among
children between one to nine years %1%, None of these studies reported statistically significant
associations in the global sample, however varying findings were observed by sex, with
majority occurring among boys than in girls (results summarized in Table 1.5).

Since 2015, several other publications have been added to this research, including
studies of other phenols. These studies further confirm that prenatal exposure to bisphenol A
could negatively impact child behavior and these effects could be different by sex 848588104
(Table 1.5).

Triclosan was also recently reported to be associated with increased externalizing
behaviors among boys at 3 1% and 8 years 8. No statistically significant associations were
reported for other phenols 1% (Table 1.5).
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Table 1.5: Mother-child cohort studies on the association between maternal phenol urinary concentrations and child behavior

Age Behavioral
Aurthor Cohort N Compounds (years)  assessments Trends observed
Jackson-Browne et Boys and girls : No significant associations
HOME 202 TCS 8 BASC-2 Boys: 1 behavioral symptom index, externalizing
al, 2019 . L o
problems, conduct, attention , hyperactivity, somatization problems
Etzel et al, 2018 MIREC 794 TCS 3 BASC Boys & girls: | externalizing behaviors, hyperactivity
- In boys only: 1 hyperactivity-inattention at 5 yrs
Z%T;Ippat etal, EDEN 529 BZﬁZﬁggASPDECF; P;IS):;BP 3and5 SDQ and relationship problems at 3 yrs with BPA
' ' ' 1 emotional symptoms (3 and 5 yrs), conduct problems (3 yrs) with TCS
BASC-S and In Boys: 1 Externalizing problems, internalizing, problems, behavioral
Stacy et al, 2017 HOME 288 BPA 510 10 BRIEF-P regulation index
In Girls: 1 Externalizing behaviors, | behavioral symptoms index,
Braun et al, 2017 HOME 346 BPA lézel’n:é’g’ BASC-2 In Girls: 1 Externalizing with prenatal BPA
In boys: 1 Hyperactivity and inattention scores (4 yrs)
Casas et al, 2015 IMNA 438 BPA 4and7 SDQ In girls: | Inattention scores (4 yrs)
In boys: 1 Internalizing, externalizing, anxious/depressed,
Roen et al, 2015 CCCEH 250 BPA 7109 CBCL wnhdr_awn/depressed, somatic complaints, rule-breaking and aggressive
behavior scores.
In girls: | Internalyzing problems
Harley et al, 2013 CHAMACOS 292 BPA 7109 BASC-S and In b_oys_: 1 Internallzmg_, agressive, depression, anxiety scores.
CBCL In girls: No clear association
In boys : 1 Internalizing, externalizing, somatic, oppositional/defiant
Evans et al, 2014 SFFII 153 BPA 6to 10 CBCL problem scores
In girls : No clear association
Perera et al, 2012 CCCEH 198 BPA 3105 CBCL In b_oys.: 1 Emo_tlonally reactive, aggressive beha}wor scores
In girls: | Anxious-depressed, aggressive behavior scores
BRIEF-P and In boys: No clear association
Braun etal, 2011 HOME 244 BPA 2 BASC-2 In girls: 1 Externalizing behavior
Braun et al, 2009 HOME 249 BPA 5 BASC-2 Boys: 1 Internalizing and behavioral symptom

Girls: 1 Externalizing and behavioral symptom index

aSee chapter 3 for details about this study. Abbreviations: BPA: bisphenol A, TCS: triclosan, BP3: benzophenone-3, MP: methylparaben, EP: ethylparaben, PP: propylparaben, BP:
butylparaben, BASC: Behavioral assessment for children, BRIEF: Behavior Rating Inventory of Executive Function-Preschool, CBCL: Child Behavior Checklist, SDQ: Strength
and Difficulties Questionnaire.
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Effects of prenatal exposure to several phthalates including DEHP, BBP, DEP, DBP,
DMP, DiNP, DiDP, and DNOP on neurobehavior of children between one to twelve years has
been previously investigated in various birth cohorts. An up to date account of these studies is
summarized in Zhang et al ®, suggesting that exposure to some of these compounds during
pregnancy interfered with both internalizing and externalizing behavior (Table 1.6). The
incriminated compounds were metabolites of DBP 71104106 DEHp 104-106 pEp 104107108 5nq
BBP 971% (See Table 1.6).

Sex-specific effects were also reported for some phthalates. In relation to DBP, three
studies found internalizing or externalizing behavior problems in boys but not in girls studies
97.104105 MBzP, the metabolite of BBP was reported to be associated with internalizing behavior
problems in girls only in one study ®” while two studies reported asocciations with internalizing
104 and externalizing 1 behviors only in boys.

To sum up, the body of literature presented above clearly shows that epidemiological
studies of prenatal exposure to these non-persistent endocrine disruptors in relation to
neurodevelopment are recent and largely focused on bisphenol A and phthalates. Only 3 studies
have considered other phenolic compounds such as triclosan, dichlorophenols, parabens and
benzophenone-3, including two that are part of this thesis report *41%, In addition, whereas the
behavioral outcomes are quite well studied, cognitive outcomes were still under studied in
relation to phenolic exposures. It is also important to note that various studies reported gender
specific findings, this implies that adverse effects could be different by sex following
gestational exposure.

In general, several epidemiological studies link bisphenol A, triclosan and phthalates to
deleterious neurodevelopmental effects, investigating potential underlying mechanisms
through which these compounds disrupt brain development is key to understanding their

general extent of neurotoxicity.
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Table 1.6: Mother-child cohort studies on the association between maternal phthalate and urinary concentrations with child behavior

Author Cohort N Compounds Age SEIETEEL Trends observed
assessments
Huanget  Taiwan 153 MMP, MEP, 8-9,11- CBCL Boys & girls: 1 Anxious/depressed score, social problems,
al, 2019 Maternal and MnBP, MBzP, 12 and thought problems, attention problems, delinquent behavior,
Infant Cohort MEHP, 14- aggressive behavior, internalizing problems, externalizing
Study MEHHP, 15 problems with MEHP.
MEOHP 1 Delinquent behavior, externalizing problems with EZMEHP.
Kimetal, CHECK 140 MiBP, MnBP, 1-2 CBCL Boys & qirls: tInternalizing and total behavioral problems
2018 MEHP, with MEP
MEHHP,
MEOHP, MEP
Philippat EDEN 546 MEP, MnBP, MiBP, 3and5 SDQ In boys only: 1 Internalizing, peer relationship problems and
et al, MCPP, MBzP, emotional problems scores with MnBP.
20172 MCOP, MCNP, | hyperactivity—inattention scores with MiBP.
Y~DEHP 1 relationship problems scores with MBzP
Gasconet INMA 367 MBzP, MEP, MiBP, 1,4,7 SDQ and In boys & girls: 1 CP-SCS social competence, inattention
al, 2015 MnBP, MEHHP, CSRS with prenatal ZDEHP.
MEHP, MEOHP,
MECPP
Lienetal, Taiwan Maternal 122 MMP, MEP,MnBP, 8 CBCL In boys & girls: 1 Delinquent behavior, aggressive behavior,
2015 and Infant Cohort MBzP, MEHP, externalizing problems with MnBP.
Study MEHHP, MEOHP 1 Social problems, delinquent behavior, aggressive behavior
and with prenatal MEOHP.
1 Externalizing problems delinquent behavior with DEHP
metabolites
Kobrosly  SFFII 153 MEHP, MEHHP, 6-10 CBCL In boys & girls: 1 Attention problems, aggressive behavior,
etal, 2014 MEOHP, MiBP, oppositional/defiant problem scores with MiBP.

MnBP, MBzP, MEP

1 Somatic problems with DEHP.

| Affective problems with MEP

In boys: 1 rule-breaking behavior, conduct problems with
prenatal MiBP.

1 conduct problems with MBzP.
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1 conduct problems with prenatal MnBP
In girls: | anxious/depression with EDEHP.
linternalizing behaviors, anxiety problems with MBzP

Whyattet CCCEH 319 MBzP, MnBP, MiBP, 3 CBCL In boys & girls: 1 Somatic complaints, withdrawn behavior
al, 2012 MEHP, MEHHP, and internalizing behaviors with MnBP.
MEOHP, MECPP 1 Emotionally reactive behavior with MiBP.

1 Withdrawn behavior and internalizing behaviors with MBzP.
In boys: 1 Emotionally reactive behavior with prenatal MnBP
In girls: 1 Somatic complaints and internalizing behaviors
with prenatal MBzP

Engel et Mount Sinai 177 MECPP; MEHHP, 5,6 and BRIEF In boys & girls: 1 Attention, depression and adaptability,
al, 2010 Children's MEHP, MEOHP, 7-9 BASC-PRS emotional control and global executive composite problems
Environmental MBzP, MCPP, MMP, with low molecular weight phthalates
Health MEP, MnBP, MiBP In boys : 1 Aggression, conduct, externalizing problems BSI
Study score with low molecular weight phthalates
In girls: 1 conduct problems with low molecular weight
phthalates

8See chapter 3 for details of this study

Abbreviations: MEP: monoethyl phthalate, MiBP: mono-isobutyl phthalate, MnBP: mono-n-butyl phthalate; MCPP: mono (3-carboxypropyl) phthalate, MCNP:
mono-(carboxynonyl) phthalate, MCOP: monocarboxy-isooctyl phthalate, MBzP: monobenzyl phthalate, MEHHP: mono(2-ethyl-5-hydroxyhexyl) phthalate,
MEOHP: mono(2-ethyl-5-oxohexyl) phthalate, MECPP: mono(2-ethyl-5-carboxypentyl) phthalate, MEHP: mono(2-ethylhexyl) phthalate, BASC: Behavioral
assessment for children, BRIEF: Behavior Rating Inventory of Executive Function-Preschool, CBCL: Child Behavior Checklist, SDQ: Strength and Difficulties

Questionnaire
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1.4 Biological pathways of neurotoxicity of phenols and phthalates
Phenols and phthalates target various endpoints on the endocrine system including those
involved in the development of the brain. These compounds could indeed interfere with
signaling of thyroid hormones %112 or steroid hormone levels 7911112114115 qyring pregnancy.
During pregnancy, thyroid hormones regulate structural and functional organization 13116
while sex steroid hormones are crucial for the and for the sexual differentiation of the brain %',
Other mechanisms by which these compounds could disrupt brain development are via
epigenetic mechanisms, through alteration of DNA methylation patterns '8 and disruption of
calcium signaling pathway !,
In this thesis, we assessed how phenols and phthalates could affect levels of thyroid

hormones during pregnancy and at birth.

1.4.1 Role of the thyroid axis in brain development

During pregnancy, thyroid hormones regulate migration, proliferation and
differentiation of neural cells, as well as signaling and myelination '°. Notably, uncorrected
low levels of thyroid hormones at birth resulting from perturbation of this pathway during
pregnancy often result in severe disorders. A common example of such defects is cretinism, a
condition of severely stunted physical and mental growth linked to hypothyroidism due to
inadequate iodine intake during pregnancy %,

In epidemiological studies, pregnancy overt (low FT4, high TSH) and mild/subclinical
(high TSH only, for example, levels above the 98" percentile) hypothyroidism has been linked
to adverse neurodevelopmental outcomes among children such as decreased 1Q 2127 increase
behavioral problems 28, decreased gray matter volume %7, increased risk for autistic traits 2/
and impaired psychomotor function 1. On the other hand, although quite under-investigated,
gestational hyperthyroidism (high FT4) was associated with decreased 1Q and gray matter
volume % and increased behavioral problems 13131,

In early pregnancy, the sole source of thyroid hormones to the growing fetus is the
mother *2, When the fetus thyroid axis is matured (after 18 weeks), the placenta remains
permeable to maternal thyroid hormones and they play a role in the homeostasis of the thyroid
fetal hormones 13, It is therefore key that the maternal thyroid function remains devoid of

disruptions throughout pregnancy for normal fetal development.
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Aside from iodine deficiency and pre-existing thyroid disease, environmental xenobiotics,
specifically endocrine disruptors are suspected to be probable sources of thyroid hormone

dysregulation during pregnancy .

1.4.2 Synthesis and homeostasis of thyroid hormones

The hypothalamus, located in the center of the brain releases thyrotropin releasing
hormone (TRH) into the blood stream 1, which then stimulates the pituitary gland to release
TSH (Figure 1.6). Increase in TSH levels activates the synthesis and secretion of tyrosine in the
thyroid follicular cells of the thyroid gland. lodine is then combined with tyrosine to produce
thyroid hormones (thyroxine (T4) and triiodothyronine (T3)) or their precusors. T4 and T3 are
then released into the blood stream. T4 is the predominantly secreted hormone by the thyroid
gland, but need for the more potent T3 leads to peripheral deiodination of T4 to T3 ¢,

Both T4 and T3 circulate in the blood as dissolved (free form) hormones or bound to
circulating proteins (thyroxine-binding globulin (TBG)). The free forms can target tissue cells,
such as neurons, where they bind to TH receptors (TR) and cause gene activation or inhibition
leading to desired physiological changes.

A surge of T3 and T4 in blood exerts a negative feedback on the pituitary and

hypothalamus to stop the release of TRH and TSH respectively (Figure 1.6).

1.4.3 Factors that influence thyroid hormone levels during pregnancy and at birth

Various factors are reported to influence thyroid hormone levels during pregnancy.
Among these is gestational age; in the first trimester the increase in human chorionic
gonadotrophin (HCG) simulates the thyroid which leads to increased T4 and T3 and
consequently decreases TSH. These levels are expected to stabilize in rest of the pregnancy **'.
Reinehr et al., also reported that obese people tend to have higher thyroid stimulating hormone
(TSH) and lower T3 blood levels 3. Thyroid hormone levels were also reported to decrease
with age (Demers, 2011). Smoking has been associated with a fall of serum TSH and a rise of
serum FT4 and FT3 1*°. And finally, iodine deficiency (a median urinary iodine concentration
less than 50 pg/L in the general population) lowers circulating T4 and raises serum TSH 40,

Factors that may affect neonatal thyroid hormone levels are discussed in detail in
Herbstman et al., these included maternal factors such as ethnicity, hypertension during

pregnancy / preeclampsia, gestational diabetes, maternal nutrition including iodine intake and
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smoking during pregnancy. Regarding neonatal factors, gestational age at birth, age of the child
at blood collection, birthweight and gender of newborn were important predictors of hormone
levels. Another important factor described in the literature is the mode of delivery. Vaginal
deliveries (assisted or not) and elective caesarean section resulting in higher average TSH cord
and blood spot levels than planned caesarean sections 14143,

1.4.4 Disruption of the thyroid pathway by phenols and phthalates
Evidence from in vitro and in vivo studies

Bisphenol A is suspected to act as an antagonist of the thyroid hormone receptor-beta
in vivo 1 and thyroid hormone receptors alpha-1 and beta-2 in vitro *°. In addition, this
compound has been reported to inhibit thyroid peroxidase (TPO) activity 4447 (Figure 1.6,
sites 1.a and 3.b).

Toxicological studies on the mechanism by which triclosan might affect thyroid axis
suggested that this compound targets activity of various enzymes along the thyroid axis. It
indeed inhibits activity of TPO 46, deiodinase | *4814% and it increases levels of thyroid hormone
metabolizing enzymes **° (Figure 1.6, sites 3.b, 5.a and 4).

Toxicological studies on the mechanisms of other synthetic phenols on the thyroid
hormone axis are rare. A previous in intro study suggested that butylparaben is a weak thyroid
hormone receptor agonist , butyl paraben increased the proliferation of the GH3 cells ! (Figure
1.6, site 1.a). Benzophenone-3 was also reported to be an agonist of the thyroid receptor in vitro
assays °2 (Figure 1.6, site 1.a). We did not find any information on the exact mechanisms of
action of 2,5 or 2,4 dichlorophenol on the thyroid axis, however, two other dichlorophenols (2,6
and 2,3 dichlorophenol ) were found to be competitors for the T4 binding site of Transthyretin,
a carrier protein of T4 53 (Figure 1.6, site 6).

Phthalates have been reported to have various end points on the thyroid axis. DBP and
DEHP have antagonistic effects at the TR receptors 1*+1°6: BBP was reported to up regulate
iodide uptake into follicular cells 7 where as DBP down regulated NIS activity 15¢-1¢°, DEHP
was reported to interact with proteins and enzymes responsible for the thyroid hormone
homeostasis including deiodinases (involved in activation and deactivation of thyroid
hormone), transthyretin (a T4 transport protein) and hepatic enzymes (involved in the
metabolism of thyroid hormones ) 61162, BBP was also reported to inhibit TPO activity *4¢ and
5) (Figure 1.6, sites 1.a, 3.c, 4, 5, 6).
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Figure 1.6: Schematic representation of potential action sites of phenols and phthalates along the thyroid
hormone axis (adapted from Noyes et al 1¢%)

In orange: expected measurable key events

Suspected compound action sites; bisphenol A (1.a, and 3.b), parabens (1.a), triclosan (3.b, 5.a and
4) dichlorophenols (6), benzophenone-3 (1.a), )phthalates (1.a, 3.c, 4, 5 and 6).

Abbreviations: NIS: sodium / iodine symporter, TH: thyroid hormone, TRH: thyrotropin-releasing
hormone, TSH: thyroid stimulating hormone, T4: thyroxine, T3:tri-iodothyronine, , DIO1-DIO3:
deiodinases 1 to 3, TRp: thyroid hormone receptor beta, TBG: thyroxine binding globulin , TTR:
transthyretin, UDPGT: Uridine 5'-diphospho-glucuronosyltransferase , EROD: Ethoxyresorufin-O-
deethylation, PROD: Pentosy-resorufin-O-deethylase
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Evidence from epidemiological studies

Epidemiological studies of associations between phenols and thyroid hormones of
pregnant women and newborns are summarized in Table 1.7.

Only two studies explored the associations between pregnancy concentrations of
bisphenol A and levels of thyroid hormones of neonates (in cord or newborn sera). These studies
did not find any statistically significant associations in the global sample but reported sex-
specific effects. Maternal urinary bisphenol A concentration was inversely associated with

newborn TSH assessed in blood spot in males in one study %4

and positively with TT3 in cord
blood levels of females 1% in the other study. In relation to maternal thyroid hormone levels,
depending of the studies, maternal bisphenol A urinary concentration was either positively
166,167 or negatively 164168 associated with TT4 or FT4 levels. One study also found that maternal
urinary bisphenol A concentration was positively associated with TT3 %, Associations with
TSH were only reported in one study in relation to this compound, suggesting an inverse
association 1°7,

Regarding the other phenols, Wang et al., found that cord blood FT3 decreased with

increased triclosan urinary concentrations during pregnancy *7°.
Among the five studies that assessed the effects of triclosan exposure on maternal thyroid
hormone levels, only two reported statistically significant associations with T4 and TSH.
Berger et al., and Wang et al., reported a decrease in TT4 't and FT4 170 levels respectively
while Wang et al., showed a decrease in TSH levels *"° in relation to increased urinary
concentrations of triclosan.

Effects of paraben exposure during pregnancy on thyroid hormone levels in pregnant
women and their newborns were only considered by three and one study(s) respectively. No
clear trends emerged in relation to newborn thyroid hormone levels 11, while Aker et al reported
that butyl paraben was positively associated with FT4 % while methyl paraben was negatively
associated with TSH 16°,

Berger et al., found that maternal 2,4-dichlorophenol urinary concentrations were
inversely associated with maternal free T4 11, Although benzophenone-3 has been reported as
thyroid receptor agonistic effects in in vitro assays *°2. Epidemiological studies specifically in
pregnant women mainly reported null association with THs levels 1172, Only one study

suggested that benzophenone-3 was inversely associated with maternal FT3 serum levels 1.
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Table 1.7: Mother-child cohort studies on the associations between maternal phenol urinary concentrations and thyroid hormone levels during
pregnancy and at birth

Reference Study population Cohort Phenols N (urine TH measured Major findings
samples)
per woman
Derakhshan et 1996 women SELMA BPA, BPS, BPF, TCS 1 Women: TSH, FT4, TT4, FT4/FT3 and TT4/TT3 ratios| with BPA
al, 2019 FT3,TT4, TT3 FT3 1 with BPF
Aker et al., 602 women PROTECT 2,4-DCP, 2,5-DCP, BPA, Women: TSH, T3 1 with BPA and TCC
2019 BPS, BPF, BP3, TCS, FT4,T3,T4 FT4 1 with BPF,
TCC, MP, EP,BP, PP TSH | with TCC and MP
Beger et al., 338 women and 364 CHAMACOS TCS, BP3, 2,4-DC4, 2,5- Newborns: TSH Newborn blood: No associations
2018 infants DC4, MP, PP & BP Women: FT3, FT4, Maternal sera: FT4 | with 2,4-DCP,
TT4, TSH TT4 | with TCS
Wang et al., 398 mother-infant pairs ~ Prospective cohort TCS Newborns and mothers:  Cord blood: FT3 | with TCS
2017 from Shangai, china FT3, FT4, TSH Maternal sera: FT4 | and TSH | with TCS in
the 3rd trimester
Aung, et al 439 women (116 Prospective cohort BPA Women: TSH, TT3, | TSH
2017 preterm and 323 from Brigham and FT4 and TT4 1 FT4 and TT4
controls) Women’s Hospital
Aker et al., 106 women PROTECT BPA, TCS, BP-3, 2,4- Women: FT3, FT4,and FT4 1 with BPA
2016 DCP, 2,5-DCP, BP, MP, TSH FT3 | with BP3
PP FT4 1 with BP (in samples collected close to
each other)
Romano et al., 181 mothers and 249 HOME BPA Newborns and mothers:  Cord blood: No significant association in
2015 infants TSH, TT4, TT3, FT4, global sample
and FT3 Girls: TT3 1 in girls only
Maternal sera: No significant association
Cheuvrier et 335 women and 364 CHAMACOS BPA Women: TT4, FT4and  Newborn blood: TSH | with BPA in boys
al.,2013 infants TSH Maternal sera: TT4 | with BPA

Newborns: TSH

Abbreviations: BPA: bisphenol A, TCS: triclosan, TCC : triclocarban, BP3: benzophenone-3, MP: methylparaben, EP: ethylparaben, PP: propylparaben, BP: butylparaben, TH: thyroid

hormones, T4/TT4 (resp. T4/TT4) : Total thyroxine (triiodthyronine), TSH: thyroid stimulating hormone
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As far as we know, only 4 studies have looked at the associations of gestational
phthalate exposures on thyroid hormone levels of neonates (summarized Table 1.8). These
studies reported that MBzP was negatively associated TSH levels 13174 MnBP was positively
associated with TT3 17° and that MEP was negatively associated with TT4 17* while one study
found null associations 1.

Among studies considering pregnancy serum thyroid hormone and TSH levels in relation to
phthalate exposure, findings are heterogeneous (See for details Table 1.8). In a recent study of
98 women set to undergo amniocentesis, Huang et al, found that TSH levels decreased
significantly with MiBP concentration 17°. This negative association was reported by several
other studies in relation to other metabolites including, MBzP 1%, MEHP and MCPP "7, An
increase in TSH has also been reported in association to various DEHP metabolites 7.
Similarly, results of T4 were bipartite, free T4 was negatively associated with DEHP
metabolites 117, MnBP 18, MBzP 17® and positively with MCPP and MiBP 17719 In relation
to total T4, negative associations with reported with exposure to DEHP 1’6, MnBP 17818 and
MBzP 76, while for MEHP, a metabolite of DEHP, reports of positive associations with total
T4 also exist 17°,

FT3 was found to be negatively associated with MCPP, MCOP Y7 and positively with MEP
and MiBP 175178,

In summary, heterogeneous results were observed in studies of these compounds. These
discrepancies could partly be a consequence of differences in study designs such as timing of
urine and blood sample collection, differences in exposure levels and as well as due to the
multiplicity of associations tested that could have led to chance findings, usually including five
hormones * 10 phthalate metabolites or 12 * phenols without correction for multiple
comparison, risking chance findings. Null findings were also reported in some studies; this
could be a result of relying on a small number of urine samples to assess exposure which limits
study power (this is discussed in detail in section 1.5).

In addition, sex specific effects on neonatal thyroid hormone levels have been reported
in relation to prenatal exposure to bisphenol A and some phthalates 16415181 As a hypothesis,
such effects could be due to the fact that some of these compounds have week estrogenic effects

182183 'In humans, estrogen is reported to elevate serum thyroxine levels 84,
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Table 1.8: Mother-child cohort studies on the associations between maternal phthalate urinary concentrations with thyroid hormone levels during
pregnancy and at birth

Reference  Study Cohort Phenols and phthalate metabolites N (urine  TH measured  Major findings
population samples)
per subject
Huang et 98 pregnant  TBCS MEP, MnBP, MBzP, MMP, MiNP, 2 Mothers and Cord blood :
al., 2018 women MCMHP, MiBP, MEHP, MEOHP, infants; TT4, TT3 1 with MnBP
MEHHP and MECPP FT4and TT3 Maternal sera:

TSH | with MiBP and
MEOHP, FT3 1 with MiBP
TT3 | with MCMHP

Romano et 206 women HOME MEP, MnBP, MiBP, MBzP, MEHP, 2 Mothers and Cord sera:

al., 2018 and 276 MEHHP, MEOHP, MECPP, infants: TSH, TSH | with MBZP, TT4 | with

infants MMCHP, OH-MIiNP, oxo-MiNP and TT4, FT4, MEP
cx-MiNP TT3,FT3 Maternal sera:

TT4 | with MEP

Gao et al., 1,397 women C-ABC MEP, MnBP and MEHP 1 T4, FT4 and FT4 | with MnBP, MEHP ,

2017 TSH TT4 1 with MnBP and MEHP

Yao et al., 2521 mother- MABC MEP, MMP, MBzP MEHP and 1 TSH, TT4, Cord sera: No association

2016 infant pairs MEHHP, FT4,and TT3  Maternal sera:
TSH 1 with MEHP and
MEHHP, FT4 | with MBzP,
MEHP and MEHHP, TT4 |
with MBzP, MEP, MEHP, and
MEHHP

Huang et 97 women Cheng Kung MiNP,MCMHP, MEP, MMP, MBzP, 1 Mothers: T4, TT4 | with MnBP

al., 2016 University MiBP, MnBP, MEHP, MEOHP, FT4and T3

Hospital MEHHP and MECPP,
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Johnsetal.,, 439 women PROTECT MEP, MnBP, MBzP, MEHP, Mothers: TSH,  Longitudinal:
2015 MEHHP, MEOHP, MECPP, MIBP TT4,FT4, TT3 | FT3 with MCPP
and MCPP and FT3 Stratified by visit:
1FT4 with MiBP (16-20
weeks) , | FT4 with XDEHP
(24-28 weeks), | FT3 with
MCPP, MCOP (24-28 weeks)
Johnsetal.,, 106 women LifeCodes MEHP, MnBP,MEHHP), Mothers: FT4,  Longitudinal analysis:
2016 MEOHP,MECPP,MCPP, MCOP, FT3 and TSH | TSH with MEHP, MiBP,
MCNP, MBzP, MiBP and MEP. MCPP, 1 FT4 with MCPP , 1
TT4 with MEHP, 1 FT3 with
MEP
Stratified by visit:
TSH | with ZDEHP and MCPP
(10 weeks), MBzP and MnBP
(18weeks), FT4 1 with MBzP
(35weeks) and MCPP (10 and
35 weeks)
Kuo et 148 mother- ~ Women from E-Da MEHP, MEHHP, MEOHP, MnBP, TSH, TT4, FT4 Cord blood:TSH | with MBzP
al.,2015, child pairs Hospital, Taiwan MiBP, MEP, MBzP, MMP, and and T3
MiNP
Huang et 76 women Cheng Kung MnBP, MBzP, MEHP, MEP, MMP TSH, TT4, TT4 | with MnBP
al., 2007 University FT4, TT3 and FT4 | with MnBP
Hospital FT3

Abbreviations: MEP: monoethyl phthalate, MiBP: mono-isobutyl phthalate, MnBP: mono-n-butyl phthalate; MCPP: mono (3-carboxypropyl) phthalate,
MCNP: mono-(carboxynonyl) phthalate, MCOP: monocarboxy-isooctyl phthalate, MBzP: monobenzyl phthalate, MEHHP: mono(2-ethyl-5-hydroxyhexyl)
phthalate, MEOHP: mono(2-ethyl-5-oxohexyl) phthalate, MECPP: mono(2-ethyl-5-carboxypentyl) phthalate, MEHP: mono(2-ethylhexyl) phthalate,
MMCHP: mono-2-methylcarboxyhexyl phthalate , OH-MiNP: Hydroxy-(mono-methyl-octyl) phthalate, cx-MiNP: Carboxy-(mono-methyl-heptyl) phthalate,
oxo-MiNP: Mono-oxo-isononyl phthalate, TH: thyroid hormones, T4/TT4 (resp. T4/TT4): Total thyroxine (triiodthyronine), TSH: thyroid stimulating hormone.
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1.5 Limitations of the current epidemiology studies and perspectives

Epidemiological studies investigating associations of prenatal exposure to short lived
compounds such as phenols and phthalates 333 with health outcomes, generally rely on one
and sometimes up to three spot urine measurements (taken at different study periods) to
estimate exposure during pregnancy. High within subject temporal variability has been
observed for some these compounds (Figure 1.7) 8. Intraclass correlation coefficients (ICC)
for 10 phenols including benzophenone-3, bisphenol A and S, 2,4 dichlorophenol, 2,5
dichlorophenol, methylparaben, ethylparaben, propylparaben, butylparaben and triclosan were
previously discussed in detail by Vernet et al 1, This study reported high to moderate within-
day variability, with ICCs ranging from 0.03; (95% CI: 0.00, 0.15) for ethylparaben to 0.50
(95% CI: 0.26, 0.73) for bisphenol S 8. Regarding the phthalates, low ICC were previously
reported for metabolites of DEHP, as well as MCPP, MCOP and MCNP (ICC ranging from
0.18 to 033) and moderate ICCs for MnBP, MBzP and MEP (0.5 to 0.69) #'.

Triclosan
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wvwm)\\/" M
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Figure 1.7:Urinary concentrations (ug/L) of two phenols (triclosan and bisphenol A) in urine samples
collected over a week in two pregnant women from the SEPAGES-feasibility cohort.

Relying on one to 3 spot samples poorly estimates exposure throughout pregnancy and
could lead to a measurement error of classical nature. This error is expected to bias dose—
response relationships towards the null ¥ and limits study power. A simulation study
performed in our research team, showed that when a spot urine sample is used to assess
exposure, the effect estimate can be biased towards the null by up to 40% or 80%, compared to
the real effect, depending on the intra-individual variability of the compounds considered
(illustrated in Figure 1.8) 18°,
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Figure 1.8: Distribution of the effect estimate characterizing the association between exposure and
birth weight using the average pregnancy exposure (in red) or one spot urine sample (in green) of
exposure to chemical A (ICC of 0.6) and chemical B (ICC of 0.15) (1000 simulations were
performed, each with 500 subjects, real effect 1 = -100 g) 8.

A suggested solution to limit this measurement error and the resulting bias is the collection
of repeated urine samples so as to estimate average exposure over the relevant exposure time
window. However, assaying exposure in many urine samples per individual is costly and could
limit sample size. A trade off approach, is to perform within-subject pooling of biospecimens
over relevant exposure time windows and assess the chemical of interest in the pools instead of
in spot samples.

Two previous studies, a simulation and an empirical study demonstrated that pooling spot
samples collected over a period of interest decreased attenuation bias and improved statistical
power 189190 compared to the situation where only a spot urine sample was used. Vernet et al.,
further demonstrated that for compounds with high variability such as bisphenol A, a pool of
about 18 samples decreased bias from 61% to 10% and improved study power from 27% to

66% °° compared to the situation where only one spot sample was used
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1.6 Thesis aim and objectives
Previous research on prenatal exposure to phenolic and phthalate compounds falls short of
providing an understanding of the impact of specific sources of exposure to these compounds,
such as personal care products, on the internal dose of phenols in pregnant women, which is
crucial for interventions to reduce exposure. Previous studies were indeed limited among
pregnant women and did not consider potential substitutes of widely-used compounds such as
bisphenol A (e.g., bisphenol S). In addition, when this thesis was initiated, no study had
explored the associations between phenols other than bisphenol A, such as benzophenone-3,
triclosan, dichlorophenols, parabens and child neurodevelopment, some of which were
previously linked to adverse behevior and memory in rodent studies ">7* or repoted to
to disrupt various mechanisms involved in fetal brain development "*-8! in rodent studies.
Epidemiological studies documenting possible effects of phthalates and phenols on the
thyroid hormone levels, a mechanism hypothesized to mediate neurotoxicity of these
compounds, were also rare with heterogeneous results.

Furthermore, majority of the studies assessed phthalate and phenol concentrations in
one to three urine samples collected during pregnancy. This was a major limitation, which is
evidenced to lead to exposure misclassification with consequential bias towards the null and
under estimation of effects (see Figure 1.8 above) 18189,

In this research, we aimed to address these gaps and broaden the literature on neuro-
developmental effects of phthalate and phenol exposure during pregnancy by tracing their paths
from the environmental sources, specifically from maternal use of personal care products, to
their neuropsychological endpoints (cognition and behavior) and the potential underlying

mechanisms of neurotoxicity such as disruption of the thyroid function.

The specific objectives of this thesis were (illustrated in Figure 1.9):

1. To characterize how use of personal care products during pregnancy could influence
phenol biomarker concentrations in pregnant women (aim 1, chapter 2).

2. To assess associations between prenatal exposure to phenols and phthalates and child
neurodevelopment (cognition and behavior, aim 2, chapter 3).

3. To assess associations between prenatal exposure to phenols and phthalates on the levels

of thyroid hormones, of pregnant women and their newborns (aim 3, chapter 4).
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Figure 1.9: Schematic illustration of study aims

These analyses were based on three complementary cohorts (detailed in Tablel.9), two

of which relied on repeated urine samples (including pooled samples for one study) to estimate

phenols and phthalate metabolites urinary concentrations

Tablel.9: Description of cohorts included in this thesis

Recruitmentand | Samplesize | Compounds Strengths Key
place (N included | assessed reference
in our
analysis)

EDEN: Etude des Déterminants pré et post natals du développement et de la santé de I’Enfant
February 2003 to | 2002 mother Phenols and Assessments of neurodevelopmental Heude et al.,
January 2006 child pairs phthalates outcomes 2016 1%
Nancy and (457- 452 Assessments of other phenols than bisphenol
Poitiers, France mother-son A, such as benzophenone-3, triclosan,

pairs included dichlorophenols, parabens

in our analysis Larger sample size compared to previous

studies

SEPAGES-feasibility study
July 2012 to July | 40 pregnant (8 | Phenols and Phenol concentrations assessed in repeated Vernet, et
2013 were included | substitutes samples with exact time of collection (8-80 | al., 2018 188

Grenoble, France

in our
analysis)

(bisphenol S)

samples per woman)
Type and exact time of use of personal care
products

SEPAGES : Suivi de I’Exposition a la Pollution Atmos,

hérique durant la Grossesse et Effets sur la Santé

July 2014- July
2017
Grenoble, France

484 mother-
child pairs
(416 women
and 421
newborns)

Phenols,
phthalates and
substitutes

Recruitment early in pregnancy

Exposure assessed in pooled samples based
on repeated urine collection (42 samples per
woman)

Assessmens of serum thyroid hormone
levels for both mother and their child

Lyon-Caen,
etal., 2019
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CHAPTER 2 : USE OF PERSONAL CARE PRODUCTS AND PHENOL URINARY
CONCENTRATIONS DURING PREGNANCY
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2 Use of personal care products and phenol urinary concentrations during pregnancy

The work presented in this chapter is currently under review in the International Journal of

Hygiene and Environmental Health.
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Personal care products and exposure to phenols

2.1  French summary

Introduction

L'exposition a certains phénols synthétiques fait l'objet d'une inquiétude grandissante,
particulierement chez les femmes enceintes car ce sont des perturbateurs endocriniens et
nombreux sont ceux encore autorisés dans les produits de soins personnels (Personal care
product - PCP). Notre objectif est d'évaluer le lien entre l'utilisation de ces PCP et les
concentrations urinaires de phénols durant la grossesse.

Méthodes

Huit femmes ont consigné durant une semaine dans un journal de bord le moment exact et le
type d'utilisation des PCP. Nous avons mesuré les concentrations de phénols (quatre
parabénes, les bisphénols A et S, deux dichlorophénols, le triclosan et le benzophénone-3) au
sein de 178 échantillons d'urine, collectés sur sept jours consécutifs a trois moments distincts
de la grossesse. Nous avons caractérise I'utilisation des PCPs en considérant le nombre total
d'utilisations ou leur utilisation (oui/non) au sein de trois fenétres de temps distinctes (entre O
et 6h, 6 et 12h, et 12h et 24 heures avant le recueil d'urine). Les relations entre I'utilisation de
PCP et les concentrations urinaires de phénols ont été évaluées par des régressions linéaires
et des modeles tobit ajustées.

Résultats

Le nombre total d'utilisation des PCP est positivement associé avec les concentrations
d’éthylparabéne, popylparabéne et butyleparabéne. Douze types différents de PCPs sont
positivement associés avec la concentration d’au moins un parabéne. La concentration du
bisphénol S augmentait avec le nombre d utilisations de PCP ( f = 0.12, 95% intervalle de
confiance= 0.06; 0.18) et ['utilisation spécifique de PCP telle que la creme antirides, le baume
a levres, le fond de teint, les soins du visage et les gels douches. Ces associations étaient
variables selon les fenétres de temps étudiées.

Conclusion

Nos résultats concernant les parabénes sont cohérents avec les résultats d’études précédentes
et confirment que [ utilisation des PCPs augmente [’exposition aux parabénes. Cette étude est
la premiére a faire le lien entre utilisation de PCPs et de bisphénol S, un résultat qui appelle a
des recherches plus approfondies au sein de cohortes incluant des recueils d’urine répétés et
une description précise de [ utilisation de PCPs.
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2.2 Abstract

Background: Exposure to certain synthetic phenols is of growing concern, in particular among
pregnant women, because of their endocrine disrupting nature. Many phenols are authorized in
personal care products (PCP). We aimed to assess if use of PCPs by pregnant women could

influence their urinary concentrations of synthetic phenols.

Methods; We used a panel design with intense urine sample collection. Eight women completed
a diary with exact time and use of PCPs over three weeks. We measured the concentrations of
phenols (four parabens, bisphenol A and S, two dichlorophenols, triclosan, and benzophenone-
3) in 178 urine samples, collected during 7 consecutive days at 3 time points during pregnancy.
We characterized PCP use as the total number of PCP applications or as a single PCP use (yes
/ no) in three time windows (0 to 6, 6 to 12 and 12 to 24 hours before each urine sample
collection). We used adjusted linear and Tobit regressions to assess associations between PCP

use and phenol urinary concentrations.

Results: The total number of PCP applications was positively associated with ethylparaben,
propylparaben and butylparaben, but not methylparaben concentrations. We observed a peak in
urinary concentration of ethylparaben, butylparaben and propylparaben at 2.86, 2.55 and 2.67
hours since last PCP use, respectively and about twelve different PCPs types were positively
associated with at least one of these parabens. The bisphenol S concentration increased by
12.4% (95%CI: confidence interval: 5.9; 19.3) for each additional PCP application in the 12 to
24-hours time window as well as with use of specific PCPs such as anti-stretchmarks cream,

facial cleanser and shower gel. Associations with specific PCPs varied by time window.

Conclusion: Our study shows that PCPs’ use was associated with a short-term increase in the
urinary concentration of ethylparaben, butylparaben and propylparaben, but not methylparaben.
This study also reported a positive an association between the use of PCPs and the bisphenol S
concentration, a finding that warrants further investigation in cohorts with repeated collection

of urine samples and detailed information on PCP use.
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2.3  Methodology

Study population

The study population consisted of a sub-sample of the SEPAGES-feasibility (Suivi de
I’exposition a la pollution atmosphérique durant la Grossesse et Effects sur la Santé) cohort that
recruited 40 pregnant women before the 17" gestational week (GW, calculated from the date
of the last menstrual period) from private obstetrical practices (Grenoble, France) between July
2012 and July 2013 186192,

Exclusion criteria were inability to write or speak French, being under 18 years of age,
planning to give birth outside of the four maternity hospitals of the Grenoble urban area, and
not being enrolled in the French social security system.

This feasibility cohort was approved by the appropriate ethical committees including
the Comité de Protection des Personnes Sud-Est, the Commission Nationale de I'Informatique
et des Libertés, the Comité Consultatif sur le Traitement de I'Information en matiere de
Recherche dans le domaine de la Santé and the Agence Nationale de sécurité du Médicament
et des produits de santé. All participating women provided written informed consent for
biological measurements and data collection. The involvement of the Centers for Disease
Control and Prevention (CDC) laboratory was determined not to constitute engagement in

human subject research.

Urine collection during pregnancy, assessment of phenol biomarker concentrations and
specific gravity

Pregnant women were followed up for 7 consecutive days at three periods of their
pregnancy (median at 13 GW (min—max: 10-18); 23 GW (min—-max: 21-26) and 32 GW (min—
max: 29-33)) and asked to collect all their urine voids over the three weeks of follow-up and to
record the exact date and time of each micturition. Each spot urine sample was collected in a
polypropylene container provided by the study team. After collection, urine spot samples were
stored at 4°C in the participants’ home refrigerators until collection by study staff which
occurred two or three times per week. The samples were transported in coolers to the INSERM
research center (Institute for Advanced Biosciences (IAB), Grenoble), where specific gravity,
a marker of urine dilution was measured using a handheld PAL 10-S refractometer (Atago,
Bellevue, WA, USA). Samples were then aliquoted into polypropylene cryovials and frozen at
-80°C.
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We took advantage of a previous project which aimed to finely characterize variability
of phenol urinary biomarker concentrations and relied on the eight women of the SEPAGES-F
cohort with the smallest percentage of missing voids (< 5% over the 3 weeks of follow-up) 8.
For these women, phenols concentrations were analyzed in a total of 178 samples: 130 (73%)
belonged to two women for whom we had no missing voids in week 1 (72 voids from woman
1, 42 voids from woman 2) plus 8 voids each, randomly selected during the second and the
third collection weeks; and 48 samples from the remaining six women for whom 8 voids each
were randomly selected over the 3 weeks of follow up (Table 1) 18,

Urine samples were sent on dry ice to the CDC (Atlanta, GA, USA) where phenols were
quantified using online solid-phase extraction high-performance liquid chromatography-
isotope dilution-tandem mass spectrometry %, Total urinary concentrations of 2,4- and 2,5-
dichlorophenols, benzophenone-3, bisphenol A, bisphenol S, triclosan, butylparaben,
methylparaben, ethylparaben, and propylparaben were quantified. 2,4- and 2,5-dichlorophenol
are not expected to be found in PCPs and were only included in this study as controls (i.e., no

association with PCP was expected for these compounds).

Use of personal care products and confounders

During the three weeks of follow-up, women used diaries to record each PCP usage and
time of use. Relying on the date and exact time of each use of PCP reported by the women (the
list of PCPs is given in Table 3), we characterized PCP use in relation to each urine void as the
total number of PCP applications as well as the use of specific PCPs (yes / no) in the 0 to 6, 6
to 12 or 12 to 24 hours before each urine collection.

In addition, women provided the date and exact time of food and drink consumption
during the follow up weeks. At the start of the study, we also collected information about their
anthropometry (weight and height), demographic characteristics, and social economic status
including age, parity, marital status, education level and profession.

Statistical methods

Phenol concentrations below the limit of detection (LOD) were replaced by specific
instrumental reading values; when no signal was detected, we imputed the phenol-specific
lowest instrumental reading value divided by the square root of two. All phenol concentrations

were In-transformed prior to analysis to approach normal distribution.
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To study the associations between use of PCPs and phenol urinary concentrations, we
either used adjusted linear regression (for phenols with less than 10% non-detection frequency)
or Tobit models (for compounds with up to 10% non-detection frequency) °41%, We
considered the total number of PCP applications and the use of specific PCP in the 0 to 6, 6 to
12 or 12 to 24 hours before each urine collection.

We ran additional analyses looking at the time since last PCP use, with the aim of
detecting peaks in phenol concentration following use of any PCP positively associated with
that particular phenol. For this analysis, time since last use of PCP was coded as restricted cubic
splines (5 knots).

Adjustment factors were identified a priori as possibly associated with the use of PCP
and/or the phenol urinary concentrations. These included the women (fixed effect), specific
gravity, hour (categories: 0000-0600, 0601-1200, 1201-1800, 1801-2359 hours) and day
(weekday/weekend) of urine collection as well as the use of PCP in the time windows other
than the one studied (e.g., analysis looking at the association with PCP use in the 12 to 24 hour
windows was adjusted for PCP use in the 0 to 6 and 6 to12 time window).

In the models exploring the associations of urinary phenol concentrations with use of a
specific PCP (yes / no), for power reasons, PCPs were not considered if the frequency of use
was less than five times in any of the time windows. These included mouth wash, nail polish,
sunscreen, eye shadow and thermal spring water in all windows, intimate soap in the 0 to 6 and
6 to 12 hour windows, intimate soap in the 6 to 12 hour windows and toothpaste in the 12 to 24
-hour window.

Depending on the analysis, effect estimates are reported as the percent change in phenol
urinary concentration either 1) in a period in which a PCP had been used, compared to a period
without PCP use (analysis relying on specific PCP use); or 2) for an additional PCP application

(analysis relying on the total number of PCP used).

Sensitivity analyses

We considered other adjustment factors suspected to be associated with phenol urinary
concentrations including gestational age at sampling, and, for the phenols likely to be found in
food (parabens and bisphenols 1°-1%) the time elapsed since the last meal (food or drink).
For comparison with previous studies, we also considered use of PCPs 24 hours before urination

(Supporting information, Figure S3).
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With the exception of the two dichlorophenols considered as negative controls, the
studied phenols were selected because they have been previously detected in various PCP
52547071 '1n addition, higher urinary concentrations of paraben urinary concentrations in relation
to use of multiple or single PCPs have been consistently reported in previous studies 48°6-
59.61,64.66,199-202 "I this setting of high a priori hypothesis for an association between PCP use
and most of the studied phenols, we decided to not correct our analysis for the number of tests
performed 2%, However, we were aware that chance findings cannot be rule out. This is why in
the discussion section we gave more weight to the associations that were previously described
in literature while other associations should be considered as hypotheses generating.

All analyses were carried out using STATA/SE 14 (StataCorp, College Station, TX,

USA) and R version 3.4.3 statistical software.
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2.4 Results
Study participants
The eight women included in this study were aged between 26.7 to 37.6 years at
enrolment; five were nulliparous, two primiparous and one was multiparous. All women had a

college degree (Table 2.1).

Table 2.1: Characteristics of the eight women of the SEPAGES feasibility study for whom
spot urine samples were analysed for phenol concentrations

Woman Woman Woman Woman Woman Woman Woman Woman

1 2 3 4 5 6 7 8
Age (years) 335 27.4 26.7 30.8 37.6 30.6 28.9 28.0
Years of education after high 6 6 5 7 9 5 5 5
school)
Height (cm) 169 167 162 170 167 169 173 157
Weight before pregnancy (Kg) 58 76 71 69 59 62 60 53
Number of children 1 1 0 0 2 0 0 0
Number of urine samples 8 8 80 8 50 8 8 8

included in the study

Urinary phenol concentrations

Of the 178 urine samples collected over the three periods of follow up, 8% (n =13) were
collected between 00 and 6:00, 34% (n = 62) between 6:01 and 12:00, 26% (n = 46) between
12:01 and 18:00 and 32% (n = 57) between 18:01 and 23:59 hours. Most samples (71%) were
collected during a weekday.

Phenols were detected in more than 74% of the urine samples except for benzophenone-
3 that was only detected in 35% (N=62) of the samples. The highest concentrations were
observed for the four parabens, followed by triclosan and bisphenol A (Table 2.2). Within
samples spearman correlation coefficients were higher between compounds of similar chemical
structures: among the parabens (Spearman’s coefficient (tho) = 0.57 to 0.97) and between the
dichlorophenols (rho = 0.53). We also observed moderate positive correlations between
bisphenol A and 2,4 dichlorophenol (rho= 0.50) and between triclosan and the dichlorophenols
(rho=0.49 and 0.53 for 2,4- and 2,5- dichlorophenol, respectively). The Spearman’s correlation
coefficients between the phenols and specific gravity ranged from -0.12 (propylparaben) to 0.79
(2,4-dichlorophenol, supplemental material Table 2.5).

The intraclass correlation coefficients (ICC) for these compounds were previously
discussed in detail by Vernet et al . Briefly, we observed high to moderate within-day
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variability (supplemental Figure 2.3), with ICCs ranging from 0.03; (95% CI: 0.00, 0.15) for
ethylparaben to 0.50 (95% CI: 0.26, 0.73) for bisphenol S ¢

Table 2.2: Distribution of urinary phenol concentrations (pg/l) in 178 urine

samples collected from eight women of the SEPAGES feasibility study

Biomarker LOD % >LOD Percentiles GM Min Max
5 50 95
Benzophenone-3 0.3 35 <LOD <LOD 17.2 0.8 0.3 3785
Bisphenol A 0.1 99 0.2 1.6 8.9 15 0.1 30.4
Bisphenol S 0.1 97 0.1 0.3 2.6 0.3 0.1 212
2,4 dichlorophenol 0.1 99 0.1 0.3 1.4 0.3 0.1 6.2
2,5 dichlorophenol 0.1 98 0.1 04 9.2 05 0.1 278.4
Methylparaben 1.0 99 3.7 128 4080 1290 0.8 8730
Ethylparaben 1.0 83 <LOD 6.1 1262 6.4 0.1 2035
Propylparaben 0.1 100 0.2 14.9 4962 12.1 0.1 1253.6
Butylparaben 0.1 90 <LOD 2.0 88.2 1.6 0.1 335.4
Triclosan 1.0 74 <LOD 1.8 28.1 1.6 0.1 1474.8

LOD: Limit of detection, GM: geometric mean, Min: minimum, Max: maximum

Use of personal care products

Women reported use of over 23 different PCPs listed in Table 2.3. The most frequently

used PCPs through the day were toothpaste (used in the last 24 hours for 98% of the urine
samples), face cream (80%), deodorant (76%) and makeup remover (63%) (Table 2.3). The

median number of PCP applications varied by time window and was 1 (min: 0, max:16), 1(min:

0, max:15) and 3 (min:0, max: 12) in the 0 to 6, 6 to 12 and 12 to 24 hour window preceding

urination, respectively.
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Table 2.3: Number of urine samples for which specific PCPs were used in the 0 to 24 hours
preceding urine collection (°N = 169).

Oto6 hours 6tol12hours 12to24 hours 0 to 24 hours

PCPs N (%) N (%) N (%) ‘N (%)

Toothpaste 78 (46.2) 93 (55.0) 136 (80.5) 166 (98.2)
Face cream 59 (34.9) 58 (34.3) 85 (50.3) 136 (80.5)
Deodorant 47 (27.8) 34 (20.1) 57 (33.7) 129 (76.3)
Makeup remover 16 (9.5) 35 (20.7) 58 (34.3) 106 (62.7)
Mascara 41 (24.3) 32 (189) 44 (26.0) 112 (66.3)
Foundation 38 (22.5) 31 (18.3) 39 (23.1) 103 (60.9)
Bar soap 25 (14.8) 25 (14.8) 39 (23.1) 85 (50.3)
Shower gel 26 (15.4) 13 (7.7) 33 (19.5) 66 (39.1)
Shampoo 21 (12.4) 18 (10.7) 30 (17.8) 67 (39.6)
Body cream 12 (7.1) 14 (8.3) 28 (16.6) 49 (29.0)
Conditioner 15 (8.9) 15 (8.9) 20 (11.8) 48 (28.4)
Lip/Chapstick 17 (10.1) 17 (10.1) 21 (12.4) 43 (25.4)
Perfume 11 (6.5) 8 (4.7) 15 (8.9) 32 (18.9)
Contour 16 (9.5) 8 (4.7 16 (9.5) 36 (21.3)
Facial cleanser 11 (6.5) 8 (4.7) 13 (7.7) 26 (15.4)
Anti-stretchmarks' cream 10 (5.9) 6 (3.6 12 (7.1) 23 (13.6)
Hand cream 6 (3.6) 4 (2.4) 11 (6.5) 20 (11.8)
Intimate soap 4 (2.4) 3 (1.8 5 (3.0 12 (7.1)
Thermal spring water 5 (3.0 2 (1.2 3 (1.8) 8 (4.7
Eye shadow 4 (2.4) 1 (0.6) 1 (0.6) 6 (3.6)
Sunscreen cream 1 (0.6) 0 (0 2 (1.2 3 (1.8)
Nail polish 1 (0.6) 0 (0 1 (0.6) 2 (1.2
Mouth wash 1 (0.6) 0 (0) 1 (0.6) 2 (1.2)

&N: Including urine samples collected after the first report of PCP use

Associations between use of PCPs and parabens’ urinary concentrations

For three of the four parabens assessed, we observed an increase in concentration in
relation to the total number of PCP applications, and these associations varied by time window
across parabens (Table 2.4). In the 0 to 6 time window, the concentrations of ethylparaben and
butylparaben increased by 7.9% (95%CI = 0.9; 15.4) and 14.84% (95%CI = 5.9; 24.5) for each
additional PCP application, respectively, while the concentration of propylparaben increased
by 11.1% (95%CI = 0.9; 22.3) and 12.9% (95%CI = 3.9; 22.7) for each additional PCP
application in the 6 to 12 hours and 12 to 24 hours’ time windows respectively. No association
was observed between the total number of PCP applications and the methylparaben
concentration in all considered time windows (lowest p-value = 0.2) nor for ethylparaben and

butylparaben in the longer time windows (6 to 12 and 12 to 24 hours, lowest p-value = 0.24).
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Among the 18 different PCPs considered in the specific PCP analysis, 12 were
associated with increased urinary concentrations of at least one paraben in at least one time
window. These corresponded to 48 positive associations (25%) out of the 192 tests performed
in our main analysis for parabens (17 PCPs * 4 parabens in 0 to 6 time window, 16 PCPs * 4
parabens in 6 to 12 time window and 18 PCPs * 4 parabens in 12 to 24 time window, window
(Figure 2.1 and supplemental material Table 2.8). These PCPs included toothpaste
(ethylparaben, butylparaben), face cream (ethylparaben, propylparaben, butylparaben), hand
cream (propylparaben, butylparaben), makeup-remover (all parabens), coloured cosmetics:
mascara (all parabens), foundation (methylparaben, propylparaben, butylparaben), contour and
lip/chap stick (ethylparaben, propylparaben, butylparaben), bar soap (methylparaben,
ethylparaben), shampoo (propylparaben), facial cleanser (ethylparaben) and perfume
(propylparaben, butylparaben) (Figure 2.1 and supplemental material Table 2.8). As observed
with the total number of PCP applications, the positive associations for ethylparaben and
butylparaben were mostly observed in the 0 to 6 hour window. Most of the positive associations
for methylparaben were observed in the 12 to 24 hour window.

Relying on the time elapsed since last PCP use, we observed a peak in urinary
concentration of ethylparaben, butylparaben and propylparaben at 2.86, 2.55 and 2.67 hours
since last use of a PCP respectively. No peak was observed for methylparaben, for which

concentrations tended to remain constant with the time elapsed since last PCP use (Figure 2.2).
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Table 2.4: Adjusted percent change (B) in the phenol urinary concentrations in relation to the
total number of times PCPs were used in the last 0 to 6, 6 to 12 and 12 to 24 hours (N=178

urine samples of 8 women)

0 to 6 hours 6 to 12 hours 12 to 24 hours

B 95% CI S 95% CI B 95% CI
Benzophenone-3 -23.4 [-42.6;2.2] -16.5 [-37.0;10.7] 7.0 [-14.2;33.4]
Bisphenol A -5.7 [-10.6;-0.5] -4.1 [-9.4;1.5] 3.7 [-1.3;8.9]
Bisphenol S 1.2 [-5.1;8.0] 46 [-2.4;12.1] 12.4 [5.9;19.3]
2,4 dichlorophenol -20 [-4.6;0.6] -0.2 [-3.0;2.6] 1.6 [-0.8;4.0]
2,5 dichlorophenol  -2.2 [-4.8;0.6] -0.6 [-35;24] 24 [-0.1;5.0]
Methylparaben 05 [6.1;7.5] 2.7 [-4.4;104] 4.1 [-2.1;10.8]
Ethylparaben 7.9 [0.9;15.4] -0.7 [-7.6;6.6] -1.2 [-7.1;5.0]
Propylparaben 75 [-1.8;17.7] 11.1 [0.9;22.3] 129 [3.9;22.7]
Butylparaben 14.8 [5.9;24.5] 53 [-3.4;14.7] -3.7 [-10.5;3.7]
Triclosan -0.1 [-9.5;10.3] 3.2 [-7.1;14.6] 55 [-3.7;15.5]

Effect estimates are reported as the percent change in phenol urinary concentration for an additional

PCP application in the studied time window.

Adjustment factors: woman, specific gravity, hour and day of urine sample collection and use of PCP
in other time windows than the window considered (i.e. for the 0 to 6 time window, we adjusted for PCP
use in the 6 to 12 and 12 to 24 hour windows, for the 6 to 12 hour window, we adjusted for use in the 0
to 6 and 12 to 24 hour windows and for the 12 to 24 hour window, we adjusted for use in 0 to 6 and 6

to 12 hour windows)
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Bisphenol A Bisphenol S Methylparaben Ethylparaben Propylparaben Butylparaben Triclosan
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B Positive assaciation (p-value < 0.05)
[ Negative association (p-value < 0.05)
PCP not included in the analysis because their use was reported for less than 5 urine samples

Figure 2.1: Adjusted percent change in phenol urinary concentrations with specific PCP (yes / no) and the total number of PCP applications in the past 0 to 6, 6 to 12 and
12 to 24 hours.

Adjustment factors were woman (fixed effect), specific gravity, day and hour of urine sample collection and use of PCP in other windows than the window considered.
Only associations with p-value below 5% are displayed
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Figure 2.2: Adjusted associations between the time elapsed since last use of PCP, modeled using

restricted cubic splines with 5 knots, and phenol urinary concentrations.

Max: time since last use of PCP (in hours) at which highest predicted concentration was observed
Adjustment factors were woman (fixed effect), specific gravity, time and day of urine collection.
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Other phenols and PCP use

Bisphenol S concentrations increased by 12.4% (95% CI = 5.9 ; 19.3, Table 2.4) for
each additional PCP use in the past 12 to 24 hours. No association was seen in the earlier time
windows. In line with these results, in the analysis relying on time since last PCP use, we
observed a peak in bisphenol S urinary concentration at 14.2 hours since last PCP use (Figure
2.2). Specific PCPs such as anti-stretchmarks cream (in the 0 to 6 and 6 to 12 hour windows),
facial cleanser and shower gel (in the 6 to 12 and 12 to 24 hour windows) were positively
associated with bisphenol S (Figure 2.1 and supplemental material Table 2.8).

No positive associations were observed with bisphenol A with the number of PCP
applications, in all three time windows considered. In the single PCP use models, the only
positive association observed for this compounds was with makeup remover use in the 0 to 6
time window (Figure 2.1 and supplemental material Table 2.8).The concentration of bisphenol
A tended to remain constant with the time elapsed since last PCP use (Figure 2.2).

Null associations were obsevered with the number of PCP applications and
concentrations of triclosan, benzophenone-3, 2,4 and 2,5 dichlorophenol. Regarding use of
specific PCPs, triclosan concentrations increased with use of deodorant in the 12 to 24 hour
window and lip/chapstick in the 6 to 12 hour window, but remained constant with time elapsed
since last PCP use. Use of deodorant was associated with an increase in the 2,4-dichlorophenol
urinary concentration (Figure 2.1 and supplemental material Table 2.8).

Benzophenone-3 was excluded from the specific PCPs use analysis because of the non-
convergence of the Tobit model, probably in relation to the relatively high percentage of
samples with non-detectable concentrations of this phenol (65%).

Sensitivity analysis

Adjusting for time since last meal and gestational age at urine sampling did not change
our main results (supplemental material Table 2.6, Table 2.7 and Figure 2.4). For comparison
with previous studies, results for the 0 to 24 hour time window are displayed in the

Supplemental Materials Figure 2.5.
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25 Discussion

This study relying on detailed information on intra-individual variations in PCP use and
phenol concentrations of eight women in which 178 urine samples were assayed, suggested that
use of many PCPs was positively associated with urinary concentrations of ethylparaben,
butylparaben, propylparaben and bisphenol S. These increases in urinary concentrations were
observed within 0 to 6 hours for ethylparaben and butylparaben, or 12 to 24 hours for bisphenol
S after PCP use. Results were unclear for propylparaben, with the analysis relying on time since
last use suggesting that the maximal value was attained at approximately 3 hours after PCP use
(Figure 2.2), while the analysis relying on the total number of applications (Table 2.4) suggested

associations for the 6 to 12 and 12 to 24 hour time windows.

Strengths and limitations

We relied on repeated urine measurements to quantify urinary phenol concentrations
and simultaneously collected information on the type of PCP used and the exact time of use.
This allowed us to precisely characterize temporal relations between PCP use and phenol
urinary concentrations, and to consider shorter time windows (0 to 6 and 6 to 12 hours prior to
urination) than those considered in previous studies which were usually longer than 24 or 48
hours prior to urination %6:°8:59.61.66,198.200204 “preyigus studies relying on these longer time
windows may have missed the rise in phenol urinary concentrations reported in toxicokinetic
studies within a few hours following PCP use (between 2 to 11 hours depending of the
compounds and routes of exposure) 37:38:20529 |y addition, for two of the eight women included,
we assessed phenol concentrations in all of the urine samples of a week (N = 114). Although
restricted to two subjects, this design is ideal if one seeks to detect a rise in urinary
concentrations of short lived compounds after a given exposure (e.g., use of PCPs) because all
the urine samples produced after the given exposure are available.

Our small sample size (eight pregnant women) is a result of the tradeoff between
building on a within-subject (temporal) contrasts than between-subject contrasts. Generally,
studies like ours, relying on within-subject contrasts are less prone to confounding bias (for
example due to differences between subjects using and those not using specific PCPs). The
downside is the limited between-subject variability both in terms of metabolism and pattern of
use of PCPs, that limits generalizability of findings. For comparison, to our knowledge, one of

the two previous studies with such detailed information on both urinary phenol concentrations
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and PCP use, was also restricted to eight participants ®’. Furthermore, we cannot rule out
residual confounding arising from other factors not assessed in our study such as use of
pharmaceuticals 2°72% and exposure to thermal receipts’ ink 2°°, which are sources of some of

the studied phenols.

Associations between use of PCPs and parabens’ urinary concentrations

Parabens are commonly used as preservativies in a wide range of PCPs, alone or in
combination %27, The total number of PCP applications was associated with higher urinary
concentrations of ethylparaben, propylparaben and butylparaben; these findings are in line with
former findings of studies among pregnant women %42% and non-pregnant adults and children
5859 For these three parabens, we observed a peak in the urinary concentration at approximately
3 hours after the last PCP use. This is in between what was reported following oral (about 2
hours for butylparaben and proplyparaben among non pregnant individuals %%2%) and dermal
exposure (8 hours for butylparaben in men 33), suggesting that urinary concentrations may be a
result of a combination of exposure thought differents routes.

Ethylparaben, propylparaben and butylparaben were positively associated with various
specific PCPs. Some of these associations were consitent with previous studies; this was in
particular the case of associations of these three parabens with creams, colored cosmetics
(mascara, foundation and contour) and hair care products (shampoo and conditioner)
59.61,6466,199-201- of ethylparaben with cleansers ®*; and of butylparaben with deodorant 5°%,
perfume and toothpaste . Other associations were highlighted for the first time by our study;
for all three parabens with makeup remover and for ethylparaben with bar soap, deodorant and
toothpaste.

Compared to previous studies of pregnant women that assessed associations between
PCP use and urinary concentrations, the median concentration of ethylparaben and
butylparaben were higher in our study 61:64200.202 while the propylparaben median was similar
to that reported in Sweden and Puerto Rico 2% but lower than those reported in the USA 2%
(Table 2.9).

Similar to other parabens, methylparaben has been detected in a wide range of PCPs in
the US %270, In our study this paraben was not clearly associated with the number of PCP
applications in all three time window considered, nor with the time elapsed since last PCP use.
This could be due do other predominant sources than PCP use, such as diet % or

pharmaceuticals use 2°72% that were not extensively considered in this study. When PCPs were
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considered separately, methylparaben exhibited positive associations with four, including
makeup-remover, coloured cosmetics, conditioner and bar soap. Our results for coloured
cosmetics and soap were in line with previous studies of pregnant women 616466200 adolescent
girls 1*° and non-pregnant adult women “8%°, The median concentration of methylparaben in our
study was higher than that reported in three of these studies ®°42%° and lower than that in Braun
et al. 2% (Table 2.9).

In summary, the associations between the paraben concentrations and PCPs were
observed in varying time windows. For a given route of exposure, half-life and excretion time
are expected to be relatively similar across the four parabens studied 33%°2%, The differences in

time windows could therefore be due to difference in routes of exposure accross parabens.

Other phenols and PCP use

Studies assessing phenols in PCPs from the USA and China reported presence of
bisphenol A and S in lotions, shampoo, conditioner, facial cleansers, sunscreens, lipsticks and
toothpaste >*7%1. In our study, the bisphenol S urinary concentration increased with total
number of PCP applications in the 12 to 24 hour time window. In line with this result we
observed a peak in urinary concentration 14.2 hours after last PCP use.

Specific PCPs attributed to this increase were anti-stretchmarks cream, facial cleanser
and shower gel, similar to PCPs in which bisphenol S was previously detected in other regions.
Two previous studies among pregnant women 5! and Norwegian female and male adults *’ did
not highlight any associations with PCP use within 24 hours prior to urine collection for this
phenol, thus our results should be interpreted with caution. Concentrations of bisphenols S in
our study were similar to those reported by Ashrap et al., ®* (Table 2.9).

Bisphenol S is a substitute compound for bisphenol A and may in some instances be
used in products that used to contain bisphenol A. We observed no positive association with
bisphenol A, a compound that has recently been recognized as substance of very high concern
in the EU 2%,

Our results did not strongly support associations between triclosan and the number of
PCP applications. In the analysis of specific PCPs analysis, two of the observed associations
for triclosan were positive, i.e., increasing triclosan concentration following use of deodorant
and lip/chap stick) while the other two negative (i.e. decreasing triclosan concentration in
relation to intimate soap and shower gel). Contrary to previous publications 5°%°, no significant

association between toothpaste use and triclosan concentration was observed. In the EU,
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triclosan concentrations in toothpaste are limited to a concentration of 0.3%. We were limited
in studying previoulsy reported positive associations between triclosan concentrations and
liquid soap, hair spray and sunscreen 61:86:199204 hecause of low use of such PCPs in our study
popualtion. Concentrations of ticlosan in our triclosan in our study were lower than those
recorded among pregnant women from Puerto Rico ®,

We observed no association between aggregated PCP use and benzophenone-3
concentrations. Unfortunately we did not have enough variability for both use of sunscreen
(reported less than 5 times) and benzophenone-3 concentrations (only 35% of detection) to

study this association.

Conclusion

Among eight French pregnant women, we observed that the use of PCPs was associated
with a short-term increase in urinary concentration of ethylparaben, butylparaben and
propylparaben and to some extend (for specific PCP use only) with methylparaben. This was
consistent with previous studies conducted among pregnant women in and non-pregnant
individual in America and Sweden. This study also reported that use of various PCPs was
associated with increased bisphenol S concentrations, a possible substitute of bisphenol A with
suspected endocrine disrupting capacity 21, This finding needs replication in further studies.
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Table 2.5: Spearman’s correlation coefficients between phenol concentrations and specific
gravity (178 urine samples of 8 pregnant women)

BP3 BPA BPS DC4 DC5 MP EP PP BP TCS SG
BP3  1.00
BPA 015 1.00
BPS 004 023  1.00
DC4 004 050 042  1.00
DC5 -012 010 036 067 1.00
MP 024 033 019 011  -040 1.00
EP 003 028 009 010 -036 062 1.00
PP 009 029 004 -008 -051 064 080 1.00
BP 019 024 016 008 -038 094 058 057 1.00
TCS -006 026 031 053 049 015 013 -002 014 1.00
SG 001 044 032 079 067 -002 003 -012 -001L 048  1.00

Abbreviations; BP3:benzophenone-3, BPA: bisphenol A, BPS: bisphenol S, DC4; 2,4-dichlorophenol, DC5: 2,5-
dichlorophenol, MP: methylparaben, EP: ethylparaben, PP: propylparaben, BP: butylparaben, TCS: triclosan,
SG: specific gravity
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Table 2.6: Adjusted percent change (B) in the In-transformed phenol urinary concentrations in
relation to the total number of times PCPs were used in last 0 to 24 (N= 178 urine samples of 8 women); adjusted
for time since last meal.

0to6 6to 12 12to 24
B 95%CI B 95%CI B 95%CI
Bisphenol A -20 [-7.8;4.3] -6.8 [-12.3;-0.9] 3.7 [-0.6;8.1]
Bisphenol S -3.4 [-10.4;4.2] 4.6 [-11.5;2.8] 10.0 [4.5;15.7]
Methylparaben 4.2 [-11.3:3.5] 0.2 [-7.6;7.8] 2.7 [-25:8.3]
Ethylparaben 10.0 [1.8;18.8] 0.2 [7.2:8.2] 1.3 [6.3;4.0]
Propylparaben -3.1 [-12.9;7.6] 1.0 [-9.1;12.1] 8.7 [1.2;16.8]
Butylparaben 12.9 [2.9;23.8] 9.4 [-0.1;19.8] 44 [-10.2;1.7]

Effect estimates are reported as the percent change in phenol urinary concentration for an additional PCP application in the studied time
window.

Adjustment factors were woman (fixed effect), specific gravity, time of urine sample collection, hour of urine sample collection, time
elapse since last meal, and use of PCP in other windows other than the window considered.

Effect estimates correspond to the change in the In concentration of phenols for one additional application of PCPs in the given time
windows.
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Figure 2.4: Adjusted percent change in phenol urinary concentrations with specific PCP (yes / no) and the total number of PCP applications in the past 0 to 6, 6 to 12 and 12 to
24 hours, additionally adjusted for time since last meal.

Adjustment factors were woman (fixed effect), specific gravity, time of urine sample collection, hour of urine sample collection time since last meal and use of PCP in windows
other than the window considered.
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Table 2.7: Adjusted percent change (B) in the In-transformed phenol urinary concentrations in
relation to the total number of times PCPs were used in last 0 to 24 (N= 178 urine samples of
8 women); adjusted for gestational age.

0 to 6 -hours 6 to 12-hours 12 to 24-hours

p 95%ClI B 95%ClI p 95%ClI
Benzophenone-3 -23.9 [-42.4;04] -13.8 [-34.0; 12.6] 24 [-17.3;26.7]
Bisphenol A 20 [-7.6;4.0] -7.2  [-12.6;-1.4] 39 [-03;8.3]
Bisphenol S -3.6  [-10.3;3.5] -43  [-11.0;3.0] 9.8 [44;155]
2,4 dichlorophenol -1.8 [-4.6;1.1] 16 [-4.4;1.4] 1.3 [-0.7;3.4]
2,5 dichlorophenol -1.1  [-4.0; 1.8] -31 [-6.0;-0.2] 19 [-0.2;4.1]
Methylparaben 22 [9.2;5.3] 0.3 [-7.0;8.2] 24 [-2.8;7.9]
Ethylparaben 8.9 [1.1;17.3] 0.1 [-7.2;8.0] -1.2 [-6.2;4.0]
Propylparaben -2.3  [-11.6;8.0] 0.2 [-9.6; 11.0] 9.1 [1.7;17.1]
Butylparaben 10.7 [1.4;20.9] 6.2 [-2.8; 16.0] -3.0 [-8.8;3.1]

Triclosan

4.0  [13.7;6.9]

10  [94;126]

31 [-4.4;11.0]

Effect estimates are reported as the percent change in phenol urinary concentration

for an additional PCP application in the studied time window.

Adjustment factors were woman (fixed effect), specific gravity, time of urine sample

collection, hour of urine sample collection, gestational age, and use of PCP in other windows
other than the window considered.
Effect estimates correspond to the change in the In concentration of phenols for one additional
application of PCPs in the given time windows
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Figure 2.5: Adjusted percent change in phenol urinary concentrations with total number of PCP applications or single PCP used in the

previous 0 to 24 hours
Adjustment factors were woman (fixed effect), specific gravity, time of urine sample collection and hour of urine sample.
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Table 2.8: Adjusted percent change () in phenol urinary concentrations with use of specific
PCP (yes / no) in the past 0 to 6, 6 to 12 and 12 to 24 hours (corresponding to Figure 1)

Bisphenol A
0-6 hours 6-12 hours 12-24 hours
B 95%ClI B 95%Cl p 95%ClI
Toothpaste -16.6  [42.2;20.3] -116 [-39.7;29.4] -158 [-52.2 ; 48.3]
Face cream -223  [484;172] -248 [-50.1;134] -10.6 [-41.8 ; 37.4]
Deodorant 312 [-55.1;5.6] 222 [52.2:267] -11.7 [-42.4 ;35.1]
Makeup remover 98.1  [5.0;273.8] 128 [-33.2;90.4] 98 [-41.7 ; 39.8]
Mascara -105  [-42.2;38.6] 7.6 [465;59.6] 22.1 [-22.8 ;93.1]
Foundation -150 [-46.0;33.7] -215 [-55.1;37.1] 0.4 [-38.1;62.9]
Bar soap 55  [-44.1;59.7] 3.3  [46.2:;738] 184 [-27.0;92.0]
Shower gel -35.4  [-59.4;2.7] 74 [-50.3;724] -16.4 [-46.9 ; 31.6]
Shampoo 372 [-61.7;28] -323 [615;189] 58 [-30.3;60.5]
Body cream -21.9  [-58.6;47.1] 29 [46.8:773] -5.2 [-39.5 ; 48.5]
Conditioner 441 [-69.6;2.7] 488 [-732;-23] -15.7 [-50.7 ; 44.1]
Lip/Chapstick 449  [676;-65] -416 [-66.7;2.6] 8.0 [-32.7 ; 73.4]
Perfume -35.7 [-64.8;175] 334 [-32.7;164.6] 50.7 [-14.9 ; 167.0]
Contour -16.2  [-54.5;544] 534 [-77.3;-45] -265 [-56.8 ; 25.3]
Facial cleanser -26.9 [65.3;53.9] -128 [-56.5;75.2] 2.9 [-45.0 ; 92.5]
Anti-stretchmarks' cream 34 [-60.5;170.5] -50.1 [-81.3;32.9] -46.5 [-73.7 ; 8.7]
Hand cream 0.2 [-59.8;149.9] 446 [-21.0 ; 164.4]
Intimate soap 35.9 [-50.9 ; 275.7]
Thermal spring water
Bisphenol S

Toothpaste 9.2 [420:;422] 192 [-253;90.2] 413 [-29.4 ; 182.8]
Face cream -1.7  [409:635] 117 [-328:857] 117 [-34.4;90.3]
Deodorant 1.2 [-40.9;65.0] 7.7  [486:65.7] 465 [-12.2 ; 144.2]
Makeup remover 0.8 [54.8;1247] 519 [-21.6;1941] -2.0 [-43.6 ; 70.3]
Mascara 49  [-44.1:61.9] 65 [-51.8:;81.5] 64.3 [-5.9 ; 186.9]
Foundation -05  [427;729] -12.0 [554;737] 515 [-16.0 ; 173.1]
Bar soap -582 [-77.1;-23.6] -583 [-78.7;-18.1] -2.3 [-44.0 ; 70.3]
Shower gel 28.1 [-27.0;124.9] 1624 [23.4:;4582] 1953 [70.3 ; 412.3]
Shampoo 333 [63.1;205] -256 [62.2;462] 422 [-13.8 ; 134.5]
Body cream 616 [-27.6;2604] 406 [-34.4;201.5] 217 [-31.0 ; 115.0]
Conditioner -46.8  [-74.4;105] 512 [-77.5;6.1] 14.5 [-39.9 ; 118.0]
Lip/Chapstick 808  [-7.7;2542] -75 [54.7;89.2] 64.8 [-9.7 ; 200.5]
Perfume -17.9  [-61.6;75.4] 452 [-38.6:;243.4] -185 [-60.3 ; 67.4]
Contour 706  [-21.4;270.1] 1000 [-19.6;397.8] 83.7 [-6.5;261.1]
Facial cleanser 249 [-39.6;158.3] 799.0 [355.0;1676.2] 749.0  [360.3;1466.0]
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Anti-stretchmarks' cream 2342  [2.3;991.7] 2380 [1.2;1028.9] 119.7 [-8.3; 426.4]
Hand cream 9.2 [-70.9;1829] 55 [-55.4 ; 100.2]
Intimate soap 6.2 [-70.3 ; 279.5]
Thermal spring water 541.6 [-48.7 ; 7922.8]
2,4 Dichlorophenol
Toothpaste 11 [15.0;202] 26 [18.7;16.7] 85 [-17.0 ; 41.8]
Face cream 91  [-25.1;10.3] 1.0 [16.8;225] -9.7 [-26.3 ; 10.6]
Deodorant 16.8  [-4.2;423] 287  [2.7;61.2] 24.4 [2.2 ;51.6]
Makeup remover 119  [-17.6;51.8] 0.6 [21.8;294] -65 [-24.3; 15.4]
Mascara 95 [264:;11.1] -08 [-23.2;283] 119 [-9.8 ; 38.8]
Foundation 9.0 [-26.6;12.7] -1.9  [-246;27.7] 59 [-15.7 ; 33.0]
Bar soap 99  [29.4;150] 163 [-11.5;529] 58 [-15.5; 32.5]
Shower gel 222 [374;-32] -181 [-388:;9.7] -156 [-31.8; 4.5]
Shampoo 133 [-31.4;9.7] 1.1 [-244;293] 48 [-14.1; 27.8]
Body cream 04  [26.2;342] 242 [-6.5;65.0] 43 [-15.6 ; 28.9]
Conditioner -189  [-39.4;8.4] -1.4  [-276:342] -23 [-24.4 ; 26.2]
Lip/Chapstick 1.8 [-24.0;26.9] 146  [-12.8;50.6] 0.4 [-20.2 ; 26.3]
Perfume 1.9 [-26.6;31.1] 24  [263;422] -838 [-30.7 ; 20.0]
Contour 6.3  [30.1;25.6] -23.8 [46.0;75] 6.4 [-27.5; 20.8]
Facial cleanser -152  [-39.9;196] 33.0 [-3.7;836] 322 [-1.1;76.7]
Anti-stretchmarks' cream 345  [-58.3;2.9] 410 [-62.7:-65]  -17.9 [-41.2 ; 14.5]
Hand cream 3.7 [37.7;488] 65 [-29.8 ; 24.7]
Intimate soap -33.6 [-57.2;3.2]
Thermal spring water 44 .4 [-45.5 ; 282.6]
2,5 Dichlorophenol

Toothpaste 44 [-20.1;14.4] 06 [165;212] 237 [-6.2;63.1]
Face cream 121 [-28.2;7.5] 71 [241;137] 58 [-14.4 ;30.7]
Deodorant -84  [256;129] 11.3 [-12.3;41.3] 197 [-2.8;47.5]
Makeup remover 6.3  [23.1;469] 162 [-11.0;517] 159 [-7.3;44.8]
Mascara -140  [-30.5;6.4] 6.7 [-285:;21.7] 106 [-11.5;38.3]
Foundation 141 [-31.1;7.2] 79  [-29.8;21.0] 69 [-15.6 ; 35.4]
Bar soap 52  [-26.5;22.4] 33  [224:;373] 224 [-3.2;54.9]
Shower gel 9.7  [-28.6;14.3] 49 [-235:;439] -0.1 [-20.6 ; 25.8]
Shampoo 38  [-248;229] -82 [30.7;215] 120 [-9.0;37.8]
Body cream 126 [-36.4;20.1] 22 [245;383] 53 [-15.9 ; 32.0]
Conditioner 6.5  [-31.0;26.8] 55 [-31.6;306] 151 [-12.0 ; 50.6]
Lip/Chapstick 05  [-24.3;30.7] 30 [23.0;37.7] -55 [-25.9 ; 20.7]
Perfume 58  [-22.2;44.0] 59 [-25.3;50.2] 36 [-22.6 ; 38.8]
Contour 104  [-19.1;50.6] 239 [14.1;787] 46 [-20.2 ;37.2]
Facial cleanser -140 [40.6;245] 148 [-18.8;624]  26.2 [-7.6;72.4]
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Anti-stretchmarks’ cream 382 [-61.8;-0.1]  -154 [-48.2;381] 165 [-18.3; 66.2]
Hand cream 05 [617;-54] -125 [-35.1; 18.1]
Intimate soap 11.4 [-32.9; 84.9]
Thermal spring water 40.3 [-50.1 ; 294.6]
Methylparaben

Toothpaste 353 [-12.2;108.6] 171 [-25.3;83.8]  45.9 [-25.2 ; 184.8]
Face cream 519 [6.5;146.8] 27.3 [-21.6;106.6] 16.4 [-29.9; 93.4]
Deodorant -16.9  [49.8;375] 395 [-21.4;1479] 510 [-8.6 ; 149.4]
Makeup remover 1421  [9.5;435.1] 542 [-19.9;196.6] 91.7 [10.9; 231.2]
Mascara 459 [-12.4;1429] 444 [-235;1729] 935 [13.4 ; 230.2]
Foundation 195 [-29.6;102.9] 356 [-29.2;159.9] 95.3 [11.1; 243.2]
Bar soap 124 [-38.7;106.2] 17.8 [-40.2;132.2] 108.2 [19.0 ; 264.1]
Shower gel 262 [58.9;326] -46 [56.6;109.4] -29.6 [-60.3; 25.0]
Shampoo 113 [-38.1;99.9]  29.0 [-33.9;151.8] 714 [45;181.3]

Body cream 16.4 [-475;157.9] 156 [-45.8;146.3] 28.6 [-26.8 ; 126.0]
Conditioner 6.5 [-48.3;119.5] 103 [-48.8;137.9] 1136 [12.9 ; 304.2]
Lip/Chapstick 211 [-38.3;137.7] 714 [-16.3;251.2] -30.8 [-62.1; 26.5]
Perfume 51 [55.9;104.4] 519 [-36.4;262.8] -21.3 [-62.0 ; 62.8]
Contour 490 [-315;2241] -17.7 [-67.0;105.3] -17.7 [-58.2 ; 62.1]
Facial cleanser 255 [-50.6;219.0] 505 [-37.2;260.8] -10.0 [-59.0 ; 97.6]
Anti-stretchmarks' cream 648  [-89.6;18.6] -44.7 [-84.0;909] -7.3 [-62.2;127.5]
Hand cream 10.0 [-65.1;246.7] 65.1 [-22.7 ; 252.8]
Intimate soap 48.8 [-56.6 ; 410.7]
Thermal spring water -55.2 [-96.7 ; 509.6]

Ethylparaben

Toothpaste 708 [105;164.1] -08 [-36.9;56.2]  46.2 [-25.4 ; 186.6]
Face cream 90.3 [16.4;211.1] 239 [-24.2;1024] -85 [-45.3 ; 53.1]
Deodorant 371 [-17.8;1284] -44 [-466;71.2] 718 [3.3;185.7]

Makeup remover 1212 [2.3;3780] -36.0 [-66.1;20.8] -44.1 [-67.1;-4.9]
Mascara 828  [10.1;2036] -41.5 [-68.9;102] 143 [-32.9 ; 94.4]
Foundation 728  [2.0;1926]  -444 [-70.9;6.3] 15.6 [-34.1;102.7]
Bar soap 1035  [9.6;277.7] 649 [-17.5;229.3] 915 [8.3;238.7]

Shower gel 386  [655;9.1]  -430 [-73.6;235] -53.8 [-73.7 ; -18.8]
Shampoo 754  [3.6;219.2] 105 [-44.2;119.0] 42.3 [-14.2 ; 136.1]
Body cream 1145 [-2.7;3725] 300 [-386;1755] -9.9 [-48.5;57.7]
Conditioner 422 [-32.8;200.8] 81 [-51.2;139.4] 447 [-25.3;180.1]
Lip/Chapstick 411 [-27.2;1733] 1145 [6.2;3336] -52.1 [-73.5; -13.5]
Perfume 725 [-195;269.8] -3.1 [-59.2;130.2] 8.0 [-47.6 ; 122.5]
Contour 86.6 [-13.1;300.8] -0.8 [-59.6;143.9] -37.9 [-68.1; 20.9]
Facial cleanser 201.4 [21.8;646.1] -49.1 [-78.2;19.0] -32.0 [-68.3 ; 45.8]
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Anti-stretchmarks’ cream 663 [-89.9;12.5]  -151 [-75.1;189.9] 26.4 [-48.1; 207.7]
Hand cream 685 [-44.4;4105] -57.2 [-79.4;-10.9]
Intimate soap 169.2 [-23.2 ; 844.0]
Thermal spring water 363.4 [-62.9 ; 5684.6]
Propylparaben
Toothpaste 115 [-39.4;1049] 6.7 [-43.4;101.0] 143.6 [-4.9;524.1]
Face cream 1123 [9.4;312.0] 520 [-21.6;194.9] 196.1 [47.9 ; 492.7]
Deodorant 218  [-61.9;605] 462 [-355;231.6] 44.6 [-29.3;195.7]
Makeup remover 679.6 [173.0;2126.4] 146.9 [3.9;486.7] 3415 [114.1;810.3]
Mascara 217.8 [60.6;528.9] 449.3 [134.3;1187.6] 288.8 [90.1 ; 695.0]
Foundation 236.6 [71.6;560.0] 680.2 [240.8;1686.2] 625.4 [253.8 ; 1387.6]
Bar soap -16.4 [-65.2;101.1] -418 [-78.2:;553] -3.3 [-56.9 ; 117.0]
Shower gel 51.1 [-33.4;242.8] 827 [-39.1;448.3] -84 [-58.9 ; 104.2]
Shampoo 139.9  [6.6;440.1] 1023 [-19.9;411.1] 150.9 [26.4 ; 398.2]
Body cream 11.2 [-63.4;2374] 872 [-34.8;437.6] 158 [-47.3 ; 154.2]
Conditioner 37.7 [51.2;2884] 16 [-66.2;205.6] 80.0 [-27.9 ; 349.1]
Lip/Chapstick -1.7 [-60.5;1449] 1879 [9.0;660.3]  190.2 [28.3 ; 556.2]
Perfume -395  [-79.3;77.0] 155 [-65.8;290.1] 59.8 [-42.2 ; 342.0]
Contour 117.2 [-24.9:;528.3] 4165 [48.0;1702.8] 69.8 [-32.8 ; 328.8]
Facial cleanser 125.6 [-38.2;723.3] 749 [48.0;488.1] -225 [-74.0 ; 130.6]
Anti-stretchmarks' cream 235  [-86.2;325.5] 57.5 [-72.6;804.2] 14.9 [-67.6 ; 307.9]
Hand cream 569.8 [61.7;2674.0] 802.7 [252.8 ; 2209.6]
Intimate soap 217 [-86.5 ; 354.9]
Thermal spring water 47.6 [-96.1 ; 5431.1]
Butylparaben

Toothpaste 1420 [42.6;310.6] 224 [-29.4;112.2] 326 [-41.6 ; 201.2]
Face cream 138.3 [33.0;327.0] 730 [-35;2100] -17.2 [-55.0 ; 52.5]
Deodorant 306 [-285:;1386] 129 [435;1257] 1176 [18.6 ; 299.2]
Makeup remover 230.8  [31.2;734.1] 7.2 [50.3:131.4] -416 [-69.3; 10.9]
Mascara 1743 [50.6;399.5] 195 [-43.7;153.6] 103.8 [8.9 ;281.5]
Foundation 141.7 [29.9;349.77 -05 [-54.0;115.1] 1148 [10.8 ; 316.2]
Bar soap 719 [-17.4:;257.7] -54 [-58.6;115.8] 838 [-7.5; 265.4]
Shower gel -148 [-58.3;74.2] 548 [-41.6:309.8] -51.1 [-75.6 ; -2.0]
Shampoo 1356  [16.6; 376.0] 48 [53.4;1357] 415 [-21.6 ; 155.6]
Body cream 2759 [435;8847] -39 [-625;146.1] -14.0 [-56.5 ; 69.9]
Conditioner 56.3 [-35.0;275.6] -48.7 [-79.6;28.6] 441 [-32.9 ; 209.4]
Lip/Chapstick 151.8 [10.7;472.8] 2316 [39.9;686.2] -33.5 [-67.8 ;37.3]
Perfume 102.8 [-18.0;401.4] 310.2 [46.2;1050.4] 36.4 [-42.7 ; 224.7]
Contour 4472 [1265;1222.2] 2051 [8.2;760.3] -27.0 [-66.2 ; 57.5]
Facial cleanser 100.6 [-34.1;510.2] -475 [-81.4;484] 53 [-64.0 ; 149.0]
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Anti-stretchmarks' cream .633  [-91.4;57.2] -51.4 [-89.7;129.3] -64.6 [-88.5;8.8]

Hand cream 316 [-64.2;384.3] -67.2 [-86.8 ; -18.5]
Intimate soap 22.7 [-77.9 ; 582.3]
Thermal spring water 41.4 [-93.3; 2885.1]
Triclosan
Toothpaste 458 [-233;177.0] 265 [-353;147.4] 89.6 [-29.7 ; 411.4]
Face cream 349 [-342;176.7] 36.8 [-33.4;180.9] -26.8 [-65.5;55.2]
Deodorant 635 [-22.3;243.8] 57.7 [-32.8;2704] 1443 [16.6 ; 412.2]
Makeup remover 3.6 [70.9;219.8] -31.2 [74.4:852] -25.8 [-67.6;69.9]
Mascara -25.7  [-65.5;60.1] 2.7 [60.8;1687] 5.4 [-52.9 ; 135.9]
Foundation -29.1  [-67.8;56.5] 147 [-56.8;204.9] 388 [-40.2 ; 222.3]
Bar soap 181 [-52.3;192.6] 146.4 [-11.3:584.2] 945 [-15.6 ; 348.4]
Shower gel -245 [-67.1;732] -69.6 [90.2;-59] -77.8 [-90.1 ; -49.9]
Shampoo 349 [-439;2245] 516 [45.2;319.1] 276 [-39.0; 167.2]
Body cream 9.7 [-722;1939] -1.7 [-68.1;202.8] -158 [-63.5;94.5]
Conditioner 401 [-79.9;78.5] 6.7 [67.2;247.8] 10.4 [-57.6 ;187.1]
Lip/Chapstick 109.8 [-21.7;461.9] 2839 [34.6;995.0] 2.4 [-57.5; 146.9]
Perfume 237 [60.3;2852] 59.7 [-55.9;479.0] -13.9 [-71.0; 155.7]
Contour -147 [-72.7:166.8] -21.1 [-79.4;2015] -57.5 [-84.3;15.0]
Facial cleanser 6.9 [-73.3;327.3] 1261 [-37.6;7185] 53.9 [-51.6 ; 390.0]
Anti-stretchmarks' cream 654  [-94.2:106.5] -82.1 [-97.1;11.9] -38.2 [-83.5;131.4]
Hand cream 114.2 [-60.3;1056.5] 20.4 [-60.5 ; 266.9]
Intimate soap -86.0 [-97.8;-9.0]
Thermal spring water 186.5 [-93.8;13210.6]

Adjustment factors were woman (fixed effect), specific gravity, day and hour of urine sample collection and use
of PCP in other windows than the window considered
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Table 2.9: Medians? of phenol urinary concentrations in previous studies of epidemiological studies of pregnant women that assessed between
PCP used in the previous 24 to 48 hours and urinary concentrations of phenols during pregnancy and PCP survey studies

Reference Country N Benzophenone-3 Bisphenol A Bisphenol S Methylparaben Ethylparaben Propylparaben Butylparaben Triclosan
Current sudy France 8 <LOD (<LOD-24) 16(0.2-2.8) 0.3(0.1-05) 128 (3.7- 445.5) 6.1 (<LOD-27)  14.9(0.2-94.2) 2.0 (<LOD-10) 1.8 (<LOD-3.4)
Meeker etal., 2013 Puerto Rico 105  31.3(11.5-172) 2.5(1.3-4.4) NA 153 (57.6-381) NA 36.7(10.1-130) 0.4 (<0.2-5.5) 26.2(1.3 -121)
Braun et al., 2014 USA 170 NA NA NA 146 (52.5-538) NA 39.9 (8.2-149) NA

Larsson, 2014 Sweden 98 NA 1.29 (0.80-5.02) NA 11(40-680) 2.4 (0.89-84) 18 (3.5-280) <LOD (<LOD-11) <LOD (<LOD-7.3)
Fisher, 2017 Canada 31 NA NA NA 27.21(9.73-102.5) 1.87(0.14-10.72) 4.46 (1.06-18.6) 0.35(0.5-1.83)

Ashrap, 2018 Puerto Rico 1003  27.3(11.2-119.8) 2.0 (1.3-3.5) 0.4 (0.2-0.9) 92.8 (25.70-245.4) 1.50 (0.70-8.9) 17.8 (3.30-75.4) 0.20 (0.10-1.8) 15.4(3.6 ; 867.1)

Abbreviations: LOD: Limit of detection, NA: not analyzed

aMedians with 5™ -75™ percentiles in parenthesis
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3. Phenols, phthalates and child neurodevelopment

This chapter constitutes of two studies carried out among mother-son pairs of the EDEN
cohort. One on the associations between prenatal exposure to phenols and phthalates on
cognition (section 3.1) is discussed in detailed since | am the first author of the corresponding
manuscript published in the Environment health journal * and was in charge of both statistical
analysis and manuscript writing. The second study (section 3.2) explored the effect of phenols
and phthalates on child behavior. This study was published in the Environmental health

perspectives journal 1%, 1 was mainly involved in the statistical analysis and am second author.
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3.1. Phenols, phthalates and cognition of boys in the EDEN Cohort
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3.1.1 French summary

Introduction

Les effets d’une exposition précoce aux perturbateurs endocriniens, tels que les phénols ou phtalates, sur
le développement des fonctions cognitives de [’enfant suscitent des inquiétudes. Les études
épidémiologiques sur le sujet se sont principalement concentrées sur les métabolites des phtalates et le
bisphénol A. Notre étude avait pour but d’investiguer les relations entre [’exposition in-utero aux phtalates,
bisphénol A, d’autres phénols (parabénes, triclosan, dichlorophénols et benzophénone-3) et le Quotient
Intellectuel (QI) chez des garcons de 5-6 ans.

Méthodes

Nous avons sélectionné 452 couples mere/fils issus de la cohorte frangaise EDEN et mesuré les
concentrations de 11 métabolites des phtalates et 9 métabolites des phénols (4 parabenes, le benzophénone-
3, bisphénol A, 2 dichlorophénols et le triclosan) a partir d’échantillons d urine maternelle collectés entre
les 22° et 29° semaines de grossesse. Les QI verbal et de performance ont été évalués a I’dge de 5-6 ans par
un psychologue via [’échelle « Wechsler Preschool and Primary Scale of Intelligence (WPPSI) ». Les
modeles d’équations structurelles et la correction de Benjamini and Hochberg (correction « False
Discovery Rate ») ont été utilisés afin d’investiguer les associations entre [’exposition maternelle aux

phénols, phtalates et le QI des garcons.

Résultats

Les concentrations des métabolites des phénols et phtalates n’étaient pas négativement associées avec les
Ol verbal et de performance des enfants (p-valeurs > 0.09). Le mono(3-carboxypropyl) phtalate tendait a
étre associé a une augmentation du QI verbal (f =0,136, intervalle de confiance a 95%, 0,01, 0,27) mais

cette relation disparaissait apres correction pour les comparaisons multiples (p-valeur corrigée, 0,71).

Conclusion

A notre connaissance, cette étude est la premiére a examiner les relations entre une exposition aux
parabénes, benzophénone-3, dichlorophénols, triclosan et le développement cognitif de [’enfant. Les
résultats ne suggérent pas d’association négative entre une exposition in-utero aux phénols, phtalates et les

QI Verbal et de Performance.
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3.1.2 Abstract

Background

There are concerns that developmental exposure to endocrine disrupting chemicals such as
phenolic compounds and phthalates could affect child cognitive functions. Epidemiological
studies assessing such associations have mainly focused on phthalate metabolites and bisphenol
A but not on the other phenolic compounds. Our study aimed to assess the relationship between
in-utero exposure to phthalates, bisphenol A and other phenolic compounds (parabens,
triclosan, dichlorophenols and benzophenone-3) and the Intelligence Quotient (1Q) of boys at
5-6 years.

Methods

In 452 mother-son dyads from the French EDEN cohort, we measured 11 phthalate metabolites
and 9 phenolic compounds (4 parabens, benzophenone-3, bisphenol A, 2 dichlorophenols and
triclosan) in spot urine samples collected between 22 and 29 gestational weeks. Verbal and
performance 1Q of children was assessed at 5-6 years by a psychologist using the Wechsler
Preschool and Primary Scale of Intelligence (WPPSI). We used adjusted Structural Equation
Models (SEM) and the Benjamini and Hochberg false discovery rate (FDR) correction to assess
the associations between maternal urine phenol and phthalate metabolite concentrations

considered simultaneously and the boys' 1Q.

Results

No phenol or phthalate metabolite concentration was negatively associated with child verbal
or performance 1Q (p-values > 0.09). Mono(3-carboxypropyl) phthalate tended to be associated
with increased verbal IQ ( =0.136, 95% confidence interval, 0.01; 0.27) but this association
disappeared after correction for multiple comparison (corrected p-value, 0.71).

Conclusion

To our knowledge, our study is the first to consider developmental exposure to parabens,
dichlorophenols, triclosan and benzophenone-3 in relation to child cognitive development. Our
findings did not suggest an inverse association between in-utero phenols and phthalates

exposure and child verbal and performance 1Q.
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3.1.3 Methodology

Study population

The study population was a sample of mother-son pairs of the EDEN (Etude des
Déterminants pré et post natals du développement et de la santé de |’Enfant) cohort 22, The
EDEN cohort consists of 2,002 pregnant women recruited before the end of the 28th gestational
week from February 2003 through January 2006 in the obstetric departments of Nancy and
Poitiers university hospitals, France. The cohort received approval from the ethics committee
of Kremlin-Bicétre University hospital. To be included in the cohort the participants gave
informed written consent for themselves and for their children.

Among the 998 boys of the EDEN cohort born alive, 452 had 1Q assessments at 5 years
and urinary concentrations of phenols and phthalate metabolites assessed in maternal urine.
Urinary concentrations of phenols and phthalate metabolites were assessed in a framework of
previous projects that evaluated associations between these compounds and male genital
malformation, explaining why we focused on boys 2** and growth 224216 Inclusion criteria for
biomarker assessments was being a boy, having at least one urine sample available during
pregnancy and having data on growth during the pre and postnatal period (up to 3 years).

While this prevents generalizability of our findings to females, focusing on one sex is
not a source of bias. Moreover, in the context where sex specific effects are plausible 2222 a
study restricted to one sex will indeed have higher statistical power than a study of similar

sample size including both sexes in which two sex-specific analyses are conducted.

Assessment of 1Q

IQ was assessed at an average age of 5.7 (Standard Deviation (SD): 0.1) years using the
French version of the Wechsler Preschool and Primary Scale of Intelligence-Third Edition
(WPPSI-111), 2! that was translated, culturally adapted to French norms, and calibrated in a
sample of 999 children representative of the French youth aged 2.5 to 7.25 years by the ECPA
(Editions of the Centre in Applied Psychology) %22,

Assessments were carried out by two trained psychologists using the seven core subtests
to assess the verbal and performance 1Q scales. The seven subtests include: information
(number of correct answers to questions that address a broad range of general knowledge topics,
34 items), vocabulary (number of words correctly defined, 25 items), word reasoning (number

of concepts correctly identified from a series of clues, 28 items), block design (number of
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correct designs recreated using blocks, 20 items), matrix reasoning (number of matrices
correctly completed, 29 items) and the picture concepts subtest (number of correct selections
of 2 or 3 pictures with common characteristics, 28 items) and coding (humber of correct

symbols copied corresponding to geometric shapes, 59 items) 22,

Exposure assessment

We measured concentrations of bisphenol A, benzophenone-3, triclosan, 2,4 and 2,5
dichlorophenol, methyl, ethyl, propyl and butylparaben along with 11 phthalate metabolites
(monoethyl phthalate (MEP), mono-n-butyl phthalate (MnBP), mono-isobutyl phthalate
(MiBP), mono(2-ethyl-5-carboxypentyl) phthalate (MECPP), mono(2-ethyl-5-hydroxyhexyl)
phthalate (MEHHP), mono(2-ethyl-5-oxohexyl) phthalate (MEOHP), mono(2-ethylhexyl)
phthalate (MEHP), monobenzyl phthalate (MBzP), monocarboxy-isooctyl phthalate (MCOP),
mono(3-carboxypropyl) phthalate (MCPP) and monocarboxy-isononyl phthalate (MCNP))
from maternal urine samples collected during pregnancy between 22 and 29 gestational weeks
using online solid phase extraction-high performance liquid chromatography-tandem mass
spectrometry 224225, Creatinine, a proxy of urine dilution, was also measured. Assessments were
performed at the National Center for Environmental Health laboratory at the CDC in Atlanta,
Georgia, USA

Confounding

Confounders were identified a priori from literature and included variables associated
with both exposure and the outcome as well as variables associated with the outcomes only;
center of recruitment (Poitiers / Nancy), maternal age (continuous), child age at assessment
(continuous), parity (nulliparous / >1child), maternal body mass index (continuous), parental
education level (average number of years spent in school by mother and father), breastfeeding
duration (never / breastfed), household income (<1500, 1500 — 3000 and > 3000 Euros),
smoking during pregnancy (yes/ no), maternal psychological difficulties during pregnancy (yes
/ no) and child cognitive stimulation (continuous).

Child cognitive stimulation was assessed using items from the short form of the Home
Observation for the Measurement of the Environment Scale questionnaire (HOME), at 5 years.
The maternal psychological difficulties score during pregnancy was constructed by combining
scores of the Center for Epidemiologic Studies Depression Scale Revised (CESD) and of the
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State-Trait Anxiety Inventory (STAI) two questionnaires designed to assess depression and

anxiety respectively.

Statistical analysis

For concentrations below the limit of detection we used the instrumental reading values.
To allow In-transformation, instrumental reading values equal to O (i.e. indicative of no signal)
were replaced by the lowest instrumental reading value divided by the square root of two 2%,

To limit the impact of between subject variations in urine sampling conditions,
concentrations were standardized for collection conditions such as hour of sampling, gestational
age at collection, duration of storage at room temperature before freezing, day of sampling, year
of biomarker assessments at CDC (2008 or 2011) and creatinine levels. This was done using a
2 steps statistical approach 215226, We first studied the influence of each sampling condition and
creatinine levels on the measured biomarker concentrations using adjusted linear regression and
then we predicted standardized concentrations using the effect estimates for each sampling
condition that was associated with the biomarker concentrations (p-value < 0.2) and the
measured biomarker concentrations 2%, The standardized concentrations assumed that all
samples were collected under similar conditions and were used in all of our analyses. All
biomarker concentrations were In-transformed before analysis.

We used multiple imputation using the mi impute chained command in stata 14 with 5
imputed datasets 2%’ to handle the missing data for the HOME score (N = 25, 5.5%), BMI (N =
4, 0.9%), parity, income and maternal depression and psychological difficulties (N = 1, 0.2%).
We performed additional sensitivity analysis using only complete cases (no imputation of the
missing covariate).

To study the associations between the urinary biomarker concentrations and the
children’s IQ scores, we used Structural Equation Models (SEM). SEMs simultaneously assess
relationships between one or more independent variables and one or more dependent variables.
They comprise of two parts, 1) a measurement model based on factor analysis that relates
observed variables to latent constructs and observed variables. 2) a structural model, based on
ordinary regression which describes the relationships between the generated latent exposure
and outcome constructs.

Latent constructs underlying the 1Q outcomes included 2 factors: the verbal and

performance factors, that were determined a priori from previous literature 22822°, The
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Confirmatory Factor Analysis we performed on our data also supported these two dimensional
structure. The performance IQ factor was constructed using the matrix reasoning, block design
and picture concept scores while verbal 1Q factor was constructed using the information,
vocabulary and word reasoning scores of the WPPSI (Figure 3.1).

For the exposures, we first considered 3 latent variables based on factorial analysis, one
predicted by the 2 dichlorophenols, one by the 4 parabens and one by the 4 DEHP metabolites.
Because the latent variable based on the two dichlorophenols caused the model to be
unidentified, we decided not to include a latent variable for the dichlorophenols and instead
included only one of the dichlorophenols (2,5 dichlorophenol) as an observed variable.

The final model consisted of 2 latent exposure variables representing paraben and
DEHP exposures and all other biomarker concentrations were added as observed variables
(Figure 3.1).

We allowed the error covariance between, methyl and propyl paraben, butyl and ethyl
paraben and the latent variable of parabens with MEP to be freely estimated. Estimating
covariance between the DEHP metabolites freely did not improve the fit of the model and was
not included in our final model.

We reported standardized association effect estimates, expressed as the change in SD
of 1Q scores associated with a 1-SD increase in the log-transformed biomarker concentrations.

Sensitivity analysis

In our main analysis, we used crude scores and adjusted for child age because we

observed negative associations between the age standardized scores with child age at 1Q
assessment. Addition analysis with age standardized scores in the main model yielded similar
results to those observed with crude scores (results not shown).
We tested 26 associations (2 outcomes * 13 exposure) and cannot exclude the part of
associations observed due to chance. For this reason, in addition to the regular p-value we
presented in the results section the p-values corrected for multiple testing using the Benjamini
and Hochberg false discovery rate (FDR) method 2%,

In sensitivity analysis, we also run a SEM model using only one construct for 1Q (full
scale 1Q constructed using all six subscales of the WPPSI-I11I, Supplemental Material, Figure
3.2) and performed analysis using only complete cases (no imputation of the missing
covariates). Because exposure levels and 1Q scores differed by recruitment centers, we

performed additional analysis stratified by center.
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While used in psychology and sociology, SEM have so far had limited use in
environmental epidemiology 23232, For this reason, we also conducted more classic analyses
using the manual based 1Q scores instead of latent constructs and with adjusted multivariate
linear regression models (one model per outcome and exposure). We explored the shape of the
associations by studying exposures categorized as tertiles.

Analysis was carried out using MPLUS 6 (Muthen & Muthen, Los Angeles, CA, USA)
and STATA/SE 14 (StataCorp, College Station, TX, USA) statistical softwares.
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CONFOUNDERS
MEOHP
n v Yo N ;EHP MEHP
PP "l .I‘
mp S
EP V// \\q MECPP
Performance
Verbal IQ 1Q
: Word : Picture
Information | | Vocabulary reisook Matrices Cubes Concepts

Figure 3.1: Path diagram illustrating associations between phenols, phthalate metabolites and 1Q of boys.

Shapes representations: circles: latent variables, rectangles: observed variables, dashed and solid arrows: linear
relationships, double headed arrows: correlations.

Abbreviations: MP: methyl paraben, EP: ethyl paraben, PP: propyl paraben, BP: butyl paraben, DEHP: di(2-ethylhexyl)
phthalate metabolites, MECPP: mono(2-ethyl-5-carboxypentyl) phthalate, MEHHP: mono(2-ethyl-5-hydroxyhexyl)
phthalate, MEOHP: mono(2-ethyl-5-oxohexyl) phthalate, MEHP: mono(2-ethylhexyl) phthalate.

Phenols represents 2,5-dichlorophenol, benzophenone 3, bisphenol A and triclosan.

Phthalates represents mono-n-butyl phthalate, monobenzyl phthalate, monocarboxy-isononyl phthalate, monocarboxy-
isooctyl phthalate, mono(3-carboxypropyl) phthalate, monoethyl phthalate and mono-isobutyl phthalate.

Confounders include maternal age, age of child at 1Q assessment, HOME stimulation score, maternal body mass index
before pregnancy, parental education level, parity, monthly revenue, breast feeding duration and maternal psychological
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3.1.4 Results

Population characteristics

Majority of mothers in the study population (63%) were recruited from Poitiers. On
average, mothers were 29.9 (SD: 4.7) years old and 46% were nulliparous. Fifty-five percent of the
mothers and 44% of the fathers had more than 2 years of education after high school while 28% of
the mothers reported not breast-feeding at all and 23% smoked during pregnancy (Table 3.1).
Compared to mother son-pairs of the EDEN cohort not included in our analysis, pairs from our
study population were more likely to be from Poitiers, from households that earned > 1500 euros,
and less likely to have smoked during pregnancy (Table 3.1). Associations between maternal
characteristics and child 1Q are shown in Supplementary Material, Table 3.5.
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Table 3.1: Characteristics of the study population and the mother-son pairs of the French
EDEN cohort

Study population All boys in EDEN cohort
(N =452)2 (N =998)°
Characteristics N (%) N (%)
Recruitment center
Poitiers 285 (63) 534 (53)
Nancy 167 (37) 466 (47)
Parity
Nulliparous 208 (46) 437 (44)
>1 243  (53) 562 (56)
Missing 1 (0.2) 1 (0.1)
Maternal education
< 2 years after high school 197 (44) 460 (46)
High school +2 years 105 (23) 220 (22)
High school +3years 145 (32) 290 (30)
Missing 5 (1) 23 (2)
Paternal education
< 2 years after high school 224 (50) 484 (48)
High school +2 years 97 (21) 188 (19)
High school +3years 104 (23) 216 (22)
Missing 27 (6) 112 (11)
Household monthly revenue (euros)
<1500 63 (14) 170 (17)
1500 - 3000 275 (61) 573 (57)
>3000 113 (25) 248 (25)
Missing 1 (0.2) 9 (1
Smoking during pregnancy
No 348 (77) 722 (72)
Yes 102 (23) 263 (26)
Missing 2 (0.4) 15 (2)
Maternal psychological difficulties®
No 321 (71) 678 (68)
Yes 130 (29) 317 (31)
Missing 1 (0.2) 5 (1)
Was breastfeed
Never 127 (28) 270 (27)
Yes 325 (72) 721 (72)
Missing 9 (1)
Mean (SD) Mean (SD)
Maternal age at pregnancy 299 (4.7) 29.3 (4.9
Total HOME score 17.3 (2.3) 172 (2.3)
Body Mass Index (kg/m?) 235 (4.6) 23.1 (4.6)
Child age at 1Q assessment® 57 (0.1) 57 (0.1)
Verbal 1Q scores® 106.4 (15.1) 106.3 (14.6)
Performance 1Q scores® 98.6 (14.6) 99.4 (14.6)

2Includes mother-child pairs that have biomarker assessment and 1Q scores at 5-6 years.

®Includes boys of the EDEN cohort born live N = 998.

®Maternal depression or anxiety during pregnancy assessing using the CESD and the STAI respectively.
dIncludes only boys for whom 1Q was assessed.

¢1Q in standard scale (mean=100 and SD =15) and standardized for age.
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Most of the compounds assessed were detected in more than 93% of the urine samples

except for triclosan, ethyl and butyl paraben that were detected in 73% to 84% of the samples

(Table 3.2). As expected, correlations between the 4 parabens (spearman’s coefficients; 0.46 to

0.82), the 2 dichlorophenols (spearman’s coefficients: 0.69) and the DEHP metabolites

(spearman’s coefficients; 0.78 to 0.98) were high (Supplementary material, Table 3.6). The

other coefficients of correlation were in the -0.11 to 0.61 range.

Table 3.2: Concentrations? of phenols and phthalate metabolites in maternal urine (N = 452°
mother-son pair of the EDEN mother child cohort)

Compounds (ug/L) LOD % < Percentiles
/by LOD 5 5m st

Phenols
2,4-dichlorophenol 0.2 2 0.3 1.0 10.0
2,5-dichlorophenol 0.2 0 1.7 9.2 305
Bisphenol A 0.4 0.4 0.9 2.4 9.3
Benzophenone-3 0.4 7 <LOD 2.2 63.7
Triclosan 2.3 18 <LOD 25.6 691
Methyl paraben 1 0 8.0 101.5 1529
Ethyl paraben 1 27 <LOD 34 689
Propyl paraben 0.2 1 0.5 134 255
Butyl paraben 0.2 14 <LOD 2 57.7

Phthalates
Monoethyl phthalate (MEP) 0.6 0 21.9 100.8 591
Mono-n-butyl phthalate (MnBP) 0.2 0 11.6 44.6 444
Mono-isobutyl phthalate (MiBP) 0.2 0 11.8 38.8 168
Mono(2-ethyl-5-carboxypentyl) phthalate (MECPP) 0.2 0 12,5 39.2 176
Mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP) 0.2 0 6.9 29.0 106
Mono(2-ethyl-5-oxohexyl) phthalate (MEOHP) 0.2 0 5.8 23.3 87
Mono(2-ethylhexyl) phthalate (MEHP) 0.5 3 15 7.6 37
Monobenzyl phthalate (MBzP) 0.3 0 4.7 18.9 114
Monocarboxy-isooctyl phthalate (MCOP) 0.2 0 1.1 4.0 19
Mono(3-carboxypropyl) phthalate (MCPP) 0.2 0 0.8 2.0 94
Monocarboxy-isononyl phthalate (MCNP) 0.2 1 0.4 1.3 9.7
Creatinine 0.4 1.0 1.8

aConcentrations were standardized for creatinine concentrations and sampling conditions including hour of
sampling, gestational age at collection and duration of storage at room temperature before freezing, day of

sampling, year of biomarkers assessment.

PRestricted to mother-son pairs with biomarker concentrations and 1Q scores at 5-6 years available.
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Associations between biomarker concentrations and boys’ IQ scores

After adjustment and imputation of the missing covariates, SEM with two latent
constructs underlying the 1Q outcomes converged normally and fit indices suggested a
statistically good fit: Root Mean Square Error of Approximation (RMSEA) = 0.048,
Comparative Fit Index (CFI) = 0.930, Tucker-Lewis fit index (TLI) = 0.921. The standardized
factor loadings for indicators of both outcomes and exposure latent factors were uniformly high
(standardized factor loadings > 0.53) and significant (p-values < 0.001), suggesting convergent
validity 2% (Supplementary material, Table 3.7).

The only significant (uncorrected p-value below 0.05) association we observed was a
positive association between MCPP and verbal 1Q (B= 0.136 SD of 1Q scores for a 1-SD
increase in the log-transformed biomarker concentrations; 95% CI: 0.006; 0.266, (Table 3.3).
No other phenol or phthalate was associated with performance or verbal 1Q (uncorrected p-
values > 0.09, Table 3.3).

Sensitivity analysis

When we restricted our analysis to mother-child pairs with no missing values on the
covariates (N = 419), the positive association observed between MCPP and verbal 1Q was
slightly attenuated (Table 3.4); p was 0.109 (95% CI: -0.024; 0.243) compared to 0.136 (95%
ClI: 0.006; 0.266) in our main analysis and a positive association between triclosan and verbal
IQ emerged (B = 0.101, 95% CI: 0.008; 0.194 p-value = 0.034).

Running a SEM model with only one construct for 1Q led to similar results and the only
significant (uncorrected p-value below 0.05) association observed was a positive association
between MCCP and Full Scale 1Q (Supplemental Material, Table 3.8).

In the stratified analysis, we observed some heterogeneity in associations of 1Q with
benzophenone-3 and triclosan exposure by center (Supplementary material, Table 3.9).

Using the manual based 1Q scores and running multivariate linear regression models
(one model per outcome and exposure) instead of SEM suggested no significant associations
between phenol, phthalate metabolites and the 1Q (all p-values were > 0.13) Supplementary
material, Table 3.10). Similarly, no significant association was observed after categorizing
exposure in tertiles (p-value for heterogeneity > 0.07, Supplemental Material, Table 3.11),
except for triclosan (p-value for heterogeneity =0.05) The results suggested a protective effect
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with verbal 1Q, boys in the second tertile had a higher verbal 1Q compared to those in first tertile
(B = 3,82, 95% CI: 0.70; 6.93, Supplemental Material, Table 3.11).

It should be noted that after correction for multiple comparisons using FDR correction,
none of the associations mentioned above remained significant (Table 3.3 and Supplemental
material Table 3.9). As an example, after correction the p-value for the association between

MCPP and verbal 1Q observed in our main analysis was 0.71.

Table 3.3: Adjusted associations between phenols, phthalate metabolites and 1Q of boys at 5
years (N=452)

Verbal 1Q Performance 1Q
B 95% ClI P- Corrected B 95% CI P- Corrected
value  P-value® value P-value®

Phenols

Parabens? -0.031 [-0.138; 0.076] 057 081 0.037 [-0.096; 0.170] 058 081

2,5 Dichlorophenol 0.015 [-0.073;0.102] 0.74 0.88 0.007 [-0.101; 0.115] 090 0.96

Benzophenone-3 0.066 [-0.025; 0.156] 0.16 0.71 0.006 [-0.105;0.118] 091 0.96

Bisphenol A -0.045 [-0.138; 0.047] 033 071 -0.059 [-0.173; 0.054] 031 071

Triclosan 0.078 [-0.012;0.168] 009 071 0.0001 [-0.112;0.112] 1.00 1.00
Phthalates

MEP -0.055 [-0.153;0.042] 027 071 -0.023  [-0.144;0.097] 0.70 0.88

MnBP -0.094 [-0.229; 0.041] 0.17 071 -0.078 [-0.243; 0.088] 036 0.71

MIBP 0.045 [-0.057;0.147] 039 071 0.042 [-0.084; 0.168] 051 081

MCPP 0.136 [0.006; 0.266] 0.04 071 0.094 [-0.036; 0.254] 025 071

MBZP 0.005 [-0.098;0.108] 092 0.96 0.089 [-0.037;0.216] 0.17 071

MCOP -0.076 [-0.178; 0.026] 015 071 -0.055 [-0.181; 0.070] 039 071

MCNP 0.019 [-0.083;0.121] 0.72 0.88 0.060 [-0.066; 0.186] 035 0.71

DEHP" -0.042 [-0.143; 0.059] 041 071 -0.034  [-0.158; 0.090] 059 081

Root Mean Square Error of Approximation (RMSEA): 0.048 (95% Confidence Interval (Cl): 0.043; 0.053),
Comparative Fit Index (CFI) = 0.930, Tucker-Lewis fit index (TLI) =0.921

Abbreviations: CI: confidence interval, MnBP: mono-n-butyl phthalate, MBZP: monobenzyl phthalate, MCNP:
monocarboxy-isononyl phthalate, MCOP: monocarboxy-isooctyl phthalate, MCPP: mono(3-carboxypropyl)
phthalate, MEP: monoethyl phthalate and MIBP: mono-isobutyl phthalate.

a_atent variable of methyl, ethyl, propyl and butyl parabens

®Latent variable of di(2-ethylhexyl) phthalate metabolites: Mono(2-ethyl-5-carboxypentyl) phthalate, Mono(2-
ethyl-5-hydroxyhexyl) phthalate, Mono(2-ethyl-5-oxohexyl) phthalate and Mono(2-ethylhexyl) phthalate.
¢P-values corrected for multiple comparisons using the Benjamini and Hochberg false discovery rate method
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Table 3.4: Adjusted associations between phenols, phthalate metabolites and 1Q of boys at 5
years in the EDEN cohort (N= 419 mother-son pairs, complete case analysis)

Verbal 1Q Performance 1Q
B 9506 CI  Pvalue Corrected B 95% Cl Pvalue  COrrected
Pvalue Pvalue

Phenols

Parabens?® -0.060 [-0.170; 0.050] 0.28 0.76 0.033 [-0.105; 0.171] 0.64 0.76

2,5

dichlorophenol 0.017 [-0.072; 0.107] 0.70 0.79 0.027 [-0.084; 0.138] 0.64 0.76

Benzophenone-3  0.044 [-0.049;0.138] 0.35 0.76 -0.048 [-0.164; 0.068] 042 076

Bisphenol A -0.032 [-0.126;0.063] 051 0.76 -0.067 [-0.184; 0.050] 026 076

Triclosan 0.101 [0.008;0.194] 0.03 0.76 0.007 [-0.111;0.125] 0.91 0.91
Phthalates

MEP -0.039 [-0.140; 0.062] 045 0.76 0.012 [-0.113;0.137] 0.85 0.88

MnBP -0.103 [-0.244;0.037] 0.15 0.76 -0.096 [-0.271; 0.078] 0.28 0.76

MIBP 0.046 [-0.060; 0.152] 040 0.76 0.035 [-0.096; 0.166] 0.60 0.76

MCPP 0.109 [-0.024; 0.243] 0.11 0.76 0.058 [-0.107; 0.223] 0.49 0.76

MBZP 0.028 [-0.078;0.133] 0.61 0.76 0.112 [-0.018;0.242] 0.09 0.76

MCOP -0.062 [-0.170; 0.045] 026 0.76 -0.022 [-0.155; 0.111] 0.74 0.81

MCNP 0.027 [-0.077;0.131] 0.61 0.76 0.062 [-0.068; 0.191] 0.35 0.76

DEHP® -0.070 [-0.174; 0.033] 0.18 0.76 -0.062 [-0.191; 0.066] 0.34 0.76

Model fit indices; RMSEA=0.049(95% CI= 0.043-0.054), CFI=0.930, TFI=0.920
Abbreviations: CI: confidence interval, MnBP: mono-n-butyl phthalate, MBZP: monobenzyl phthalate, MCNP:
monocarboxy-isononyl phthalate, MCOP: monocarboxy-isooctyl phthalate, MCPP: mono(3-carboxypropyl)
phthalate, MEP: monoethyl phthalate and MIBP: mono-isobutyl phthalate.
a_atent variable of methyl, ethyl, propyl and butyl parabens
b_atent variable of di(2-ethylhexyl) phthalate metabolites: Mono(2-ethyl-5-carboxypentyl) phthalate, Mono(2-
phthalate and Mono(2-ethylhexyl) phthalate.

¢P-values corrected for multiple comparisons using the Benjamini and Hobergg false discovery rate method
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3.1.5 Discussion

Results from our main analysis were suggestive of a positive association between
maternal urinary concentrations of MCPP and verbal 1Q of boys at 5-6 years that did not persist
after correction for multiple comparisons. No other phenols or phthalate metabolites were
associated with boy’s IQ in our main analysis. In the center stratified analyses, there was some
evidence of heterogeneity in associations of 1Q outcomes with benzophenone-3 and triclosan

exposure by center.

Phthalates and child 1Q

MCPP is a metabolite of di-n-octyl phthalate, used as a plasticizer in the production of
plastics to impact flexibility, it is found in products such as carpet back coating, wire, cables,
and adhesives 2**, Among the few studies that explored the associations between prenatal
exposure to phthalates and cognitive function, only 3 studies examined child 1Q %°-°2 and none
of these studies measured MCPP in urine, limiting comparison. Two studies looked at phthalate
metabolites in maternal and childhood urine and found no significant associations between
child 1Q at 6 years (N=182) %2 or 11 years (N = 110) °! and prenatal exposure while they reported
negative associations with childhood exposure to DEHP metabolites and MnBP.

Factor-Litvak et al., found that when boys and girls were studied altogether MnBP,
MBZP and MIBP were inversely associated with the full scale 1Q of the Wechsler Intelligence
Scale for Children (WISC). After stratifying for sex, they reported inverse association between
MIBP and the full-scale 1Q of boys at 7 years (N=155) *°. This study included Hispanics and
African Americans women of inner city New York which could limit comparability with our
results that relied on a population that mostly included highly educated Caucasian European
women.

Both aforementioned studies had smaller population sizes than this current study (n =
452 boys): 110 boys and girls °*, 182 boys and girls 2 and 155 boys *°. The positive association
we observed between MCPP and verbal 1Q did not persist after correction for multiple
comparisons and the effect direction was opposite to what was reported for other phthalate
metabolites in a previous study on Full scale 1Q.

All together, these findings did not provide strong support for an effect of MCPP on
child 1Q. We used IQ to evaluate cognitive function of children while other assessments such

as the Bailey Scales of Infant Development (BSID) could be used. Among studies relying on
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the BSID, two reported that DEHP metabolites and MEP were negatively associated with the
mental index of boys at 6 months and 2 years 2172% while another reported positive association
between MCPP along with metabolites of di(n-butyl) phthalate (MnBP and MBzP) and theis

mental index in boys at 2 years 2'°. Report of null associations also exist 22623,

Phenols and child 1Q

In our study population prenatal exposure to bisphenol A was not associated with boy’s
IQ at 5 years. In line with our results, two human studies did not report associations between
maternal urinary concentrations of bisphenol A and child IQ at 5 and 8 years 2823 while
another study reported decreased Full Scale and verbal 1Q scores at 7 years in association with
higher levels of bisphenol A in cord blood 2%°. Frequency of detection in cord blood was low
(56%) compared to levels assessed in maternal urine (frequency of detection in this study was
99% and 90% or 86% in two previous studies by Stacy et al. and Braun et al., respectively
238,239_

Two other studies performed among younger children a (1, 3 and 4 years versus 5-6
years in our study) and relying on the BSID, the McCarthy Scales of Children's Abilities
(MSCA) or the Behaviour Rating Inventory of Executive Function-Preschool (BRIEF-P) to
assess cognitive function did not report any association with prenatal exposure to bisphenol A
220,241 except among girls that had lower scores on the emotional control and inhibition scale of
the BRIEF-P with increased prenatal exposure to bisphenol A 2%,

None of the phenols assessed was associated with child 1Q in our main analysis while
after stratification for recruitment centers, benzophenone-3 and triclosan were associated with
some 1Q scores (the direction of the association varied according to 1Q scale (performance
versus verbal 1Q) and recruitment centers).

As far as we know, our study is the first study assessing the associations of prenatal
exposure to dichlorophenol, benzophenone-3, triclosan and parabens with child cognition in
humans. In the animal literature, only one rodent study attempted to assess the effects of butyl
paraben on spatial memory of rats. This study reported that high exposure of a pregnant rat to
butyl-paraben (200 mg/kg/day) could negatively affect spatial memory in offspring 242.
Although animal studies suggest deleterious effects on cognitive development of offspring
exposed prenatally butyl paraben, we did not observe such effects on the 1Q of boys at 5-6

years.
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Strengths and limitations

Strengths of this study included the larger sample size (n = 452 boys) compared to
previous studies that examined prenatal exposure to bisphenol A and phthalates and child
cognitive development among boys and girls separately (N ranged between 64 to 266 boys
90,91,220,238,239,243,244_

While most previous studies used multiple linear regression, we relied on SEM to study
the association with cognitive function. SEM permitted grouping of compound esters
(parabens) and metabolites from similar parent compounds (DEHP metabolites) through latent
variables. Use of latent variables limited the number of associations tested compared to the
classical approaches that relied on the use of one regression model per outcome and exposure.

Furthermore, in sensitivity analysis we used the Benjamini and Hochberg FDR method
to control for multiple testing and limit chance findings. One limitation of the FDR approach is
that it does not take into account correlation across exposure and outcome variables.

As in most of the previous studies, we used one single urine measurement to assess
exposure. For compounds with a short half-life such as phenols and phthalates that may not
accurately depict exposure throughout pregnancy. The resulting measurement error is likely to
be of classical type and to lead to attenuation bias in the effect estimate and to power loss 24246,
which may explain our null findings.

We only assessed exposure for boys, if this is not a source of bias, it impedes drawing
conclusion for female offspring, for which a previous study has reported deleterious effect of
bisphenol A on the executive function 22,

We only considered in-utero exposure while previous studies that assessed both pre and
post-natal exposure have suggested adverse 1Q associations with phthalates and bisphenol A
exposure during childhood and early adolescence 9192238,

We adjusted for many potential confounders, but residual confounding cannot be ruled
out, for example; we did not adjust for nutritional habits and maternal 1Q, which could affect
either the exposure and/or 1Q of the children. We only assessed exposure to phenols and
phthalates while other chemicals might affect child neurodevelopment 26, A previous study that
assessed exposure to 81 chemicals among Spanish women did not report a strong correlation
for bisphenol A while phthalates were negatively correlated with some metals such as cadmium
and copper (rho ranged between -0.3 and -0.5 ?*’, suggesting that associations with health

outcome for bisphenol A and phthalate are unlikely to be confounded by co-exposures.
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Conclusion

Our study did not provide evidence of an association between any of the phenol and
phthalate biomarkers assessed in maternal urine and boy’s IQ at 5-6 years. While we relied on
a larger sample size (N = 452 boys) than previous studies, the use of a spot sample to assess
exposure limited our statistical power. Since phenols and phthalates may have sex-specific
effects, our null findings among boys cannot be generalized to girls. Future studies should
consider use of multiple urine samples per individual to assess exposure during pre and post-

natal life among boys and girls.
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Confounders
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Figure 3.2: Path diagram illustrating associations between phenols, phthalate metabolites and FSIQ of boys
in the EDEN Cohort
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Table 3.5: Associations between the covariates included in our final model and boys’ IQ (n =452 )

VERBAL 1Q PERFORMANCE IQ
Crude Multivariate? Crude Multivariate
Characteristics B P- B P- B P- B P-value
value value value
Recruitment center
Poitiers ref ref
Nancy 0.12 0.01 0.10 0.09 0.06 0.28 0.02 081
Parity
Nulliparous ref ref
>1 child -0.17 0.07 -0.13 0.01 -0.19 0.10 -0.10 0.10
Household monthly revenue (euros)
<1500
1500 - 3000 ref
>3000 0.29 <0.001 0.17 0.01 0.16 0.05 0.02 0.76
0.45 <0.001 0.20 0.01 0.27 0.001 -0.01 0.91
Smoking during pregnancy
No ref ref
Yes 0.004 0.9 0.09 0.05 -0.07 0.17 -0.02 0.66
Maternal psychological difficulties
No ref ref
Yes -0.12 0.01 -0.06 0.21 -0.13 0.02 -0.07 0.18
Was breastfeed
Never ref ref
Yes 0.12 <0.001 0.10 0.06 0.20 <0.001 0.11 0.06
Maternal age at pregnancy 0.14 0.004 0.11 0.03 0.06 0.26 0.05 0.42
Total HOME score at 5 years 0.19 0.003 0.10 0.09 0.17 0.06 0.04 0.58
Maternal Body Mass Index (kg/m?)  -0.14 0.004 -0.06 0.21 -0.12 0.03 -0.26  0.26
Child age at 1Q assessment -0.02 0.62 -0.01 0.81 0.03 0.61 0.04 0.49
Parental education® 041 <0.001 0.27 <0.001 0.34 <0.001 0.27 <0.001

@Model simultaneously adjusted for all the covariates mentioned in the table

® Number of years spent in school(Mean of maternal and paternal education duration in years)
= Change in SD of 1Q scores associated with a 1-SD increase in the covariates
abbreviations: ref: reference category
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Table 3.6: Spearman correlation coefficients between biomarker concentrations measured in maternal urine concentrations (n = 4529)

DC4 DC5 BPA BP3 TCS MP EP PP BP MEP MnBP MiBP MCPP MBzP MEHP MEOHP MEHHP MECPP MCOP MCNP

DC4 1.00
DC5 0.69 1.00
BPA 0.01 0.02 1.00

BP3 0.11 0.06 0.05 1.00

TCS 0.37 0.03 -0.05 0.14 1.00

MP 0.06 0.00 0.01 019 0.12 1.00

EP 0.14 001 -0.03 0.17 0.14 058 1.00

PP 0.08 -0.01 -0.05 0.17 0.16 0.82 048 1.00

BP 0.10 -0.02 000 023 0.17 055 0.72 046 1.00

MEP 0.15 006 005 018 020 030 015 031 022 1.00

MnBP 001 008 014 012 -0.05 -001 0.08 0.03 0.04 010 1.00

MiBP -0.05 005 0.13 0.07 -0.06 008 003 005 000 004 042 100

MCPP 0.06 008 025 002 -0.06 0.00 0.03 000 -002 000 061 026 100 0.26

MBzP -0.03 -0.02 019 0.09 -0.05 001 001 001 -005 007 043 038 026 100

MEHP 007 0.10 024 003 0.00 -003 -001 -003 -005 0.07 022 025 024 0.27 1.00

MEOHP 0.09 0.11 024 003 002 -004 0.00 -007 -008 005 031 028 032 035 084 1.00

MEHHP 0.09 0.12 025 002 000 -004 0.00 -008 -007 005 029 027 031 033 082 0.98 1.00

MECPP 0.10 0.11 021 0.00 -0.00 -0.07 -0.03 -0.09 -011 001 024 025 026 030 0.78 0.93 0.90 1.00

MCOP 006 003 024 004 001 -001 -002 0.00 -002 002 012 021 026 021 0.30 0.34 0.34 0.38 1.00
MCNP 015 008 020 001 003 001 004 003 001 -001 012 011 032 016 0.21 0.26 0.26 0.26 0.42 1.00

Abbreviations: BP: butylparaben, BPA: bisphenol A, BP3: benzophenone-3, DCP: dichlorophenol, EP: ethylparaben, MnBP: mono-n-butyl phthalate, MBzP:
monobenzyl phthalate, MCNP: monocarboxy-isononyl phthalate, MCOP: monocarboxy-isooctyl phthalate, MCPP: mono(3-carboxypropyl) phthalate, MECPP:
mono(2-ethyl-5-carboxypentyl) phthalate, MEHHP: mono(2-ethyl-5-hydroxyhexyl) phthalate, MEHP: mono(2-ethylhexyl) phthalate, MEOHP: mono(2-ethyl-5-
oxohexyl) phthalate, MEP:monoethyl phthalate, MiBP: mono-isobutyl phthalate, MP: methylparaben, PP: propylparaben, TCS: triclosan.

aMother-son pairs with 1Q scores and biomarker concentration assessment.
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Table 3.7: Estimated standardized factor loadings of outcome and exposure indicator variables

Latent variables Predictors Factor S.E P-Value Variance explained
loading by latent variable
Information 0.866 0.017 <0.001 0.749
Verbal 1Q Vocabulary 0.794 0.022 <0.001 0.630
Word reasoning 0.864 0.017 <0.001 0.747
Cubes 0.743 0.042 <0.001 0.553
Performance 1Q Matrices 0.562 0.044 <0.001 0.316
Picture concepts 0.564 0.044 <0.001 0.319
Methylparaben 0.892 0.079 <0.001 0.553
Parabens Propylparaben 0.819 0.079 <0.001 0.316
Butylparaben 0.565 0.063 <0.001 0.319
Ehtylparaben 0.584 0.058 <0.001 0.553
MEHP 0.846 0.013 <0.001 0.716
DEHP MEOHP 0.999 0.001 <0.001 0.999
MEHHP 0.984 0.002 <0.001 0.969
MECPP 0.941 0.006 <0.001 0.885

Root Mean Square Error of Approximation (RMSEA): 0.048 (95% Confidence Interval (Cl): 0.043; 0.053),
Comparative Fit Index (CFI) = 0.930, Tucker-Lewis fit index (TLI) =0.921

Abbreviations: SE: standard error, DEHP: di(2-ethylhexyl) phthalate metabolites, MECPP: Mono(2-ethyl-5-
carboxypentyl) phthalate, MEHHP: Mono(2-ethyl-5-hydroxyhexyl) phthalate, MEOHP: Mono(2-ethyl-5-oxohexyl)
phthalate, MEHP: Mono(2-ethylhexyl) phthalate
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Table 3.8: Adjusted associations between phenols, phthalate
metabolites and Full Scale 1Q of boys at 5 years using SEM

(N= 452)
Phenols B 95%Cl P-value COrrected
P-value®
Parabens® 0022 [-0.130;0.084] 068 050

2.5 Dichlorophenol  0.018 [-0.070; 0.104] 0.69 0.74
Benzophenone-3 0.060 [-0.030;0.149] 0.19 0.50

Bisphenol A -0.049 [-0.140;0.043] 0.30 0.55
Triclosan 0.070 [-0.020;0.159] 0.12 0.50
Phthalates

MEP -0.055 [-0.150; 0.044] 0.27 0.55
MnBP -0.093 [-0.230;0.038] 0.17 0.50
MIBP 0.047 [-0.053;0.150] 0.37 0.56
MCPP 0.135 [0.009;0.268] 0.04 0.50
MBZP 0.015 [-0.086;0.118] 0.77 0.77
MCOP -0.076 [-0.179;0.024] 0.14 0.50
MCNP 0.025 [-0.079;0.124] 0.63 0.74
DEHP® -0.044 [-0.1440.056] 0.39 0.55

Root Mean Square Error of Approximation (RMSEA): 0.05 (95%
Confidence Interval (CI): 0.046; 0.055), Comparative Fit Index (CFI) =
0.912, Tucker-Lewis fit index (TLI) = 0.907. Abbreviations: CI: confidence
interval, MnBP: mono-n-butyl phthalate, MBZP: monobenzyl phthalate,
MCNP: monocarboxy-isononyl phthalate, MCOP: monocarboxy-isooctyl
phthalate, MCPP: mono(3-carboxypropyl) phthalate, MEP: monoethyl
phthalate and MIBP: mono-isobutyl phthalate.

a_atent variable of methyl, ethyl, propyl and butyl parabens
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Table 3.9: Adjusted associations between phenols, phthalate metabolites and 1Q of boys at 5 years in the EDEN cohort, stratified for center of

recruitment
POITIERS (N= 285) NANCY (N=168)
VERBAL 1Q PERFORMANCE 1Q VERBAL 1Q PERFORMANCE 1Q
B 95% ClI P- P-value® B 95% ClI P-value P-value® B 95% ClI P-value P-value® B 95% ClI P-value P-value®
value

Phenols

PBM? -0.07 [-0.199;0.061]  0.30 0.78 -0.04 [-0.195;0.126] 0.67 0.95 -0.02 [-0.187;0.150] 0.83 0.94 0.08 [-0.136;0.288]  0.48 0.94

DC5 0.01 [-0.097;0.120] 0.84 0.95 0.00 [-0.133;0.130] 0.99 0.99 0.02 [-0.134;0.164] 0.84 0.94 -0.01 [-0.180;0.154] 0.88 0.94

BP3 0.12 [0.012; 0.228] 0.03 0.48 0.12 [-0.011;0.252] 0.07 0.62 -0.01 [-0.172;0.152] 0.90 0.94 -0.26 [-0.433;-0.077] 0.01 0.07

BPA 001 [-0.123;0.101] 0.84 0.95 -0.05 [-0.189;0.084] 0.45 0.95 -0.09 [-0.238;0.063] 0.25 0.58 -0.02 [-0.190;0.148] 0.81 0.94

TCS -0.01 [-0.121;0.105]  0.89 0.95 -0.11 [-0.246;0.028] 0.12 0.66 022 [0.067;0.363]  <0.001 0.07 0.18 [0.008;0.344]  0.04 0.35
Phtahalates

MEP 0.02 [-0.108;0.139]  0.81 0.95 0.04 [-0.109;0.190] 0.60 0.95 -0.09 [-0.248;0.069] 0.27 0.58 -0.03 [-0.209;0.150] 0.75 0.94
MnBP 017 [-0.332;-0.011] 0.04 0.48 -0.13  [-0.323;0.067] 0.20 0.73 -0.01 [-0.246;0.232] 0.96 0.96 -0.07 [-0.343;0.198] 0.60 0.94
MIBP 0.02 [-0.105;0.148]  0.74 0.95 0.04 [-0.118;0.189] 0.65 0.95 0.15 [-0.016;0.314] 0.08 0.49 0.05 [-0.134;0.237] 059 0.94
MCPP 011 [-0.043;0.271] 0.6 0.68 0.08 [-0.108;0.272] 0.40 0.94 0.14 [-0.091;0.367] 0.24 0.58 0.05 [-0.213;0.303] 0.73 0.94
MBZP -0.01 [-0.137;0.123] 0.92 0.95 0.09 [-0.071;0.244] 0.28 0.78 -0.02 [-0.193;0.150] 0.81 0.94 011 [-0.082;0.301] 0.26 0.58
MCOP 0.01 [-0.120;0.140] 0.88 0.95 -0.12 [-0.279;0.034] 0.3 0.66 -0.12  [-0.296;0.048] 0.16 0.58 0.15 [-0.041;0.340] 0.3 0.54
MCNP -0.01 [-0.146;0.126]  0.88 0.95 0.09 [-0.071;0.259] 0.27 0.78 0.02 [-0.133;0.165] 0.84 0.94 0.03 [-0.141;0.193] 0.76 0.94
DEHP® 0.02 [-0.115;0.150]  0.80 0.95 0.03 [-0.134;0.190] 0.74 0.95 -0.13 [-0.282;0.027] 0.11 0.54 -0.10 [-0.277;0.073] 0.25 0.58

Model fit indices for Poitiers; RMSEA=0.046(95% Cl= 0.043-0.054), CFI=0.937, TF1=0.929

Model fit indices for Nancy; RMSEA=0.047(95% Cl= 0.037-0.057), CFI=0.935, TFI=0.926

Abbreviations; DC5: 2,5 dichlorophenol, BP3: benzophenone-3, BPA: bisphenol A, TCS: triclosan, MEP: monoethyl phthalate, MnBP: mono-n-butyl phthalate, MIBP: mono-
isobutyl phthalate, MCPP: mono(3-carboxypropyl) phthalate, MBZP: monobenzyl phthalate, MCOP: monocarboxy-isooctyl phthalate, MCNP: monocarboxy-isononyl phthalate
3 atent variable of methyl, ethyl, propyl and butyl parabens

®Latent variable of di(2-ethylhexyl) phthalate metabolites: Mono(2-ethyl-5-carboxypentyl) phthalate, Mono(2-ethyl-5-hydroxyhexyl) phthalate, Mono(2-ethyl-5-oxohexyl)
phthalate and Mono(2-ethylhexyl) phthalate
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Table 3.10: Adjusted associations between phenols, phthalate metabolites and 1Q (Manual based scales) of boys at 5 years in the EDEN cohort,
using multiple linear regression (N= 452)

Full Scale 1Q Verbal 1Q Performance 1Q
B 95% ClI P-value B 95% ClI P-value B 95% CI P-
value
Phenols
Parabens® 0.14 [-0.65;0.93]  0.73 -0.02 [-0.83;0.79]  0.96 050 [-0.33;1.33] 0.24
Dichlorophenol® 0.45 [-0.38;1.27]  0.29 0.21 [-0.63;1.05]  0.62 0.20 [-0.66;1.06]  0.65
Benzophenone-3 0.01 [-0.73;0.76]  0.97 0.21 [-055;0.97]  0.59 0.01 [-0.77;0.80]  0.98
Bisphenol A -0.65 [-2.31;1.02]  0.45 -0.88 [-2.58;0.82]  0.31 046 [-2.22;1.29]  0.60
Triclosan 0.04 [-0.46;0.55] 0.87 0.32 [-0.19; 0.84] 0.22 -0.28 [-0.82; 0.25] 0.30
Phthalates
MEP -0.56 [-1.77;0.65]  0.37 -0.72 [-1.95;051]  0.25 -0.07 [-1.33;1.20]  0.92
MnBP -0.09 [-1.30; 1.13] 0.89 -0.28 [-1.51;0.95] 0.66 -0.10 [-1.37;1.17] 0.87
MIBP 0.38 [-1.14;1.91]  0.62 0.15 [-1.40;1.71]  0.85 0.89 [-0.71;2.550]  0.27
MCPP 1.05 [-0.55; 2.65] 0.20 0.73 [-0.90; 2.36] 0.38 0.95 [-0.73;2.63] 0.27
MBZP 0.14 [-1.12; 1.40] 0.83 -0.31 [-1.60; 0.98] 0.64 0.76 [-0.57;2.08] 0.26
MCOP -0.57 [-2.03;0.90] 0.5 -1.06 [-2.55;0.42]  0.16 -0.02 [-1.55;152]  0.98
MCNP 0.63 [-0.65;1.91]  0.33 0.10 [-1.21;1.41] 0.88 1.02 [-0.32;237]  0.13
DEHP* -0.42 [-1.92;1.08]  0.58 -0.75 [-2.27;0.78]  0.34 -0.05 [-1.63;152]  0.95

Abbreviations: Cl: confidence interval, MnBP: mono-n-butyl phthalate, MBZP: monobenzyl phthalate, MCNP: monocarboxy-isononyl phthalate,
MCOP: monocarboxy-isooctyl phthalate, MCPP: mono(3-carboxypropyl) phthalate, MEP: monoethyl phthalate and MIBP: mono-isobutyl
phthalate.

aMolar sum of methyl, ethyl, propyl and butyl parabens

®Molar sum of 2,4 and 2,5 Dichlorophenol

®Molar sum of di(2-ethylhexyl) phthalate metabolites: Mono(2-ethyl-5-carboxypentyl) phthalate, Mono(2-ethyl-5-hydroxyhexyl) phthalate,
Mono(2-ethyl-5-oxohexyl) phthalate and Mono(2-ethylhexyl) phthalate.
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boys at 5 years in the EDEN cohort, using multiple linear regression (N= 452)

Table 3.11: Adjusted associations between phenols, phthalate metabolites (concentrations categorized in tertiles) and 1Q (Manual based scales) of

Full Scale 1Q Verbal 1Q Performance 1Q

B 95% CI Phet ptrend B 95% CI Phet ptrend B 95% ClI Phet ptrend
> Parabens
T2 2,35 [-0.66;5.37] 0.31 0.48 150 [-1.57;4.58] 0.27 0.56 2.70 [-0.47;5.87] 0.10 0.04
T3 0.98 [-2.12;4.08] -1.09 [-4.24; 2.06] 3.28 [0.04;6.53]
> Dichlorophenol
T2 0.32 [-2.72;3.36] 0.77 0.47 0.53 [-2.57;3.63] 0.94 0.90 -0.14 [-3.34;3.06] 094 0.77
T3 1.06 [-1.94; 4.06] 0.22 [-2.84;3.29] 0.42 [-2.75; 3.58]
Benzophenone-3
T2 -0.23 [-3.25;2.80] 0.96 0.87 -0.24 [-3.32;2.84] 0.65 0.43 0.33 [-2.86;3.51] 0.81 0.1
T3 0.19 [-2.89; 3.28] 1.12 [-2.02; 4.26] 1.05 [-2.19;4.30]
Bisphenol A
T2 0.32 [-2.80;3.44] 0.95 0.89 -0.36 [-3.52;2.81] 0.48 0.25 0.56 [-2.70;3.83] 0.83 0.55
T3 -0.20 [-3.23;2.83] -1.80 [-4.89; 1.28] 0.97 [-2.22;4.16]
Triclosan
T2 3.02 [-0.03;6.07] 0.13 0.59 3.82 [0.70;6.93] 0.05 0.14 190 [-1.31;5.11] 0.18 0.53
T3 0.81 [-2.24;3.86] 2.31 [-0.79; 5.40] -1.04 [-4.25; 2.16]
Phthalates
MEP
T2 -1.89 [-4.88;1.10] 0.46 0.50 -1.71 [-4.75;1.33] 0.42 0.42 -1.85 [-4.99;1.30] 0.30 0.30
T3 -1.09 [-4.18;2.00] -1.89 [-5.03; 1.26] 0.49 [-2.75;3.74]
MnBP
T2 135 [-1.67;4.38] 0.67 0.81 1.38 [-1.70;4.46] 0.44 0.24 1.32 [-1.87;4.50] 0.63 0.76
T3 0.50 [-2.62;3.62] -0.52 [-3.69; 2.65] 1.43 [-1.85;4.71]
MIBP
T2 -1.50 [-4.47;1.47] 0.13 0.27 -0.51 [-3.56;2.54] 0.82 0.66 -245 [-5.55;0.65] 0.12 041
T3 1.72 [-1.35;4.78] 0.52 [-2.62;3.65] 2.76 [-0.44;5.96]
MCPP
T2 2.83 [-0.14;5.80] 0.15 0.20 3.07 [0.04;6.10] 0.14 0.74 2.53 [-0.60;5.66] 0.21 0.09
T3 2.18 [-0.85;5.21] 1.67 [-1.42;4.75] 2.37 [-0.82; 5.56]
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MBZP
T2
T3
MCOP
T2
T3
MCNP
T2
T3
SYDEHP
T2
T3

0.19
0.31

-3.53
-2.06

-0.80
0.54

-0.68
0.26

[-2.85; 3.23]
[-2.75; 3.36]

[-6.55; -0.51]
[-5.11; 0.98]

[-3.83; 2.23]
[-2.46; 3.54]

[-3.73; 2.37]
[-2.80; 3.33]

0.98

0.07

0.69

0.82

0.85

0.19

0.66

0.84

-2.03
-1.56

-2.57
-2.80

-0.11
-0.14

0.37
-0.01

[-5.13; 1.06]
[-4.67; 1.55]

[-5.66; 0.52]
[-5.89; 0.30]

[-3.21; 2.98]
[-3.19; 2.92]

[-2.72; 3.47]
[-3.12; 3.13]

0.40

0.15

1.00

0.96

0.38

0.35

0.08

0.93

2.20
211

-2.92
-0.71

-1.74
0.94

-0.40
0.65

[-0.99; 5.38]
[-1.10; 5.32]

[-6.11; 0.27]
[-3.91; 2.49]

[-4.92; 0.27]
[-2.20; 4.09]

[-3.59; 2.80]
[-2.58; 3.88]

032 017

0.17 0.22

0.26 0.67

0.81 0.45

Abbreviations: Cl: confidence interval, T2: tertile 2, T3: tertile 3, MnBP: mono-n-butyl phthalate, MBZP: monobenzyl phthalate, MCNP:
monocarboxy-isononyl phthalate, MCOP: monocarboxy-isooctyl phthalate, MCPP: mono(3-carboxypropyl) phthalate, MEP: monoethyl phthalate
and MIBP: mono-isobutyl phthalate.

aatent variable of methyl, ethyl, propyl and butyl parabens

bL_atent variable of di(2-ethylhexyl) phthalate metabolites: Mono(2-ethyl-5-carboxypentyl) phthalate, Mono(2-ethyl-5-hydroxyhexyl) phthalate,
Mono(2-ethyl-5-oxohexyl) phthalate and Mono(2-ethylhexyl) phthalate.
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3.2.1 French summary

Introduction

Des associations sexe-spécifiques ont été reportées entre une exposition aux phtalates, au
bisphénol A (BPA) et le comportement de l'enfant. Il n'existe pour [’heure pas de données, issues
de larges études, pour d'autres phénols susceptibles de perturber les systemes endocriniens.

Objectifs
Notre but était d'étudier les relations entre l'exposition prénatale aux phtalates, divers phénols
et le développement comportemental des jeunes gargons.

Meéthodes

11 métabolites des phtalates et 9 composés issus des phénols (4 parabenes, le benzophénone-
3, BPA, deux dichlorophénols et le triclosan) ont été dosés a partir d'échantillons d'urine
prélevés au cours de la grossesse chez des femmes participant a la cohorte EDEN et ayant mis
au monde des garcons. Les meres ont rempli le questionnaire «Strength and Difficulties
Questionnaire (SDQ) » lorsque leur enfant était agé entre 3,1 (n=529) et 5,6 ans (n=464).

Résultats

Le BPA était positivement associé aux troubles relationnels a l'dge de 3 ans [Ratio des Taux
d’Incidence (IRR): 1,11; 95% Intervalle de Confiance (IC): 1,03 ; 1,20] ainsi qu’aux problemes
d’hyperactivité/inattention a 5 ans (IRR: 1,08; 95% IC: 1,01 ; 1,14). Le mono-n-butyl-phtalate
(MnBP) était positivement lié aux troubles internalisés du comportement ainsi qu’aux troubles
relationnels et émotionnels a 3 ans. Le mono-benzyl-phtalate (MBzP) était associé positivement
aux problemes de comportement internalisé et aux problemes relationnels a 3 ans. Apres
dichotomisation des scores SDQ, le triclosan tendait a étre positivement associé aux troubles
émotionnels a 3 et 5 ans.

Conclusions

Les associations observées entre le BPA, le MnBP et le comportement des jeunes garcons sont
cohérentes avec les résultats de précédents travaux. D'autres études d'évaluation de I'impact
sur la santé, basées sur les relations dose-réponse corrigées pour les erreurs de classification
de I'exposition, sont nécessaires pour évaluer les conséquences de telles associations sur la
santé publique.
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3.2.2 Abstract

Background
Sex-specific associations have been reported between phthalates, bisphenol A (BPA), and child
behavior. No data on large study populations are available for other phenols with possible

endocrine-disrupting properties.

Objectives
We aimed to study associations between prenatal exposure to phthalates and several phenols

on behavior among male infants.

Methods:

We quantified 11 phthalate metabolites and nine phenols (four parabens, benzophenone-3,
BPA, two dichlorophenols, triclosan) in spot urine samples collected during pregnancy among
EDEN cohort mothers who delivered a boy. Mothers completed the Strength and Difficulties
Questionnaire (SDQ) when their children were 3.1 (n = 529) and 5.6 (n = 464) y old.

Results

BPA was positively associated with the relationship problems subscale at 3 years [incidence
rate ratio (IRR): 1.11; 95% confidence interval (CI): 1.03, 1.20] and the hyperactivity—
inattention subscale scores at 5 years (IRR: 1.08; 95% CI: 1.01, 1.14). Mono-n-butyl phthalate
(MnBP) was positively associated with internalizing behavior, relationship problem, and
emotional symptom scores at 3 years. Monobenzyl phthalate (MBzP) was positively associated
with internalizing behavior and relationship problems scores at 3 years. After dichotomizing
SDQ scores, triclosan tended to be positively associated with emotional symptom subscales at
both 3 and 5 years.

Conclusions

The observed associations between BPA, MnBP, and behavior in boys are consistent with
previous findings. Further health impact assessment studies based on dose—response functions
corrected for exposure misclassification are required to quantify the public health burden

possibly entailed by such associations.
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3.2.3 Methodology
Study population and assessmental urinary biomarker concentrations

The EDEN cohort (study population) and measurement of maternal urinary

concentrations of phenols aand phthalates is described section 3.2.3.

Assessment of child behavior

Behavior was assessed at 3.1 (SD: 0.1) and 5.6 (SD: 0.2) years using the Strengths and
Difficulties Questionnaire (SDQ) completed by the mother 248, This questionnaire includes 25
items scored on a 3 point-scale (0: not true; 1: somewhat true; 2: certainly true) that were
combined into 4 difficulties subscore: conduct problems, hyperactivity-inattention, peer
relationship problems and emotional symptoms subscores and one strength subscore: prosocial
behavior. The score for each subscale ranged from 0 to 10. We then computed an externalizing
(sum of the conduct problems and hyperactivity-inattention scores) and an internalizing
behavior score (sum of the peer relationship problems and emotional symptoms scores). Score
of the strength subscale was reversed prior to analysis so that for all SDQ subscales higher

scores meant increased difficulties. Construct of each subscore is detailed in Table 3.12.
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Table 3.12: Scoring of the Strengths and Difficulties Questionnaire

Clinical behaviors Subscale Items used to compute each subscale
(score ranges:0-20) (score ranges: 0-10) (score ranges: 0-3)
Often complains of headaches
Many worries
Emotional symptoms Often unhappy, downhearted
Nervous or clingy in new situations
Many fears, easily scared

InLernaUzmg Rather solitary, tends to play alone
ehavior _
Has at least one good friend
; ; Generally liked by other children
Peer relationship problems picked on or bullied
Gets on better with adults than with other
children
Often has temper tantrums or hot tempers
Generally obedient
Conduct problems Often fights with other children
Often argumentative with adults
Externalizing Can be spiteful to others
behavior Restless, overactive

Constantly fidgeting or squirming
Hyperactivity /Inattention problems  Easily distracted, concentration wanders

Can stop and think things out before acting

Sees tasks through to the end

Considerate of other people's feelings

Shares readily with other children

Prosocial behavior Helpful if someone is hurt
Kind to younger children
Often volunteers to help others

Statistical analysis

Biomarker concentrations were standardized for creatinine and sampling conditions
(e.g., hour of sampling, gestational age at sampling) prior to analysis using a two-step
standardization approach developed by our team 24920 as detailed in section 3.2.3.

We used adjusted negative binomial regressions to study the associations between each
standardized biomarker concentration and each of SDQ subscore. Biomarker concentrations
were log transformed (base 2) prior to analysis so that the Incidence Rate Ratios (IRR)
corresponded to the multiplicative change in the probability of the SDQ scores increasing by
one unit for a doubling in biomarker concentration.

Adjustment factors were selected based on a priori knowledge and included factors
possibly related to both exposures and child behavior, or to child behavior only. These factors
included child age at assessment, recruitment center (Poitiers versus Nancy), maternal age
(continuous), parity (0, 1, 2 or more children), maternal body mass index (BMI, continuous),
parental education (average length of the mother and father’s education), breastfeeding duration
(never, < 3 months, > 3 months), household income (< 1500, 1500 to 3000, > 3000 euros per
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months), smoking during pregnancy (yes/no), and maternal psychological difficulties during
pregnancy (yes/no). The maternal psychological difficulties score was constructed by
combining scores of the Center for Epidemiologic Studies Depression Scale Revised (CESD),
a questionnaire designed to assess depression and scores of the State-Trait Anxiety Inventory
(STAI) that evaluates anxiety. The CESD and the STAI were completed by the mother during

pregnancy.

Sensitivity analyses

Several sensitivity analyses were conducted. To explore to which extent associations
could be confounded by exposure to other phenols or phthalates, we ran analyses
simultaneously adjusted for all phenols (bisphenol A, benzophenone-3, triclosan,
> dichlorophenols, ) parabens), and phthalate metabolites MEP, MnBP, MiBP, MBzP, MCOP,
MCPP, MCNP and ) DEHP concentrations.

Benzophenone-3 is used as a UV filter in sunscreens. Use of sunscreens is likely to vary
across seasons. Because season of birth has been associated with increased risks of
neurodevelopmental disorders such as autism spectrum disorders and schizophrenia 2%, we
performed an additional analysis in which models that looked at the associations between
benzophenone-3 and SDQ scores were additionally adjusted for season of urine collection.

We also dichotomized the SDQ scores at the 85" percentile 252 and used adjusted logistic
regression models to study the associations of these binary outcomes with biomarker
concentrations.

Given the relatively limited evidence regarding possible effects of phenols and
phthalates on child neurodevelopment and the breadth of data available in our cohort, we chose
to adopt an exploratory approach and reported in the results section all associations (p-values <
0.05 and p-values between 0.05 and 0.1). In a sensitivity analysis we accounted for multiple
comparisons by applying a false discovery rate 22°,

Analyses were performed using Stata/SE 14.1.
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3.2.4 Results

Spearman correlation coefficients between the SDQ scores at 3 years and at 5 years
were below 0.5 for the emotional, peer relationship problem and prosocial scores and ranged
from 0.51 to 0.66 for the three other scores (Table 3.13).

Table 3.13: Spearman correlation coefficients between SDQ scores assessed
at 3 and 5 years among boys of the EDEN mother child cohort

SDQ scores Spearman correlation coefficients
between the assessments performed
at 3 and 5 years

Emotional symptoms 0.41
Conduct problems 0.59
Peer relationship problems 0.37
Hyperactivity-inattention 0.62
Prosocial behavior 0.46
Internalizing behavior 0.51
Externalising behavior 0.66

Phenols and child behavior

Maternal bisphenol A was associated with the internalizing behavior score (IRR for a
doubling in concentration, 1.06, 95% CI: 1.00; 1.12) and the peer relations problem (IRR, 1.11,
95% ClI, 1.03; 1.20). score at 3 years. Bisphenol A was also associated with the externalizing
behavior score (IRR, 1.05, 95% CI: 1.00; 1.11) and the hyperactivity-inattention score (IRR,
1.08; 95%CI, 1.01; 1.14) at 5 years (Table 3.14 and Table 3.15).

Triclosan tended to be positively associated with several SDQ scores at 3 years with
IRRs closer to one than those observed for bisphenol A: IRR of 1.01 (95%Cl: 1.00; 1.03), 1.02
(95% CI: 1.00; 1.04) and 1.01 (95% CI 1.00; 1.03) for the externalizing, emotional symptoms
and conduct problem scores at 3 years, respectively (Table 3.14).

No other phenol was associated with the internalizing and externalizing scores at 3 or 5
years (p-values > 0.14, Table 3.14 and Table 3.15). However, when we looked at each SDQ
subscores separately, scores of the conduct problems subscale at 5 years tended to increase in
association with ) dichlorophenols (IRR, 1.03; 95% CI: 1.00; 1.07). Benzophenone-3 was
associated with a decreased emotional symptoms score at 5 years (IRR, 0.96; 95% CI: 0.93;
1.00) while Y parabens were associated with increased prosocial behavior score at 3 years (IRR,
0.97; 95% CI: 0.94; 1.00) (Table 3.14 and Table 3.15).
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Phthalates and child behavior

Several phthalate metabolites were associated with SDQ scores at 3 years (Table 3.14).
MnBP was associated with internalizing (IRR, 1.06, 95% CI: 1.01; 1.11) as well as with the
relationship problems (IRR, 1.06, 95% CI: 1.01; 1.12) and emotional problems (IRR, 1.06,
95%Cl: 1.00; 1.12) scores at 3 years. MBzP was associated with increased internalizing (IRR,
1.04, 95% CI: 1.00; 1.09) and relationship problems scores (IRR, 1.07; 95% CI: 1.01; 1.13).
Two phthalates were associated with lower SDQ scores: MiBP and MCPP concentrations were
indeed associated with decreased hyperactivity-inattention scores (IRR were 0.95 (95% CI:
0.91; 1.00)) and 0.96 (95%CI: 0.92; 1.00) for MiBP and MCPP, respectively). MCPP was also
associated with decreased prosocial behavior scores (IRR, 0.95, 95%CI: 0.9; 1.0). None of the
associations we observed between phthalate metabolites and SDQ scores at 3 years persisted at
5 years (Table 3.15)
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Table 3.14: Adjusted associations between phenols, phthalate metabolites and behavior at 3 years among boys of the EDEN mother-child cohort
(N =518 to 520 mother-son pairs, depending of the subscale).

Emotional Conduct Peer relationship Hyperacnylty i Prosocial Externalizing Internalizing
inattention . . .
symptoms problems problems problems behavior behavior behavior
IRR 959% CI IRR 95% CI IRR 95% CI IRR 95% CI IRR 95% CI IRR 959% CI IRR 95% CI
Phenols
> Dichlorophenols 1.02 [0.98; 1.06] 1.01 [0.99; 1.04] 0.99 [0.95; 1.03] 1.00 [0.98; 1.03] 1.00 [0.98; 1.03] 1.01 [0.99; 1.03] 1.00 [0.97;1.03]
Bisphenol A 1.01 [0.94;1.09] 1.03 [0.98; 1.08] 1.11 [1.03; 1.20]™ 1.04 [0.99; 1.08] 1.05 [0.99; 1.10] 1.03 [0.99; 1.07] 1.06 [1.00;1.12]"
Benzophenone-3 1.00 [0.96; 1.03] 0.99 [0.97; 1.01] 1.01 [0.98; 1.05] 1.01 [0.99; 1.03] 0.99 [0.96; 1.01] 1.00 [0.98;1.02] 1.00 [0.98;1.03]
Triclosan 1.02 [1.00; 1.04]" 1.01 [1.00; 1.03]"  1.00 [0.98; 1.03] 1.01 [1.00; 1.03] 1.01 [0.99; 1.03] 1.01 [1.00;1.03]" 1.01 [0.99;1.03]
> Parabens 1.00 [0.97;1.04] 0.99 [0.97; 1.02] 0.99 [0.95; 1.02] 0.98 [0.96; 1.00] 0.97 [0.94; 1.00]™ 0.99 [0.97;1.01] 1.00 [0.97;1.03]
Phthalates
MEP 1.03 [0.97;1.08] 1.00 [0.97; 1.04] 0.97 [0.92; 1.03] 1.00 [0.97; 1.03] 0.99 [0.95; 1.03] 1.00 [0.97;1.03] 1.00 [0.96; 1.04]
MnBP 1.06 [1.00;1.12]™ 1.01 [0.97; 1.04] 1.06 [1.00; 1.12]™ 0.99 [0.95; 1.02] 0.99 [0.95; 1.03] 1.00 [0.97;1.03] 1.06 [1.01;1.11]"
MiBP 0.97 [0.90; 1.05] 1.00 [0.96; 1.05] 1.05 [0.98; 1.13] 0.95 [0.91; 1.00]™ 0.99 [0.94; 1.05] 0.97 [0.94; 1.01] 1.01 [0.95;1.07]
MCPP 1.03 [0.96;1.11] 0.98 [0.94; 1.03] 1.04 [0.97; 1.12] 0.96 [0.92; 1.00]" 0.95 [0.90; 1.00]" 0.97 [0.93;1.01] 1.04 [0.98;1.10]
MBzP 1.02 [0.96; 1.09] 1.00 [0.97; 1.04] 1.07 [1.01; 1.13]" 0.98 [0.94; 1.01] 0.97 [0.93; 1.02] 0.99 [0.96;1.02] 1.04 [1.00; 1.09]"
MCOP 1.02 [0.95;1.10] 1.01 [0.97; 1.06] 0.99 [0.92; 1.06] 0.98 [0.94; 1.03] 1.00 [0.95; 1.05] 1.00 [0.96; 1.04] 1.01 [0.95;1.06]
MCNP 1.01 [0.95;1.07] 0.99 [0.95; 1.03] 1.00 [0.94; 1.06] 0.97 [0.93; 1.01] 0.98 [0.94; 1.03] 0.98 [0.95;1.01] 1.00 [0.95;1.05]
> DEHP 1.04 [0.97;1.11] 0.99 [0.95; 1.04] 1.05 [0.98; 1.12] 0.97 [0.93; 1.01] 0.99 [0.94; 1.04] 0.98 [0.94;1.02] 1.04 [0.99; 1.10]

“p-values < 0.05, "p-value < 0.10,

Associations adjusted for recruitment center, maternal age, parity, parental education, breastfeeding duration, household income, smoking during pregnancy, maternal
psychological difficulties during pregnancy and child age at assessment.

IRR are reported for a doubling in biomarkers concentrations.

Abbreviations: Y DEHP: molecular sum of di(2-ethylhexyl) phthalate metabolites; Cl: confidence interval, IRR: Incidence rate ratio, MnBP: mono-n-butyl phthalate, MBzP:
monobenzyl phthalate, MCNP: monocarboxy-isononyl phthalate, MCOP: monocarboxy-isooctyl phthalate, MCPP: mono(3-carboxypropyl) phthalate, MEP: monoethyl
phthalate, MiBP: mono-isobutyl phthalate, Y dichlorophenols: molecular sum of 2,4 and 2,5-dichlorophenols, > Parabens: molecular sum of methyl, ethyl, propyl and butyl
parabens.
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Table 3.15: Adjusted associations between phenols, phthalate metabolites and behavior at 5 years among boys of the EDEN mother-child cohort
(N = 457 or 458 mother-son pairs, depending of the subscale).

Emotional Conduct Peer relationship Hyperactivity - Prosocial Externalizing Internalizing
symptoms problems problems inattention problems behavior behavior behavior
IRR 95% ClI IRR 95% CI IRR 95% CI IRR 95% CI IRR 95% CI IRR 95% CI IRR 95% ClI
Phenols
Y'Dichlorophenols 1.00 [0.97;1.04] 1.03 [1.00;1.07]" 0.99 [0.94;1.04] 1.01 [0.98;1.04] 1.00 [0.96;1.04] 1.02 [0.99;1.05] 1.00 [0.97; 1.03]
Bisphenol A 1.03 [0.95;1.11] 1.02 [0.95;1.10] 1.02 [0.93;1.13] 1.08 [1.01;1.14]" 1.05 [0.96;1.14] 1.05 [1.00;1.11]"  1.03 [0.96; 1.10]
Benzophenone-3 0.96 [0.93; 1.00]™ 1.00 [0.97;1.04] 1.01 [0.97;1.06] 1.02 [0.99;1.04] 1.02 [0.98;1.06] 1.01 [0.99;1.04] 0.98 [0.95; 1.01]
Triclosan 1.01 [0.99;1.03] 1.00 [0.98;1.02] 1.01 [0.98;1.04] 1.00 [0.98;1.01] 0.99 [0.97;1.02] 1.00 [0.98;1.02] 1.01 [0.99; 1.03]
> Parabens 0.99 [0.95;1.02] 0.99 [0.96;1.03] 0.99 [0.94;1.04] 0.98 [0.95;1.00] 0.99 [0.95;1.03] 0.98 [0.96;1.01] 0.99 [0.96; 1.02]
Phthalates
MEP 1.01 [0.95;1.06] 1.03 [0.98;1.08] 0.99 [0.92;1.05] 0.99 [0.95;1.03] 0.96 [0.91;1.02] 1.01 [0.97;1.05] 1.00 [0.95; 1.04]
MnBP 1.00 [0.94;1.05] 1.02 [0.97;1.07] 1.05 [0.99;1.13] 1.01 [0.97;1.05] 1.01 [0.95;1.07] 1.01 [0.97;1.06] 1.02 [0.97; 1.07]
MiBP 0.97 [0.90;1.05] 1.01 [0.94;1.08] 1.00 [0.91;1.09] 0.97 [0.91;1.02] 1.04 [0.96;1.13] 0.98 [0.93;1.04] 0.98 [0.92; 1.05]
MCPP 0.98 [0.91;1.05] 1.04 [0.97;1.11] 1.06 [0.97;1.16] 1.01 [0.95;1.07] 0.99 [0.91;1.08] 1.02 [0.97;1.08] 1.01 [0.95; 1.08]
MBzP 1.03 [0.97;1.09] 0.98 [0.93;1.04] 1.01 [0.94;1.09] 1.00 [0.95;1.04] 0.98 [0.92;1.04] 0.99 [0.95;1.03] 1.02 [0.97; 1.08]
MCOP 1.04 [0.97;1.12] 1.00 [0.94;1.06] 0.99 [0.91;1.08] 1.01 1[0.96;1.07] 0.94 [0.87;1.02] 1.01 [0.96;1.06] 1.02 [0.96; 1.09]
MCNP 1.04 [0.98;1.10] 0.99 [0.93;1.04] 1.03 [0.96;1.11] 0.99 [0.94;1.04] 0.98 [0.92;1.05] 0.99 [0.94;1.03] 1.04 [0.98; 1.09]
>'DEHP 1.01 [0.94;1.08] 0.99 [0.93;1.06] 1.03 [0.94;1.12] 1.01 [0.96;1.07] 0.97 [0.90;1.05] 1.00 [0.95;1.06] 1.02 [0.95; 1.08]

“p-values < 0.05, "p-value < 0.10
Associations adjusted for recruitment center, maternal age, parity, parental education, breastfeeding duration, household income, smoking status, maternal psychological
difficulties during pregnancy and child age at assessment.

IRR are reported for a doubling in biomarkers concentrations.

Abbreviations: Y DEHP: molecular sum of di(2-ethylhexyl) phthalate metabolites, ClI: confidence interval, IRR: Incidence rate ratio, MnBP: mono-n-butyl phthalate, MBzP:
monobenzyl phthalate, MCNP: monocarboxy-isononyl phthalate, MCOP: monocarboxy-isooctyl phthalate, MCPP: mono(3-carboxypropyl) phthalate, MEP: monoethyl
phthalate, MiBP: mono-isobutyl phthalate, > Dichlorophenols : molecular sum of 2,4 and 2,5-dichlorophenols, Y Parabens: molecular sum of methyl, ethyl, propyl and butyl

parabens.
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Sensitivity analyses

Studying SDQ scores as dichotomized variables overall led to similar results as studying
them as count outcomes for bisphenol A, MBzP, MnBP, and MCPP (Table 3.16 and Table
3.17).

For triclosan the positive association seen at 3 years with the emotional symptoms score
persisted at 5 years when SDQ scores were dichotomized (Table 3.16 and Table 3.17).

The inverse associations we observed between benzophenone-3 and emotional
symptoms at 5 years, MiBP and hyperactivity-inattention at 3 years and ) parabens and
prosocial behavior at 3 years were strongly attenuated when SDQ scores were dichotomized
and did not remain significant. Odd Ratios were 0.93 (95%CI: 0.82; 1.05); 0.91 (95%CI: 0.72;
1.16) and 0.92 (95%CI: 0.80; 1.06) for benzophenone-3, MiBP and ) parabens, respectively
(Table 3.16 and Table 3.17).

Similarly, the association between ) dichlorophenols and conduct problems at 5 years
did not remain when this score was dichotomized (OR: 0.90; 95% CI: 0.80; 1.10, Table 3.17).
Finally, a few associations emerged: > DEHP was associated with increased risk of emotional
symptoms (OR, 1.27, 95% CI: 1.01; 1.60) and internalizing behavior (OR, 1.41; 95% CI: 1.13;
1.76) at 3 years while MCNP was associated with decreased risk of hyperactivity-inattention at
3 years (OR: 0.72; 95% CI: 0.55; 0.93).

Adjustment for season did not change the association observed between benzophenone-
3 and the emotional subscale. Running models simultaneously adjusted for all of the biomarkers
measured in our study did not strongly affect our findings and the effect estimates were close
to those of the main analyses that consisted in studying each biomarker separately (Table 3.18
and Table 3.19).

When we applied a correction for multiple comparisons using a FDR method, none of
the associations reported in the results section remained significant, the lowest corrected p-
value being 0.42 for the association between bisphenol A and the peer relations problem score

at 3 years.
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Table 3.16: Adjusted associations between phenols, phthalate metabolites and dichotomized SDQ scores at 3 years (N = 518 to 520 mother-son
pairs, depending of the subscale).

Emotional Conduct Peer relationship H)_/peractlylty i Prosocial Externalizing Internalizing
inattention : . .
symptoms problems problems problems behavior behavior behavior
OR 95% ClI OR 95% CI OR 95% CI OR 95% Cl OR 95% Cl OR 95% CI OR 95% CI
Phenols
> Dichlorophenols 1.06  [0.94; 1.20] 0.97 [0.83;1.13] 0.99 [0.85;1.14] 1.04 [0.92;1.18] 1.02 [0.90; 1.17] 1.05 [0.93;1.18] 1.04 [0.93;1.18]
Bisphenol A 0.92 [0.70; 1.19] 1.08 [0.81;1.43] 1.40 [1.07;1.84]™ 1.07 [0.83;1.38] 1.07 [0.82;1.39] 1.01 [0.79; 1.29] 1.22 [0.96; 1.55]"
Benzophenone-3 1.00 [0.89; 1.13] 1.02 [0.89; 1.16] 1.03 [0.91;1.17] 1.01 [0.89;1.13] 0.98 [0.86;1.11] 0.98 [0.87;1.10] 1.02 [0.91;1.14]
Triclosan 1.07 [0.99; 1.17]" 1.10 [1.00;1.21]™ 1.06 [0.97;1.16] 1.02 [0.94;1.10] 1.07 [0.99;1.17]" 1.05 [0.97;1.13] 1.05 [0.97;1.14]
Parabens 1.01 [0.89;1.15] 1.00 [0.87;1.16] 0.97 [0.84;1.12] 1.01 [0.89;1.15] 0.92 [0.80; 1.06] 0.94 [0.83;1.07] 1.03 [0.92;1.17]
Phthalates
MEP 1.14 [0.95; 1.36] 0.95 [0.77;1.17] 1.04 [0.86; 1.26] 1.07 [0.89; 1.29] 0.98 [0.81;1.19] 1.00 [0.84;1.20] 0.98 [0.83;1.17]
MnBP 1.10 [0.91;1.31] 0.99 [0.80;1.22] 1.16 [0.95; 1.41] 0.95 [0.79;1.16] 0.92 [0.75;1.13] 0.93 [0.78;1.12] 1.22 [1.03;1.441™
MiBP 0.87 [0.68;1.12] 1.13 [0.86; 1.49] 1.16 [0.89; 1.53] 0.91 [0.72;1.16] 1.10 [0.85;1.43] 0.93 [0.74;1.17] 1.09 [0.87;1.38]
MCPP 1.02 [0.80;1.31] 0.79 [0.59;1.07] 1.13 [0.86; 1.47] 0.79 [0.61;1.04]" 0.80 [0.61;1.06] 0.82 [0.64;1.05] 1.20 [0.95;1.51]
MBzP 0.99 [0.81;1.22] 0.99 [0.78;1.25] 1.25 [1.00; 1.56]" 0.94 [0.76;1.15] 0.94 [0.76;1.17] 0.94 [0.78;1.15] 1.19 [0.98; 1.44]
MCOP 1.02 [0.81;1.30] 1.14 [0.89; 1.47] 1.04 [0.79; 1.35] 0.85 [0.66; 1.10] 0.98 [0.77;1.25] 1.07 [0.86; 1.34] 1.08 [0.87;1.35]
MCNP 0.90 [0.72;1.14] 1.00 [0.78;1.27] 1.09 [0.87;1.36] 0.72 [0.55;0.93]™ 0.84 [0.65;1.08] 0.85 [0.68;1.07] 1.00 [0.81;1.23]
>'DEHP 1.27 [1.01;1.60]™ 1.10 [0.85;1.43] 1.09 [0.84;1.41] 1.03 [0.81;1.30] 1.18 [0.94; 1.50] 1.07 [0.85; 1.34] 141 [1.13;1.76]

“p-values < 0.05, "p-value < 0.10

Associations adjusted for recruitment center, maternal age, parity, parental education, breastfeeding duration, household income, smoking status, maternal psychological

difficulties during pregnancy and child age at assessment.

IRR are reported for a doubling in biomarkers concentrations.
Abbreviations: Y DEHP: molecular sum of di(2-ethylhexyl) phthalate metabolites, Cl: confidence interval, OR: odds ratio, MnBP: mono-n-butyl phthalate, MBzP: monobenzyl
phthalate, MCNP: monocarboxy-isononyl phthalate, MCOP: monocarboxy-isooctyl phthalate, MCPP: mono(3-carboxypropyl) phthalate, MEP: monoethyl phthalate, MiBP:

mono-isobutyl phthalate, > dichlorophenols: molecular sum of 2,4 and 2,5-dichlorophenols, Y Parabens: molecular sum of methyl, ethyl, propyl and butyl parabens.

116



Phenols, phthalates and child neurodevelopment

Table 3.17: Adjusted associations between phenols, phthalate metabolites and dichotomized SDQ scores at 5 years (N = 457 or 458 mother-son

pairs, depending of the subscale).

. . . Hyperactivity - - .
Emotional Conduct problems Peer relationship inattention Prosocial behavior External_lzmg Internal_lzmg
symptoms problems problems behavior behavior
OR 95% CI OR 95% CI OR 95% CI OR 95% CI OR 95% CI OR 95% CI OR 95% CI
Phenols
> Dichlorophenols  0.99 [0.87;1.12] 0.94 [0.80; 1.10] 0.94 [0.79; 1.11] 1.10 [0.97;1.24] 1.01 [0.87;1.18] 1.05 [0.93;1.18] 0.94 [0.83;1.07]
Bisphenol A 1.04 [0.80; 1.36] 1.04 [0.76; 1.41] 1.10 [0.80; 1.50] 1.40 [1.08;1.82]" 1.09 [0.80;1.47] 1.20 [0.93; 1.54] 1.00 [0.96; 1.10]
Benzophenone-3 0.93 [0.82;1.05] 1.00 [0.87;1.16] 0.99 [0.86;1.14] 1.05 [0.93;1.19] 1.05 [0.91;1.20] 1.06 [0.95;1.18] 0.97 [0.95;1.01]
Triclosan 1.08 [1.00; 1.18]" 1.06 [0.96;1.17] 1.10 [0.99; 1.22]" 1.01 [0.93;1.09] 1.00 [0.91;1.09] 1.00 [0.93;1.08] 1.07 [0.99; 1.03]
> Parabens 0.95 [0.84;1.08] 0.96 [0.82;1.11] 1.01 [0.87;1.18] 0.98 [0.86;1.12] 0.97 [0.84;1.13] 1.01 [0.89;1.14] 0.96 [0.96;1.02]
Phthalates
MEP 1.16 [0.97; 1.39]" 1.13 [0.92;1.38] 1.02 [0.82;1.27] 1.05 [0.87;1.27] 0.79 [0.63;1.00]™ 1.08 [0.91;1.29] 0.93 [0.95; 1.04]
MnBP 1.02 [0.85;1.23] 1.06 [0.85;1.31] 1.24 [1.01;1.521" 1.03 [0.85; 1.25] 0.87 [0.68;1.10] 1.04 [0.86; 1.25] 1.14 [0.97; 1.07]
MiBP 1.01 [0.79; 1.29] 1.02 [0.77;1.35] 1.05 [0.79; 1.41] 0.95 [0.74;1.23] 1.02 [0.75; 1.38] 1.00 [0.79; 1.27] 0.97 [0.92;1.05]
MCPP 1.01 [0.79; 1.29] 1.07 [0.81;1.43] 1.20 [0.91; 1.58] 0.98 [0.75;1.27] 0.86 [0.63;1.17] 1.04 [0.81;1.33] 1.16 [0.95; 1.08]
MBzP 1.06 [0.87;1.29] 1.02 [0.81;1.29] 0.96 [0.75;1.22] 1.02 [0.83;1.25] 0.79 [0.61;1.03]" 0.91 [0.75;1.12] 1.04 [0.97;1.08]
MCOP 1.15 [0.91; 1.45] 0.93 [0.70; 1.23] 1.03 [0.78; 1.36] 1.23 [0.97; 1.56] 0.88 [0.66;1.17] 1.03 [0.82;1.30] 1.09 [0.96; 1.09]
MCNP 1.01 [0.81;1.25] 0.90 [0.68;1.18] 0.99 [0.76; 1.28] 1.02 [0.82;1.28] 1.06 [0.84;1.35] 1.00 [0.80;1.24] 1.04 [0.98; 1.09]
>DEHP 1.08 [0.85; 1.36] 0.99 [0.74;1.31] 1.18 [0.90; 1.55] 1.07 [0.84; 1.36] 0.79 [0.59;1.07] 1.05 [0.83;1.32] 1.15 [0.95; 1.08]

“p-values < 0.05, " p-value < 0.10

Associations adjusted for recruitment center, maternal age, parity, parental education, breastfeeding duration, household income, smoking status, maternal psychological

difficulties during pregnancy and child age at assessment.
IRR are reported for a doubling in biomarkers concentrations.

Abbreviations: Y DEHP: molecular sum of di(2-ethylhexyl) phthalate metabolites, Cl: confidence interval, OR: odds ratio, MnBP: mono-n-butyl phthalate, MBzP: monobenzyl
phthalate, MCNP: monocarboxy-isononyl phthalate, MCOP: monocarboxy-isooctyl phthalate, MCPP: mono(3-carboxypropyl) phthalate, MEP: monoethyl phthalate, MiBP:
mono-isobutyl phthalate, > dichlorophenols: molecular sum of 2,4 and 2,5-dichlorophenols, Y Parabens: molecular sum of methyl, ethyl, propyl and butyl parabens.
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Table 3.18: Adjusted associations between phenols, phthalate metabolites and behavior at 3 years among boys of the EDEN mother child cohort
(N =518 to 520 mother-son pairs, depending of the subscale). Analysis simultaneously adjusted for all phenols and phthalate metabolites
assessed in our study population

Emotional Peer relationship Hyperacti_vity i . . . .
Conduct problems inattention Prosocial behavior External behavior Internal behavior
symptoms problems
problems
IRR 95% ClI IRR 95% ClI IRR 95% CI IRR 959% CI IRR 95% CI IRR 95% CI IRR 95% CI

Phenols
>'Dichlorophenols 1.02 [0.98; 1.06] 1.02 [0.99; 1.04] 0.99 [0.95;1.03] 1.00 [0.98;1.03] 1.01 [0.98;1.04] 1.01 [0.99; 1.03] 1.01 [0.98;1.04]
Bisphenol A 1.01 [0.93;1.09] 1.04 [0.99; 1.09] 1.11 [1.03;1.20] 1.06 [1.01;1.11] 1.06 [1.01;1.13] 1.05 [1.00; 1.09] 1.05 [0.99;1.12]
Benzophenone-3  0.99 [0.96; 1.03] 0.99 [0.97;1.01] 1.01 [0.98;1.05] 1.01 [0.99;1.04] 0.99 [0.96; 1.02] 1.00 [0.98;1.02] 1.00 [0.97;1.03]
Triclosan 1.02 [0.99; 1.04] 1.01 [1.00;1.03] 1.01 [0.99; 1.04] 1.01 [1.00;1.03] 1.01 [0.99; 1.03] 1.01 [1.00;1.03] 1.01 [1.00;1.03]
> Parabens 1.00 [0.96;1.04] 0.99 [0.97;1.02] 0.99 [0.95;1.03] 0.98 [0.95; 1.00] 0.97 [0.94; 1.00] 0.98 [0.96; 1.01] 1.00 [0.97;1.03]
Phthalates
MEP 1.01 [0.95;1.07] 1.00 [0.96;1.03] 0.96 [0.90;1.01] 1.00 [0.96;1.03] 0.99 [0.95;1.03] 0.99 [0.96; 1.03] 0.98 [0.94;1.03]
MnBP 1.09 [1.00;1.18] 1.04 [0.98;1.09] 1.06 [0.97;1.15] 1.03 [0.97;1.08] 1.04 [0.98;1.10] 1.03 [0.99; 1.08] 1.07 [1.01;1.14]
MiBP 0.94 [0.86; 1.02] 1.00 [0.95;1.05] 1.01 [0.93;1.09] 0.96 [0.91;1.01] 1.01 [0.95;1.07] 0.98 [0.94;1.02] 0.97 [0.91; 1.04]
MCPP 0.95 [0.85; 1.06] 0.94 [0.88;1.01] 0.98 [0.88;1.10] 0.95 [0.89;1.02] 0.92 [0.85;1.00] 0.95 [0.90; 1.01] 0.97 [0.89; 1.05]
MBzP 1.02 [0.95;1.09] 1.00 [0.96;1.05] 1.04 [0.97;1.11] 0.99 [0.95; 1.03] 0.97 [0.92;1.02] 1.00 [0.96;1.03] 1.03 [0.98;1.09]
MCOP 1.02 [0.94;1.11] 1.03 [0.98;1.09] 0.96 [0.88;1.04] 1.00 [0.95;1.05] 1.02 [0.96; 1.08] 1.02 [0.97;1.06] 0.99 [0.93;1.06]
MCNP 1.00 [0.93;1.08] 0.99 [0.94;1.03] 0.99 [0.92;1.06] 0.98 [0.94; 1.03] 0.99 [0.94; 1.05] 0.98 [0.95;1.02] 1.00 [0.94;1.05]
> DEHP 1.02 [0.94;1.10] 0.98 [0.93;1.03] 1.02 [0.94;1.11] 0.98 [0.93; 1.03] 0.99 [0.93;1.05] 0.97 [0.93;1.02] 1.02 [0.96; 1.09]

Associations adjusted for recruitment center, maternal age, parity, parental education, breastfeeding duration, household income, smoking during pregnancy, maternal
psychological difficulties during pregnancy and child age at assessment.
Abbreviations: > DEHP: molecular sum of di(2-ethylhexyl) phthalate metabolites, Cl: confidence interval, OR: odds ratio, MnBP: mono-n-butyl phthalate, MBzP: monobenzyl
phthalate, MCNP: monocarboxy-isononyl phthalate, MCOP: monocarboxy-isooctyl phthalate, MCPP: mono(3-carboxypropyl) phthalate, MEP: monoethyl phthalate, MiBP:
mono-isobutyl phthalate, > dichlorophenols: molecular sum of 2,4 and 2,5-dichlorophenols, > Parabens : molecular sum of methyl, ethyl, propyl and butyl parabens.
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Table 3.19: Adjusted associations between phenols, phthalate metabolites and behavior at 5 years among boys of the EDEN mother child cohort

(N = 457 to 458 mother-son pairs, depending of the subscale). Analysis simultaneously adjusted for all phenols and phthalate metabolites

assessed in our study population

Hyperactivity -

Emotional Peer relationship . . Prosocial External Internal
Conduct problems inattention : . .
symptoms problems problems behavior behavior behavior
IRR 95% CI IRR 95% CI IRR 95% CI IRR 95% CI IRR 95% CI IRR 95% CI IRR 95% CI

Phenols
>'Dichlorophenols  1.01  [0.97; 1.05] 1.03 [1.00;1.07] 0.98 [0.94;1.03] 1.01 [0.98; 1.04] 1.00 [0.96; 1.05] 1.02 [0.99; 1.05] 1.00 [0.97;1.03]
Bisphenol A 1.03 [0.95;1.12] 1.02 [0.95;1.10] 1.01 [0.92;1.12] 1.08 [1.02;1.15] 1.07 [0.98;1.17] 1.06 [1.00;1.12] 1.03 [0.95;1.10]
Benzophenone-3  0.96 [0.92; 0.99] 1.00 [0.97;1.03] 1.02 [0.98; 1.07] 1.02 [0.99; 1.05] 1.02 [0.98; 1.06] 1.01 [0.99; 1.04] 0.98 [0.95;1.01]
Triclosan 1.01 [0.99; 1.04] 1.00 [0.98;1.02] 1.01 [0.98; 1.04] 1.00 [0.98;1.02] 1.00 [0.97;1.03] 1.00 [0.98;1.02] 1.01 [0.99; 1.03]
>'Parabens 0.99 [0.95;1.03] 0.99 [0.95;1.02] 0.99 [0.94; 1.04] 0.97 [0.94;1.01] 0.99 [0.94;1.04] 0.98 [0.95;1.01] 0.99 [0.96;1.03]
Phthalates
MEP 1.01 [0.95;1.07] 1.04 [0.98; 1.09] 0.98 [0.91;1.05] 0.99 [0.95;1.04] 0.96 [0.90; 1.03] 1.01 [0.97;1.06] 0.99 [0.94;1.04]
MnBP 1.03 [0.95;1.12] 1.00 [0.93;1.08] 1.05 [0.95;1.16] 1.02 [0.95; 1.09] 1.03 [0.94;1.14] 1.01 [0.95;1.08] 1.04 [0.96;1.12]
MiBP 0.95 [0.88;1.04] 1.02 [0.95;1.10] 0.99 [0.89;1.09] 0.95 [0.90; 1.02] 1.06 [0.97;1.17] 0.98 [0.93;1.04] 0.97 [0.90; 1.04]
MCPP 0.93 [0.83;1.03] 1.05 [0.95;1.16] 1.02 [0.89;1.17] 0.99 [0.91;1.08] 0.97 [0.86;1.10] 1.01 [0.93;1.09] 0.96 [0.87;1.06]
MBzP 1.04 [0.97;1.11] 0.98 [0.92;1.04] 1.00 [0.92;1.08] 1.00 [0.95;1.05] 0.96 [0.89;1.04] 0.99 [0.94;1.04] 1.02 [0.96; 1.08]
MCOP 1.05 [0.97;1.14] 1.00 [0.93;1.08] 0.96 [0.86;1.06] 1.02 [0.95;1.08] 0.94 [0.85;1.03] 1.01 [0.95;1.07] 1.02 [0.94;1.09]
MCNP 1.03 [0.96;1.11] 0.97 [0.91;1.03] 1.04 [0.95; 1.13] 0.97 [0.92;1.03] 1.01 [0.93;1.09] 0.97 [0.92;1.02] 1.04 [0.97;1.10]
>'DEHP 0.98 [0.91;1.06] 0.97 [0.90; 1.05] 1.02 [0.92;1.12] 1.01 [0.95; 1.07] 0.98 [0.90; 1.07] 0.99 [0.94;1.06] 0.99 [0.92;1.07]

Associations adjusted for recruitment center, maternal age, parity, parental education, breastfeeding duration, household income, smoking during pregnancy, maternal

psychological difficulties during pregnancy and child age at assessment.

Abbreviations: > DEHP: molecular sum of di(2-ethylhexyl) phthalate metabolites, Cl: confidence interval, OR: odds ratio, MnBP: mono-n-butyl phthalate, MBzP: monobenzyl
phthalate, MCNP: monocarboxy-isononyl phthalate, MCOP: monocarboxy-isooctyl phthalate, MCPP: mono(3-carboxypropyl) phthalate, MEP: monoethyl phthalate, MiBP:
mono-isobutyl phthalate, > dichlorophenols : molecular sum of 2,4 and 2,5-dichlorophenols, Y Parabens : molecular sum of methyl, ethyl, propyl and butyl parabens.
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3.2.5 Discussion

In our study of 546 women who delivered a boy, three phenols (bisphenol A, triclosan
and ) dichlorophenols) and two phthalates (MnBP, MBzP) biomarkers were positively
associated with scores in one or more subscales of the SDQ, while inverse association was
observed for other biomarkers (benzophenone-3, MiBP, MCPP).

Our study is among the first to simultaneously consider a rather large number of
biomarkers from the phthalates and phenols families in relation to several behavioral scales.
Because we tested many associations, some of our results might be chance finding, as suggested
by the fact that none of the observed p-values remained significant after FDR correction. For
this reason, in the following discussion we focused on the associations for which some
consistency is observed with the previous human literature focusing on prenatal exposure, or

with animal literature when no human study was available.

Phenols and child behavior

In our study population, bisphenol A was associated with increased scores on the
internalizing behavior and peer relationship problem subscales at 3 years and on the
externalizing behavior and hyperactivity-inattention subscales at 5 years. Associations between
prenatal bisphenol A concentrations and internalizing and externalizing behavior scores in boys
have been reported in most of the previous studies evaluating such behaviors %1, Regarding
specific subscales, an increased score on the hyperactivity-inattention subscale in association
with prenatal exposure to bisphenol A has been previously reported among boys at 4 but not at
7 years . Other studies have reported opposite % or null 19019 associations with this subscale.

Interpretation of the human literature on bisphenol A should be done keeping in mind
that bisphenol A is one of the biomarkers with the highest within-subject variability (with intra-
class coefficients of correlation of 0.1- 0.2 being typically reported during pregnancy 2°324,
limiting the power of studies relying on one spot urine sample to assess exposure, as it is the
case of most previous studies. Despite this limitation, most of the published studies (including
ours) reported an association with one or several behavioral scores among boys (Table 1.6),
suggesting that bisphenol A affects some aspect of behavior among boys. This is supported by
experimental studies on laboratory animals that have also reported associations between
perinatal exposure to bisphenol A and behavior 2°5-2% and by in vitro studies that suggested that

bisphenol A can interact with some pathways that are crucial for brain development. Bisphenol
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A can indeed bind with estrogen and androgen receptors as well as interact with thyroid
hormone pathways (reviewed by Mustieles et al 83).

In our population, triclosan, a biocide used in some toothpastes, antibacterial soaps and
detergents tended to be positively associated with the externalizing behavior score as well as
with the emotional symptom and conduct problems scores at 3 years. When SDQ scores were
dichotomized associations with the emotional symptom score was also observed at 5 years. To
our knowledge this is the first study investigating triclosan potential effect on child
neurodevelopment. Both in vitro studies and studies in rodents suggested that triclosan can
affect pathways involved in the development of the nervous system, such as the thyroid
hormone pathway %2 In humans, a cross-sectional study reported increased total
trilodothyronine concentrations in association with increased triclosan concentrations among
adolescents 2%°. Other mechanisms whereby triclosan might affect child neurodevelopment
include disruption of the sex hormone homeostasis because triclosan can bind, albeit with low
affinity, to both the androgen and estrogen receptors (reviewed by Witorsh et al 2%1)

Maternal urinary concentrations of ) dichlorophenols tended to be associated with
increased risk of conduct problems at 5 years. However, this association did not remain when
SDQ scores were dichotomized. Y dichlorophenols included 2,5-dichlorophenol, a metabolite
of 1,4-dichlorobenzene used in mothballs, indoor deodorizers and toilet bow! disinfectants and
2,4-dichlorophenol a metabolite of 2,4-dichlorophenoxyacetic acid used as intermediate in the
production of some herbicides. Our study is the first to focus on these compounds in humans
for behavior-specific factors. A study in which rats were exposed during pre- and post-natal life
to 2,4-dichlorophenoxyacetic acid reported deleterious effect on behaviors 2%? that included
hyperactivity, stereotypic behavior (excessive grooming) and serotonin syndrome behaviors
(forepaw tapping, sprawling of limbs, and mobility) 262. Translation to epidemiological research
is difficult, given the fact that behavioral outcomes and routes of exposure differ between rats

and humans.

Benzophenone-3 and the Y parabens were associated with lower SDQ scores, suggesting
improved behaviors, although associations did not remain after SDQ scores were dichotomized.
To our knowledge, this is the first epidemiological study that looked at the human behavioral
effects of these compounds, which makes it difficult to discuss the plausibility of our
associations with lower SDQ scores. However, previous studies in rats exposed to parabens

pre- and post-natally (via lactation) reported increased anxiety-like behavior 2 and autism-like
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symptoms 2 as well as less social interactions and learning memory 72 in exposed animals
compared to controls, which is not in line with our findings. This difference and the fact that
the association we observed with ) parabens did not remain when SDQ scores were
dichotomized, should lead to cautious interpretation of the association we observed that

suggested that higher concentration of ) parabens was associated with more prosocial behavior.

Phthalates and child behavior

We observed increased scores on the internalizing, relationship problems and emotional
symptoms subscales at 3 years in association with urinary concentrations of MnBP. These
associations did not remain at 5 years. In a previous study among mother-child pairs from New-
York city, 3 years old boys experienced more internalizing and withdrawn behaviors as well as
more emotionally reactive problems in association with maternal urinary concentrations of this
phthalate metabolite ®’. Other studies among older boys (4.5 to 10 years) did not report such
associations 105106264 Experimental studies among rodents also suggested behavioral effects
for this phthalate 265267,

In our study population, MBzP was associated with increased scores on the internalizing
behaviors and relationship problems subscales at 3, but not at 5 years. Associations between
MBzP and behavioral scores have been reported previously among boys but with other
subscales including oppositional behavior and conduct problems 1%,

When SDQ scores were dichotomized, ) DEHP was associated with increased risk for
emotional symptoms and internalizing behavior. A few studies reported associations between
DEHP biomarkers (as a sum of several metabolites or for single DEHP metabolites) and
behavior in boys. These associations were seen with other subscales than those reported in our
study, including increased social, delinquent, somatic and externalizing behavior subscores
105,106 However, these two previous studies examined behavior at older age (6 to 10 years old)
and had relatively low sample size (n < 80 for boys). Among studies of bigger sample size, one
reported no association between prenatal exposure to DEHP and behavior at 3 years °7 while
the other reported better social competence and lower hyperactivity-inattention scores at 7 years
in association with DEHP biomarkers 2%, Phthalates can disrupt the thyroid and sex hormone
homeostasis, calcium signaling and can alter brain’s lipid profile (reviewed by Miodovnok et
al., ’®). They are also weak agonists of the aryl hydrocarbon 2%° and peroxisome proliferator-

activated receptors ® involved in numerous developmental pathways.
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MiBP and MCPP were associated with lower SDQ scores, suggesting improved
behaviors. When SDQ scores were dichotomized only the associations between MCPP and the
prosocial behavior score at 5 years and the hyperactivity-inattention scores at 3 years remained.
Previous studies that assessed this phthalate in maternal urine did not report any association
with hyperactivity-inattention among boys 106:264.268,

Strengths and limitations

Although most studies (including ours) that examined the associations between
phthalate biomarkers and child behavior in humans reported deleterious associations, the
biomarkers implicated and the affected behaviors often varied across studies. This may be
explained by the large heterogeneity in age, ranging from 1 to 10 years, the different instruments
used to evaluate behavior, the large number of comparisons performed in each study which
usually did not correct for multiple testing, and issues related to measurement error in the
exposure assessment of biomarkers with short half-lives. Exposure was assessed using only
one, rarely two, urine samples per participant collected at different time points during
pregnancy, which is insufficient to characterize exposure for biomarkers with a high intra-
individual variability, as reported for some phthalates and phenols 24270 and is likely to lead to
attenuation bias 8. As in most previous studies, we assessed exposure during pregnancy and
were missing exposure occurring during the first years of life, also a potentially crucial time
point for brain development. Socio-economic status is likely to be a strong confounder of the
associations between exposure to environmental chemicals and child neurodevelopment 27*, We
adjusted our analyses for many potential confounders but we cannot exclude that residual
confounding remained. Among 728 Spanish women for which exposure to 81 chemicals was
assessed bisphenol A was not highly correlated with other environmental biomarkers while
phthalate metabolites were correlated among each other and were negatively correlated with
some metals such as cadmium and copper (rho ranged between -0.3 and -0.5, 22). Although
correlations between exposures possibly differ across countries, this finding suggests that the
associations we observed with bisphenol A and phthalate biomarkers are unlikely to be
confounded by exposure to other chemicals. In line with this finding, associations varied little
after adjusting our analyses for the other phenols and phthalates biomarkers measured in the
study. We relied on the SDQ, a validated and widely used questionnaire in Europe, to assess

child behavior at two different time points.
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Strengths of our study include the sample size, larger than those of previous studies that
included 122 to 460 boys and girls and among which analyses stratified for child sex have been
often performed. The fact that we focused on boys limits generalizability of our findings but is
not a source of bias, especially in the context of endocrine disruptors for which sex-specific
effects have been reported previously 8192103 In an attempt of correcting our findings for
exposure measurement error we present in the supplemental material the effect estimates
corrected using an a posteriori disattenuation method . As expected, the corrected effect
estimates were bigger (absolute values) than the corresponding uncorrected IRRs and ORs. We
believe that these corrected effect estimates are relevant for the purpose of future meta-analyses
that will combine studies relying on a different number of urine samples per participant to assess

exposure.

3.2.6 Conclusion

Several of phenol and phthalate biomarkers were associated with increased scores on
the SDQ subscales at 3 and/or 5 years. The associations observed for bisphenol A and MnBP
were consistent with those reported previously among boys in the same age range °:1%-102 and
are further supported by the animal literature. Associations observed with MBzP and triclosan
cautious interpretation since they have not been observed in previous studies (MBzP) or this
study is the first to explore their potential effects on child behavior (triclosan). Harmonizing
protocols across studies (including tools used to assess behavior and age at assessment) would
enhance results comparability across studies. In addition, further studies that aim at looking at
the potential effects of phenols and phthalates on child neurodevelopment would benefit from
incorporating new approaches to improve exposure assessment, one of the main limitations of

the current epidemiological literature for these biomarkers.
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4.2 French summary

Introduction: Certains perturbateurs endocriniens environnementaux tels que les phénols et les
phtalates ont été suggérés comme contribuant a la dérégulation de I'normone thyroide en
période de grossesse. Les résultats des études préceédentes conduites sur des femmes enceintes
et des nouveaux nés sont hétérogenes ou non significatifs, ce qui pourrait étre en partie di a la
multiplicité des tests d'associations ou a la qualité limitée de I'évaluation de I'exposition.

Méthodes: Cette étude incluait 418 femmes enceintes ainsi que 421 nouveaux nés issus de
I'étude cohorte SEPAGES couple-enfant. Les taux de concentration dans I'urine en période de
grossesse ont été évalués dans 21 échantillons de chaque femme, mis en commun, tandis que
les niveaux d'hormones thryroidiennes étaient mesurés dans le sérum de la mere et de I'enfant.
Afin de limiter le nombre de tests effectués, nous nous sommes basés sur le «Adverse Outcome
Pathways (AOP) » de I'activité thyroidienne afin de sélectionner des composés précédemment
liés a les «molecular initiating events» appartenant a cette AOP, dans le projet ToxCast. Nous
avons utilisé une régression linéaire ajustée afin d'étudier les associations entre ces composés
et les niveaux d’hormone thyroidienne chez les femmes et les nouveau-nes.

Résultats: Quatre composés ont été identifiés comme de potentiels perturbateurs thryroidiens :
BBP, Bisphénol A et triclosan comme des inhibiteurs de thyroide peroxydase et le DBP comme
un inhibiteur du symport sodium/iodure. Le triclosan été également identifié comme inhibiteurs
du déiodinade-I.

Pour les hormones maternelles, le bisphénol A était négativement associé avec In(TSH) z-score
(8 =-0,05, intervalle de confiance a 95% (IC95%), -0,15, 0,06); MBzP, un métabolite du BBP,
était positivement associé avec le TT4 z-score (8 = 0,12, 1C95%, -0,01, 0,25) et le triclosan
était négativement associé avec le z-score du rapport TT3/TT4 (5 = -0,05, C195% = -0,11,
0,00). Lorsque les concentrations de biomarqueurs ont été catégorisées, des associations non-
monotoniques entre la TSH et le triclosan (forme de U) et le MnBP, un métabolite du DBP
(forme de U inversé) ont été retrouvees. Dans le sérum des nouveaux nés, seuls des effets sexe-
spécifiques ont été observes. Le bisphénol A était positivement associé avec le taux de T4 chez
les nouveau-nés garcons tandis que le triclosan était négativement associé au taux de T4 chez
les nouveau-nés filles.

Discussion et conclusion: Les associations négatives entre triclosan et le rapport de TT3/TT4
chez les femmes enceintes et avec le TT4 chez les nouvelle-nées étaient cohérentes avec les
mécanismes identifiés par ToxCast pour ce composé mais pas pour les autres. Les divergences
entre nos résultats et nos hypothéses a priori peuvent résulter en partie de la complexité du
systeme thyroidien. 1l comprend en effet des boucles de rétroaction complexes qui rendent les
effets de la perturbation d'un «molecular initiating event» sur les niveaux d'hormones
thyroidiennes difficiles a prédire. De plus, nous ne pouvons pas exclure que MnBP, MBzP et le
bisphénol A affectent d’autres «molecular initiating eventsy» pertinents que ceux identifiés par
ToxCast.
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4.3 Abstract

Background: Certain phenols and phthalates are suspected to contribute to thyroid hormone
dysregulation during pregnancy. Results from previous studies looking at the associations
between these compounds and thyroid hormone levels of pregnant women and newborns are
heterogenous or null, which could respectively be in part due to multiplicity in testing of
associations or limited quality in exposure assessment.

Methods: We included 416 pregnant women and 421 newborns from the SEPAGES couple-
child study. Pregnancy urinary concentrations of 12 phenols and 15 phthalate metabolites were
assessed in pools of 21 spot samples per participant collected in the 2" and 3 trimesters, while
thyroid hormone levels were measured in maternal and infant sera. To limit the number of tests,
we relied on an existing Adverse Outcome Pathways (AOP) of thyroid activity to select phenols
and phthalates previously linked to molecular initiating events belonging to this pathway in the
ToxCast program. We used adjusted linear regression to study the associations of these selected
compounds with levels of maternal thyroid hormones (free and total), maternal thyroid
stimulating hormone (TSH), neonatal TSH and neonatal total thyroxine (TT4).

Results: Four compounds were identified from ToxCast as plausible thyroid disruptors: benzyl
butyl phthalate (BBP), bisphenol A and triclosan, as inhibitors of thyroid peroxidase activity,
dibutyl phthalate (DBP) as an inhibitor of the sodium / iodine symporter, and triclosan, an
inhibitor of deiodinase 1. Regarding the associations with maternal hormones, bisphenol A was
negatively associated with the In(TSH) z-score (p = -0.05, 95% confidence interval (Cl) = -
0.15, 0.06); MBzP, a metabolite of BBP, was positively associated with the TT4 z-score ( =
0.12, 95% CI =-0.01, 0.25) and triclosan was negatively associated with the TT3/TT4 ratio z-
score (B = - 0.05, 95% CI = -0.11, 0.00). When biomarker concentrations were categorized in
tertiles, we observed non-monotonic associations between TSH and triclosan (U-shape) and
MnBP, a metabolite of DBP (inverse U-shape). In newborns, only sex-specific effects were
observed: bisphenol A was positively associated with the TT4 z-score in male newborns while
triclosan was negatively associated with the TT4 z-score in females.

Discussion and conclusion: The negative associations between triclosan and the TT3/TT4 ratio
in pregnant women as well as with the TT4 concentrations in female newborns were in line
with the mechanisms of action we identified through ToxCast. For the other compounds, the
direction of the associations were not as hypothesized a priori. This may partly result from the
complexity of the thyroid system that includes complex feedback loops that make the effects
of the disruption of a molecular initiating event on the serum thyroid hormone levels difficult
to predict. In addition, we cannot rule out that MnBP, MBzP and bisphenol A affect other
molecular initiating events relevant for the thyroid function than those identified through
ToxCast.
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4.4 Methodology
Study population

Study participants included mother-child pairs of the prospective SEPAGES cohort
(Suivi de I’exposition a la pollution atmosphérique durant la Grossesse et Effects sur la Santé)
%6 This study originally recruited 484 pregnant women from eight obstetrical ultrasonography
practices located in Grenoble area in France, between July 2014 and July 2017. Women were
included basing on the following criteria: being pregnant by less than 19 gestational weeks,
older than 18 years old, having a singleton pregnancy, planning to give birth in one of the four
maternity clinics from Grenoble area and living in the study area. All participating women gave
written consent for themselves and their children.

The SEPAGES cohort was approved by the relevant ethical committees (Commission
Nationale de I’Informatique et des Libertés (CNIL), Comité Consultatif sur le Traitement de
I’Information en matiére de Recherche dans le domaine de la Santé(CCTIRS), Comité de
Protection des Personnes Sud-Est(CPP)).

This analysis was restricted to 416 mother and 421 newborns for whom urine samples
during pregnancy (for phenol, phthalate assessments) as well as either maternal or newborn
blood was available (for thyroid hormone assessments) and who did not report having thyroid

function problems (illustrated in Figure 4.1).
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SEPAGES cohort
N = 484 women

No urine samples collected
13 women
A 4
Exposure biomarker measurements
N =471 women
A 4
Assessment of THs in maternal Assessment of THs in newborns’

sera sera

N = 450 newborns

Mother reported N = 453 women Mother reported
diagnosis with | diagnosis with
thyroid problem? | thyroid problem?
37 women ‘L 1l 29 newborns
™ ”:T';I:f;;;?-ﬂ
N TT4 (N=412)P

Figure 4.1 : lllustration of final sample size included in the study.

Abbreviation : THs: thyroid hormones and TSH, TSH: thyroid stimulating hormone, FT4(resp.FT3): free thyroxine
(tri-iodothyronine), TT4 (resp. TT3): total thyroxine (tri-iodothyronine)

aThyroid problems reported: hypothyroidism, hyperthyroidism and goiter.

® Not enough serum for maternal TT3 (N= 30) and newborn TT4 (N= 9) quantification.

Sera sample collection and measurement of thyroid hormone concentrations

Maternal serum samples were collected by trained SEPAGES field workers during a
study visit at the participants’ homes at a median of 19 gestational weeks (min: 13.4, max: 36.3
weeks). After collection, samples were transported on ice packs to a certified biobank of the
Grenoble University Hospital (bb-0033-00069); there, samples were processed and stored at -
80°C. Newborn blood spots (from Guthrie cards) were collected at a median of 3 days (5%
percentile: 2, 95" percentile: 4) at the maternity and stored at -20°C.

TSH, FT4, protein-bound T4, FT3 and protein-bound T3 were quantified in maternal
sera by LOCI® Chemiluminescence on Dimension Vista® analyzer 2”3, Selenium, an essential
metal involved in the peripheral conversion of FT4 to FT3 and iodine, an essential element in
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the synthesis of thyroid hormones, were measured in maternal sera and urine respectively, using
inductively coupled plasma mass spectrometry (ICP-MS).

TSH levels of newborns were assessed as part of the national screening program on
congenital hypothyroidism. Newborn T4 levels were assessed on the remaining blood using
immunofluorescence (automaton GSP, Perkin Elmer). T3 was too unstable to be assessed in
newborn blood spots.

Measurements were carried out at the Department of biochemistry, toxicology and
pharmacology (Département of Biochimie and Toxicologie Pharmacologie) of Grenoble
university hospital.

The ratio of T3 to T4 was calculated by dividing the concentration of TT3 by the

concentration of TT4. This ratio is an indicator of T4 deiodination into the active T3 form.

Urine sample collection and phenol and phthalate concentration assessments

Urine samples were collected at two different stages of pregnancy: mid-pregnancy at a
median of 17.7 weeks (minimum (min): 12.3, maximum (max): 23.4) and late pregnancy at a
median of 34 weeks (min: 28, max: 37.6). At each stage, women were requested to collect 3
spot urine samples per day (in the morning, mid-day and evening) over seven consecutive days.
Samples were collected in 60 ml polypropylene tubes and stored in their own freezer (-20°C)
by participants. At the end of the collection week, samples were picked up by a study field-
worker and brought to the biobank with ice packs, where they were stored at -20°C. Spot
samples were then thawed over night at 4°C, and for each subject a pool of the same volume of
all the spots collected over a measurement week were made, aliquoted and stored at -80°C 1%,

Samples were sent on dry ice with a temperature sensor to ensure that they remain frozen
during transfer to the Norwegian Institute of Public Health (NIPH), where measurements of 12
phenols and 15 phthalate metabolites concentrations were carried out using isotope dilution—
high performance liquid chromatography (HPLC) — electrospray ionization-tandem mass
spectrometry 2’4, The free and conjugated forms of phenol biomarkers were preliminarily
measured in samples from 50 women. These preliminary measurements did not suggest any
external contamination 4, so that for the remaining participating women, we relied on the total

form of phenol biomarkers, which was cheaper to assess.
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A priori selection of phenols and phthalates tested for relations with thyroid hormones

Discrepancies in results exist across studies that assessed effects of various phenols or
phthalates on thyroid hormone levels of pregnant women and neonates. These could be due to
differences in study design such as timing of urine and blood collection as well as differences
in exposure levels. In addition, given the multiplicity of the outcomes (several thyroid
hormones, some of which are assessed at repeated time points) and exposures studied (10
phthalate metabolites and 12 phenols), chance findings cannot be ruled out. In a context where
multiple exposures are studied, statistical based approaches such as Elastic net (ENET) and
Deletion-Substitution-Addition algorithm (DSA) can be used to limit risk of chance findings
275 Although these methods tend to out-perform the classical approach that relies on one model
per exposure (ExXWAS) in terms of controlling the false positive risk, these methods are not
totally efficient 2™, In a simulation study of 237 exposures assuming that each true predictor
explained 3% of the outcome variability, Agier et al., reported false discovery rates of 0.86 for
EXWAS, 0.37 for ENET, and 0.28 for DSA 275,

The number of tests performed can be limited by a priori selecting the compounds for
which prior information on adverse effects on the outcome of interest exists. Such an approach
may rely on knowledge of the toxicological mechanisms underlying the health outcome and
could be strengthened by the reliance on adverse outcome pathways (AOP) network, when they
exist 163,

An AOP is defined as a conceptual framework that portrays the link between direct
molecular initiating events (MIEs) (e.g., a molecular interaction between a xenobiotic and a
specific biological molecule), key events (KEs, e.g. decrease in thyroid hormone levels) and
adverse outcomes 27®. Toxicological data can be mapped along an AOP from early molecular
events that indicate thyroid activity with high specificity to downstream biological responses
and adverse outcomes 2’7, In studies with large numbers of chemical exposures (exposome-
studies), this concept could allow reduction in dimensionality / multiple tests by providing
mechanistic plausibility 27",

The AOP of thyroid disruption is discussed in detail by Noyes et al 1% (illustrated in
Figure 4.2).
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Figure 4.2: Adverse outcome pathway (AOP) network for chemically induced thyroid activity showing the integration of multiple individual AOPs
under development and proposed. Adapted from Noyes et al 1%,
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Considering the pathways described in the AOP above, we relied on the ToxCast
program 27® to identify compounds portraying thyroid disruption. ToxCast is a USA
Environmental Protection Agency (EPA) program that builds large collections of molecular
initiating events based on in vitro assay data on a diverse set of chemicals (with over 1000
chemicals in the ToxCast phase I and Il lists), including 10 phenols and 4 phthalates assessed
in SEPAGES.

In regards to the phenols and phthalates considered in this work, the ToxCast program
only screened these compounds for disruption of 3 molecular initiating events including
inhibition of thyroid peroxidase; inhibition of glandular iodide uptake by the sodium-iodide
symporter and inhibition of peripheral deiodinase 1. We only included phenols and phthalates
identified through the ToxCast program as disruptors of at least one of these molecular initiating
events. These were BBP, bisphenol A and triclosan as inhibitors of TPO activity 14 and DBP
an inhibitor of the NIS %1% Triclosan was also identified as inhibitor of deiodinase I 14°. The
hypothesized effects on thyroid hormone levels following disruption of these MIEs are

summarized in Table 4.1.

Table 4.1: Summary of the molecular initiating events that could be affected by the compounds
assessed in SEPAGES and the expected resulting effect on the thyroid hormone levels

Compounds Affected molecular Expected association with TH levels

initiating event®?

BPA, TCS, BBP Inhibition of TPO Decrease in T3 and T4 and increase in TSH
DBP Inhibition of the NIS
TCS Inhibition of deiodinase 1 | Association with the TT3/TT4 ratio

aMolecular initiating event identified from ToxCast program.

Abbreviations: TCS: triclosan, BPA: bisphenol A, BBP: benzylbutyl phthalate, DBP: Di-n-butyl phthalate,
TH: thyroid hormones, TPO: thyroid peroxidase, NIS: Sodium/lodine symporter, T4: thyroxine, T3:
triiodothyronine, TSH: thyroid stimulating hormone.

Statistical analysis

Exposure biomarker concentrations below the limit of detection (LOD) were replaced
by specific instrumental reading values; when no signal was detected (i.e., instrumental reading
value of 0), we replaced the value by the LOD divided by the square root of two.

Maternal and newborn TSH, phenol and phthalate concentrations were In-transformed

to limit the impact of extreme values.
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To enhance results comparability across hormones, for each hormone concentrations
we calculated the Z scores (Z-score for a participant | =[concentration for subject i — mean of
the population]/Standard Deviation (SD) of the population).

We used adjusted linear regression to assess the association between each selected
phenol and phthalate biomarker and the thyroid hormone z-scores as well as with the z-scores
of the TT3/TT4 ratio.

In the models on maternal hormones, we only considered phenol and phthalate
concentrations assessed in the pool of urine samples collected in early pregnancy (i.e., assessed
before blood collection) while for the newborns hormones models, exposure during pregnancy
was expressed as the average of the urinary concentration assessed in the pool of the urine
samples collected in early pregnancy and late pregnancy.

Biomarker concentrations were considered as continuous (In-transformed), as well as
categorized into tertiles. Heterogeneity and trend tests were performed using categorical
variables whose values corresponded to the tertile-specific medians of biomarker
concentrations. Associations were considered non-monotonic if we observed heterogeneity
(i.e., p-value for heterogeneity< 0.1) with little support for a linear trend (p-value trend tests >
0.1)).

Adjustment factors were selected a priori, and included predictors of thyroid hormones
concentrations 141174, Maternal models were adjusted for maternal age (quadratic terms), BMI
before pregnancy (continuous) and gestational age at serum collection (continuous). The
maternal models of the T3/T4 ratio were further adjusted for selenium levels. Newborn models
were adjusted for age of infant at blood collection in days (continuous), mode of delivery
(vaginal / caesarean), sex (male / female), and vitamin use during pregnancy (yes / no). Both
maternal and infant models were additionally adjusted for education level (three categories:
high school (< high school to < 2 years after high school), undergraduate (3 to 4 years after high
school and postgraduate (>= 5 years after high school)) and parity (nulliparous and parous).
These two factors were not identified as predictors of thyroid hormone levels in our literature
review but were included because 1) previous studies looking at the associations between
phenols, phthalates and thyroid hormone levels adjusted for them 17* and 2) they have been
associated with at least one thyroid hormone concentration (p-values < 0.2) in our study
population (Table 4.5 and Table 4.6). Other predictors of newborn thyroid hormone levels such
as gestational age (pre-term birth) and birthweight that were likely to lie in the causal pathway

219 hetween exposure and outcome were not considered in our main analysis.
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Effect estimates were reported as a SD change in T3 and T4 concentrations or a SD
change in the In-transformed TSH concentrations for a one unit increase in the In-transformed

phenol or phthalate metabolite concentrations.

Sensitivity analyses

Given that sex-specific effects in regards to phenols and phthalates were previously
reported in studies of newborns 164165174 “\ye assessed interactions between biomarker
concentrations and newborn sex, and performed stratified analysis in instances where the p-
values for interaction were less than 0.1.

Smoking during pregnancy was identified as a predictor of both maternal and newborn
thyroid hormone levels 41174 while alcohol consumption was identified as a predictor of
newborn thyroid hormone levels . In our study sample, tobacco consumption information
was missing for 39 women (9%) and alcohol consumption information for 28 (6%). To avoid
lowering the sample size of our main analysis, these two factors were only considered in
sensitivity analyses. In the maternal hormone models, smoking status during early pregnancy
was considered while for the newborn hormone models, the status throughout pregnancy and
alcohol consumption were considered.

For most women, the serum samples were collected the last day of the week of urine
collection. In an instance where short-term effects are expected, including all women in our
analysis may have diluted our effect estimates. For this reason, we ran sensitivity analysis
restricted to the women for whom serum samples were collected immediately after collection
of urine samples (less than 2 days after the collection of the last sample in the week of follow-
up, N= 339).
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4.5 Results
Characteristics of study participants
Mothers were on average 32 years (standard deviation (SD) = 3.9) at recruitment; the
majority of them (54%) were parous and had attained graduate level education (57%). Their
children were born at an average gestational age of 39.8 weeks (SD = 1.5) with an average
weight of 3.3 kilograms (SD = 0.5). Majority of the infants were males (54%) (Table 4.2).
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Table 4.2: Characteristics of pregnant women (N= 415) and their newborns
(N =421) included in this study; SEPAGES cohort, Grenoble.

Characteristics N(%) Mean (SD)
Mothers
Maternal age (years) 32 (3.9)
Gestational age at serum collection (weeks) 19.9 (3.4)
BMI before pregnancy (kg/m?) 22.3 (3.6)
Education level

< 2 years after high school 71(17.1)

3 to 4 years after high school 110 (26.4)

> 5 years after high school 233 (56.0)

Missing 2(0.5)
Parity

Nulliparous 189 (45.4)

Parous 227 (54.3)

Missing 1(0.3)
Newborn
Gestational age at delivery 39.8 (1.5)
Birth weight (kg) 3.3(0.5)
Newborn age at serum sampling (days) 3(0.7)
Child sex

Male 226 (54)

Female 195 (46)
Mode of delivery

Vaginal 345 (82)

C-section 68 (16)

missing 8(2)
Vitamin use during pregnancy

Yes 365 (87)

No 38 (9)

Missing 18 (4)
Smoking?

No 354 (85)

Yes 25 (6)

Missing 39(9)
Alcohol consumption during pregnancy

No alcohol 334(80)

Less than a glass/month 59(14)

At least a glass/month 8(2)

Missing 20(4)
Alcohol consumption before knowledge of pregnancy

No alcohol 106 (25)

Less than a glass/month 90 (22)

At least a glass/month 157 (37)

Missing 68 (16)

N™: number of women that did not report a former diagnosis of thyroid problems,
had at least one hormone level assessed in maternal serum or and had exposure
biomarker concentrations measured at the first visit or number of newborns for
whom mothers did not report a former diagnosis of thyroid problems, had at least
one hormone level assessed in cord sera or and had exposure biomarker
concentrations measured at either the first or last pregnancy examinations.

2 \Women that smoked at least one cigarette at any time during pregnancy.
b\Women that had at least one glass of alcohol during pregnancy
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Distribution of serum thyroid hormone

On average, maternal free forms of T4 and T3 represented only 0.01% and 0.2% of
total T4 and total T3 respectively. Most of the women (percentage range between 59% and
99%, depending on the hormones) were in the reference range defined by the French health
authority (Table 4.3). The median urinary iodine concentration (UIC) of the women included
in this study was 88ug/L, lower than the world health organization (WHO) guideline for

pregnant women (median UIC range 150 to 249 pg/L) 2.
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Table 4.3: Distributions of serum thyroid hormone concentrations of the SEPAGES cohort pregnant

women and their newborns

N* Mean (SD) Percentiles Within reference  >reference < reference
5t 5ot g5t range N3(%)  range N°(%) range N°(%)

Maternal thyroid hormones
Total T4 (ng/mL) 416 76 952 1226  354(85.1%) 62(14.9%)
Free T4 (pg/mL) 415 75(15) 54 71 104 244(58.8%) 171(41.2%)
Total T3 (ng/mL) 387 09 12 1.6 384(99.2%) 3(0.8%)
Free T3 (pg/mL) 416  2.1(0.3) 1.7 21 26 305(73.3%) 111(26.7%)
TSH (mUI/L) 416 1.4 (0.7) 06 13 25 403(96.9%) 8(1.9%)
Todine (pg/L) 399  112(95) 30 88 272 325(81.5%) 51(12.8%) 23(5.8%)

Selenium (umole/L) 348
Newborn serum levels

Total T4 (ng/mL) 412
TSH (mUI/L) 421

0.98(0.13) 0.78 096 1.2

82.4(21.7) 456 814 1186

2.3 (1.8)

0.7

1.9

5.6

Abbreviations: TSH: thyroid stimulating hormone, T4: thyroxine, T3: triiodothyronine
N*: number of women or newborns for whom; mothers did not report a former diagnosis of thyroid problems, had at
least one hormone level assessed in maternal sera or in cord sera and had exposure biomarker concentrations measured

at Tland T3

N2: Number of women or newborns with thyroid hormone and iodine levels within reference range

NP: Number of women or newborns with thyroid hormone and iodine levels below reference range

N¢: Number of women or newborns with thyroid hormone and iodine levels above reference range

French reference ranges from French Haute autorité de santé: free T4 (7 — 18pg/mL), total T4 (45 — 110ng/mL), free
T3 (2 - 4.3pg/mL), total T3(0.6 - 1.9ng/mL), TSH (0.36 — 2.5 and 0.36 — 3.74 mUI/L for mothers and newborns
respectively), WHO guidelines for pregnant population (median urinary concentration: 150 — 249 pg/L) 2%
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Within-sample correlation coefficients were low for all hormones, with the highest
correlation observed between TT4 and TT3 (rho = 0.33) and between TT3 and FT3 (rho = 0.33
Table 4.4). TSH was weakly negatively correlated with TT4, FT4 and FT3 in maternal samples
(rho between -0.06 and -0.01) as well as with TT4 in the newborn samples. Newborn TSH was
also negatively correlated to newborn TT4 (rho = -0.07, Supplemental material Table 4.4).
Correlation between maternal and newborn thyroid hormone concentrations were overall low,
with the highest correlation coefficients observed between maternal TT3 and newborn TT4 (rho
=0.14).

Table 4.4: Spearman correlation coeffecients between maternal and newborn thyroid
hormones

Maternal? Newborn®

TT4 FT4 TT3 FT3 TSH
TT4 TSH

TT4  1.00
Maternal FT4 0.18 100
TT3 033 -016 1.00
FT3 020 031 033 100
TSH -006 -0.07 003 -0.01 1.00
Newborn TT4 -0.07 002 014 006 -0.06 1.00
TSH 002 006 002 003 008 009 100

Abbreviations: TT4 :total thyroxine, FT4 :free thyroxine, TT3 :total triiodothyronine,
FT3: Free triiodothyronine, TSH: thyroid stimulating hormone

@Thyriod hormone levels assessed at mean of 19.9 (standard deviation = 3.4)
gestational weeks.

®Thyriod hormone levels assessed at 3 (standard deviation = 0.7) days.

Distribution of maternal urinary phenol and phthalate urinary concentrations

MnBP, MBzP, bisphenol A and triclosan were detected in more than 96% of the pooled
urine samples assessed, with highest median values observed for MnBP followed by MBzP,
bisphenol A and triclosan (Figure 4.3). Correlations between biomarker concentrations were
low (rho < 0.23), except between MnBP and MBzP, which were positively correlated (rho =
0.61).

141



Phenols and phthalates and thyroid hormone levels

Concentrations (In-transformed, pg/L)

BPA TCS MnBP MBzP

Figure 4.3: Distributions of the average (mid- and late pregnancy) phenol and phthalate
urinary concentrations in weekly pools (average of 2 within-subject pool of 21 spot
samples) of pregnant women in the SEPAGES cohort (N =418).

Abbreviations; BPA: bisphenol A, TCS: Triclosan, MnBP: mono-n-butyl phthalate,
MBzP: mono benzyl phthalate.

Limits of detection : 0.04 for bisphenol A and Triclosan and 0.2 for MnBP and MBzP.

Predictors of maternal and newborn thyroid hormone levels in our study population

Maternal age was inversely associated with TT4. For this same hormone, mothers that
had one or more children had lower serum concentrations compared to those in their first
pregnancy. Maternal pre-pregnancy body mass index (BMI) and gestational age at serum
sampling were positively associated TT4. Mothers with lower education levels (high school
and undergraduate) had higher levels of TT4 (p-value for heterogeneity = 0.03). Only one factor
was significantly associated with maternal TSH: maternal age at conception was positively
associated with this hormone.

In relation to newborn TT4 levels, most predictors tended to be positively associated

with this hormone, including gestational age at birth, being born of a mother that took vitamins
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during pregnancy or that had a high school education level. Newborns of mothers that smoked
however had lower TT4 levels (p-value = 0.01). Newborn TSH levels were positively
associated with gestational duration and levels of this hormone were also higher among infants
delivered by caesarean section. Newborns of older mothers had lower TSH levels (Table 4.6).
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Table 4.5: Multivariate analysis: potential predictors of thyroid hormone levels during pregnancy in our study population (N =416)

TT4 TT3 Ln (TSH)

Predictors B 95% Cl  Phet B 950 Cl  Phet B 95% ClI Phet
Maternal age at conception (years) -0.03 [-0.05;0.00] -0.01 [-0.04;0.02] 0.02 [-0.01;0.04]
Gestational age at sampling (weeks) 0.08 [0.05;0.11] 0.01 [-0.03;0.04] 0.00 [-0.03;0.03]
Pre-pregnancy BMI (continuous, kg/m?) ~ 0.02 [0.00 ; 0.05] 0.06 [0.03;0.09] 0.01 [-0.02;0.03]
Maternal education 0.03 0.52 0.91

> 5 years after high school (ref) (ref) (ref)

3 to 4 years after high school 0.24 [-0.03;0.51] 0.12 [-0.17;0.40] 0.05 [-0.20;0.29]

<2 years after high school 0.17 [-0.04;0.37] 0.01 [-0.20;0.23] -0.19 [-0.38;-0.01]
Parity

Nulliparous (ref) (ref) (ref)

Parous -0.16 [-0.40;0.07] -0.06 [-0.31;0.19] -0.01 [-0.22;0.20]
Maternal smoking in early pregnancy

No (ref) (ref) (ref)

Yes -0.26 [-0.70;0.18] -0.22 [-0.70; 0.25] 0,13 [-0.27;0.53]

Abbreviations; Cl: confidence interval, ref: reference category, Phet: P-value of heterogeneity
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Table 4.6: Multivariate analysis: potential predictors of thyroid hormone levels in SEPAGES
newborns (N = 421).

TT4 (N = 345) LnTSH (N =352)

Predictors B 95% CI Phet B 95%CI Phet
Age of child at blood sampling (days) -0.01 [-0.14;0.13] 0.02 [-0.13;0.16]
Gestational age at birth (weeks) 0.07 [-0.02;0.15] 0.13 [0.04;0.22]
Birth weight (grams) 0.00 [0.00;0.00] 0.00 [0.00;0.00]
Maternal age (years) 0.00 [-0.03;0.03] -0.04 [-0.07;-0.01]
Maternal pre-pregnancy BMI (kg/m?) 0.00 [-0.03;0.03] 0.01 [-0.02;0.04]
Child sex

Male (ref) (ref)

Female 0.21 [-0.15;0.57] 0.19 [-0.19;0.58]
Vitamins use

No (ref) (ref)

Yes 0.13 [-0.07;0.34] -0.01 [-0.22;0.21]
Education 0.14 0.99

> 5 years after high school (ref) (ref)

3 to 4 years after high school 0.11 [-0.13;0.36] 0.00 [-0.25;0.26]

<2 years after high school 0.29 [0.00;0.58] -0.02 [-0.32;0.28]
Parity

Nulliparous (ref) (ref)

Multiparous 0.13 [-0.09;0.36] -0.06 [-0.30;0.17]
Mode of delivery

Vaginal (ref) (ref)

Caesarean section -0.03 [-0.32;0.26] 0.45 [0.15;0.75]
Alcohol consumption during pregnancy

No (ref) (ref)

Yes 0.07 [-0.16;0.29] 0.10 [-0.13;0.34]
Active smoking at T1 or during pregnancy

No (ref) (ref)

Yes -0.51 [-0.91;-0.11] 0.07 [-0.35;0.49]

Abbreviations; Cl: confidence interval, ref: reference, Phet: P-value of heterogeneity
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Associations of urinary phenol and phthalate metabolite concentrations with maternal thyroid
hormone levels during early pregnancy

We observed a negative association (p-het = 0.09, p-trend = 0.03) between bisphenol A
and maternal In-TSH, which decreased by 0.11 SD (95% CI =-0.33, 0.10) and 0.24 (95% CI =
-0.46, -0.02 ) in the second and third tertiles of bisphenol A concentration, respectively,
compared to the first tertile. Our results were also suggestive of non-monotonic associations (p-
het < 0.05, p-trend > 0.13) between triclosan (U-shape), MnBP (inverse U-shape) and TSH
(Table 4.7 and Figure 4.4).

Change in In(TSH) (SD)
5
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Change in In(TSH) (SD)
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T T T T T T T T
-5 0 5 10 1 2 3 4
InTCS InMnBP

Figure 4.4: TSH concentrations as a function of urinary triclosan and MnBP (In-transformed) concentrations
assessed in a pool of urine samples collected in early pregnancy, coded as restricted cubic splines (3 knots). The
predicted curves were adjusted for maternal age, body mass index, gestational age at serum sampling, maternal
education level and parity. Shading indicate 95% confidence intervals.

Abbreviations: MnBP: mono-n-butyl phthalate, TSH: thyroid stimulating hormone

No clear association was observed with FT4, TT3 or FT3 (p-het > 0.21) in our main
analysis (Table 4.7).

Regarding TT4, our main analysis was suggestive of a positive association between
MBzP (coded in continuous) and TT4 maternal concentration (g = 0.12 SD for an increase by
1 in In-transformed MBZP urine concentrations, 95% confidence interval (Cl) = -0.01, 0.25,
Table 4.7). This positive association was stronger when analysis was restricted to the 339
women for whom blood sample for hormone assessment was collected at the end of the urine
collection week used to assess exposure (beta = 0.15, 95% CI = 0.02, 0.28, Supplemental
material Table 4.10).
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While not significantly associated with TT3 and TT4 , triclosan (coded in continuous)

was inversely associated with the TT3/TT4 ratio, which decreased by 0.05 (95% CI = -0.11,

0.00) for each increase by one in the In-transformed triclosan concentration (Supplemental
material Table 4.9).

Additional adjustment for maternal smoking status did not affect our results
(Supplemental material Table 4.9, Table 4.11 and Table 4.12).
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Table 4.7 : Adjusted associations of maternal thyroid hormone levels with urinary phenol and phthalate metabolite concentrations (In-
transformed) assessed in a pool of repeated urine samples collected prior to blood collection (N= 416, SEPAGES cohort).

Total T4 (TT4) Free T4 Total T3 (TT3) Free T3 TSH
B 95% CI pa PP B 95% CI pa pb B 95% CI pa pb B 95% CI pa pb B 95% CI p2 pb
Bisphenol A 0.76  0.99 0.52 0.62 0.34 0.16 050 0.71 0.09 0.03
Tertile 1 (ref)
Tertile 2 0.08 [-0.14;0.31] 0.10 [-0.13;0.32] 0.10 [-0.12;0.36] 0.12 [-0.12;0.36] -0.11  [-0.33;0.10]
Tertile 3 0.02 [-0.20;0.25] -0.02  [-0.25; 0.20] 0.18 [-0.25;0.23] -0.01 [-0.25;0.23] -0.24 [-0.46; -0.02]
Ln (BPA) 0.05 [-0.06 ;0.16] -0.04 [-0.16; 0.07] 0.09 [-0.14;0.10] -0.02 [-0.14;0.10] -0.05 [-0.15;0.06]
Triclosan 0.44 0.81 0.59 0.36 037 0.23 024 0.73 0.01 0.13
Tertile 1 (ref)
Tertile 2 0.14 [-0.08;0.36] 0.04 [-0.18; 0.26] 0.08 [-0.04;0.43] 0.19 [-0.04;0.43] -0.28 [-0.49;-0.07]
Tertile 3 0.09 [-0.14;0.31] -0.07 [-0.30;0.15] -0.10 [-0.20;0.29] 0.05 [-0.20;0.29] -0.27 [-0.48;-0.05]
Ln (TCS) 0.00 [-0.04;0.05] -0.03 [-0.08;0.02] -0.04 [-0.07;0.04] -0.01 [-0.07; 0.04] -0.03 [-0.07;0.02]
MnBP 0.46 0.95 0.21 0.09 092 094 0.43 0.33 0.02 0.5
Tertile 1 (ref)
Tertile 2 0.14 [-0.09;0.36] -0.01 [-0.23;0.22] 0.05 [-0.31;0.18] -0.06 [-0.31;0.18] 0.20 [-0.02;0.41]
Tertile 3 0.04 [-0.20;0.28] -0.19 [-0.43;0.05] 0.02 [-0.16;0.36] 0.10 [-0.16;0.36] -0.11  [-0.34;0.12]
Ln (MnBP) 0.13 [-0.04;0.30] -0.09 [-0.26;0.08] 0.05 [-0.09;0.28] 0.10 [-0.09;0.28] -0.12 [-0.28;0.04]
MBzP 0.41 0.25 0.77 0.47 0.88 0.70 093 081 056 0.41
Tertile 1 (ref)
Tertile 2 0.12 [-0.10;0.34] -0.03 [-0.25;0.20] 0.02 [-0.20;0.28] 0.04 [-0.20;0.28] 0.04 [-0.17;0.25]
Tertile 3 0.15 [-0.09;0.38] -0.08 [-0.32;0.15] -0.04 [-0.21;0.29] 0.04 [-0.21;0.29] -0.08 [-0.30;0.14]
Ln (MBzP) 0.12 [-0.01;0.25] -0.07 [-0.20; 0.06] 0.01 [-0.22;0.07] -0.07 [-0.22; 0.07] -0.06 [-0.19; 0.06]

Abbreviations: BPA: bisphenol A, TCS: triclosan, MnBP: mono-n-butyl phthalate (metabolite of Di-n-butyl phthalate), MBzP: mono benzyl phthalate (metabolite of benzybutyl
phthalate), TT4: total thyroxine, FT3: free thyroxine, TT3: total triiodothyronine, TSH : thyrotropin, Cl: confidence interval, ref: reference category
Adjustment factors: maternal age, body mass index, gestational age at serum sampling, maternal education level, parity and urine specific gravity.

ap: P-value of heterogeneity test.
bp: P-value of trend test.
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Associations of urinary phenol and phthalate metabolite concentrations with newborn thyroid
hormone levels

We observed a monotonic association between MnBP and TSH (p-het = 0.09, p-trend
=0.07). Newborn In-TSH z-score increased by 0.2 (95% CI = 0.01, 0.40, ) for each increase by
one in the In-transformed maternal MnBP concentrations (Table 4.8).

No other exposure biomarker was associated with TSH or TT4 in newborns in our main
analysis when boys and girls were considered together (p-value for heterogeneity were > 0.19,
Table 4.8)

However, for TT4, we observed sex-specific associations with bisphenol A and triclosan
(p-value of interaction = 0.03 and 0.11 respectively, Table 4.8). After stratification for child
sex, TT4 concentration was positively associated with bisphenol A concentration among boys
(beta = 0.24, 95% CI = 0.02, 0.45), while TT4 decreased with an increase in triclosan
concentration among girls only (beta = - 0.07, 95% CI =-0.14; — 0.00, Figure 4.5).

Additional adjustment for smoking and alcohol consumption during pregnancy did not

change these results (Supplemental material, Table 4.13).
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Table 4.8: Adjusted associations between maternal urinary phenol and phthalate metabolite

concentrations and newborn thyroid hormone levels, SEPAGES cohort.

Total T4 TSH
B 95% Cl P- P P for B 95% ClI pa PP pe
het? trend interaction®

Bisphenol A 0.20 0.16 0.41 0.73

Tertile 1 (ref) (ref)

Tertile 2 0.18 [-0.07;0.42] -0.14 [-0.39;0.10]

Tertile 3 0.21 [-0.04;0.45] 0.00 [-0.25;0.25]

Ln(BPA) 0.07 [-0.07;0.22] 0.03 -0.03 [-0.18;0.12] 0.61
Triclosan 0.26 0.27 043 0.19

Tertile 1 (ref) (ref)

Tertile 2 -0.16  [-0.40; 0.08] 0.00 [-0.24;0.25]

Tertile 3 -0.19  [-0.44;0.05] -0.14 [-0.39;0.10]

Ln(TCS) -0.03 [-0.08;0.02] 0.11 -0.03 [-0.08 ; 0.02] 0.33
MnBP 0.27 0.93 0.09 0.07

Tertile 1 (ref) (ref)

Tertile 2 0.19 [-0.05;0.43] -0.04 [-0.29;0.20]

Tertile 3 0.04 [-0.22;0.31] 0.22 [-0.04;0.49]

Ln(MnBP) 0.07 [-0.12;0.26] 0.66 0.20 [0.01;0.40] 0.89
MBzP 093 0.71 094 0.79

Tertile 1 (ref) (ref)

Tertile 2 0.02 [-0.23;0.27] -0.02 [-0.27;0.23]

Tertile 3 0.05 [-0.20;0.30] 0.03 [-0.23;0.28]

Ln(MBzP) 0.04 [-0.11;0.18] 0.79 0.02 [-0.13;0.18] 0.87

Abbreviations: BPA: bisphenol A, TCS: triclosan, MnBP: mono-n-butyl phthalate (metabolite of Di-n-
butyl phthalate), MBzP: mono benzyl phthalate (metabolite of benzybutyl phthalate), TT4: total
thyroxine, TSH: thyrotropin.
Adjustment factors: Age of child, type of delivery, child sex, parity, maternal age, maternal education
level, vitamin use, age of mother and urine specific gravity.

ap: P-value of heterogeneity test.

®P: P-value of trend test.
P¢: p -value for interaction term for child sex and urinary biomarker concentrations.
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Figure 4.5: Adjusted associations between newborn thyroid hormone levels and maternal urinary
bisphenol A and triclosan concentrations, stratified by sex.

Abbreviations: T4: total thyroxine

Adjustment factors: Age of child, type of delivery, child sex, parity, maternal age, maternal education
level, vitamin use, age of mother and urine specific gravity.
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4.6 Discussion

In this study, maternal urinary bisphenol A, triclosan and MnBP pregnancy urinary
levels were associated with maternal TSH. The negative association with bisphenol A was
monotonic, while associations with triclosan (U-shape) and MnBP (inverse U-shape) were non-
monotonic. Urinary MBzP concentrations was positively associated with maternal TT4 while
triclosan was negatively associated with the TT3/TT4 ratio. No significant associations were
observed for maternal FT4, TT3 and FT3.
Regarding the newborn TSH and TT4 levels, maternal urinary MnBP concentrations were
positively associated with newborn TSH. When stratified for sex, bisphenol A was positively

associated with TT4 in boys while triclosan was negatively associated with the TT4 in girls.

Strengths and limitations

Discrepancies exist in results of previous studies assessing exposure to bisphenol A,
triclosan, MnBP and MBzP in relation to thyroid hormone levels during pregnancy and at birth.
This could partly be a consequence of differences in study designs such as timing of urine and
blood sample collection, differences in exposure levels and as well as due to the multiplicity of
associations tested that could have led to chance findings. In this study, we relied on an AOP
concept 163281 to a priori select four compounds among the 27 assayed in maternal urine, that
have been previously identified as disruptors of molecular initiating events involved in thyroid
hormone regulation 3, This selection based on prior knowledge from in-vitro studies allowed
us to decrease the number of tests carried out, compared to previous studies on this topic. One
limitation of this approach was that we only considered molecular initiating events tested in the
ToxCast program46:149160.170 " namely inhibition of TPO, NIS and deiodinase I. There is a
chance that some of the compounds assessed in SEPAGES act on thyroid hormones and TSH
through other mechanisms not considered in ToxCast, such as induction of receptors like the
pregnane X, constitutive androstane, aryl hydrocarbon and peroxisome proliferator-activated
and binding to the thyroid hormone receptor-beta 1® (Figure 4.2). In addition, not all the
compounds assessed in SEPAGES were previously screened for thyroid disruption in the
ToxCast program.

We relied on robust methods to assess exposure to phenols and phthalates during
pregnancy 1%, Concentrations were indeed assessed in two pools of 21 spot urine per participant
collected over a week at two time points of pregnancy. This protocol was previously validated

by our research team using a simulation approach % and real data **° , showing its efficiency
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to limit classical measurement error and consequently reduce bias in the effect estimates and
improve power, compared to approaches relying on 1 to 3 spot samples to estimate exposure
throughout pregnancy.

We also assessed thyroid hormone levels and TSH at two time points relevant for brain
development (pregnancy and birth). This is key in identifying pathways through which phenols
and phthalates could disrupt brain development. Various phenols and phthalates, including
those considered in this study, have previously been linked to adverse neurodevelopmental
effects 82838687104 Aqditionally, for the majority of women (81.5%, N =339), urine samples
were collected in the week preceding blood collection, allowing us to assess short-term effect
of bisphenol A, triclosan, DBP and BBP on thyroid function of pregnant women.

SEPAGES cohort mainly consisted of highly educated women, compared to the French
population of pregnant women (all had a high school diploma). Although this limits
generalizability of results to the French population of pregnant women, it is not a limitation in
etiologic studies 262233, Focusing on homogeneous samples also lowers risk of confounding bias

from between-subject socio-economic differences.

Associations of thyroid hormones and TSH levels with maternal phenol and phthalate urinary
concentrations

Although triclosan tested positive for TPO inhibition in the ToxCast EPA program, no
inverse associations were observed in our study between this compound and either T4 or T3
levels in pregnant women. We found an inverse association between triclosan and the TT3/TT4
ratio in pregnant women, which was in line with results of the ToxCast program reporting
inhibition of deiodinase 1 *° by this compound. Triclosan was also associated with lower TT4
concentrations among newborn girls. This negative association might be a consequence of
triclosan’s ability to inhibit TPO 24, as well as other mechanisms reported in toxicological
studies. Triclosan has been proven to be able to influence activity of various enzymes involved
in metabolism of thyroid hormones, leading to increased elimination of T4 0. In our study
population, triclosan was also inversely associated with maternal TSH levels. We did not find
any relevant information on the mechanisms that could underlie such an association.

Among the five epidemiological studies assessing the associations between triclosan
and thyroid hormones and TSH concentrations during pregnancy, only one reported an inverse
association with TSH 17, while other associations reported with this compound were an inverse

association with T3 170 and T4 1711 which we did not observe. Only one study assessed cord
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blood thyroid hormone levels in relation to triclosan, and reported a decrease in free T3 with
increased exposure to triclosan 7°. No study has considered any effects of gestational exposure
to triclosan on T4 levels at birth.

Bisphenol A was identified as a TPO inhibitor in ToxCast program ¢ and so, if acting

solely through this mechanism, increased bisphenol A exposure is expected to decrease T4
and/or T3 levels. Our results did not evidence such associations with T3 or T4. We observed a
decrease in maternal TSH and an increase in TT4 concentrations of male newborns only in
relation to bisphenol A exposure. These observations were suggestive that any effect of this
compound on the thyroid hormone pathway would mainly be mediated by other mechanisms
than TPO inhibition.
In line with our results in male newborns, a toxicological study in rats exposed to bisphenol A
during gestation reported increase in serum T4, but not TSH, of pups 4. This was explained
by the fact that bisphenol A is a thyroid receptor (TR-beta) receptor antagonist 1441428 found
among others, in the pituitary and hypothalamus, which mediate the negative feedback effect
of thyroid hormones in the pituitary gland.

In regards to epidemiological studies looking at effects of gestational exposure to

bisphenol A on thyroid function in newborns, only two studies assessed levels of TSH 164165 or
thyroid hormones % of newborns or in cord blood. One study (N= 249) did not report any
association with TT4 cord blood level but reported increased TT3 levels in girls %, while the
other (N = 364) only assessed TSH and reported inverse associations in boys 164,
Regarding thyroid hormorne and TSH levels during pregnancy, among the six studies exploring
this issue, similar to our results, only one reported an inverse association between bisphenol A
and TSH %7, We did not observe any other association with levels of TT4 or FT4, although a
few studies have reported inverse 8 or positive associations 166.167.169

While we did not observe any association between MnBP and the thyroid hormone
levels, this phthalate was however associated with both maternal (non-monotonic, U-shape)
and newborn (positively) TSH. DBP, the parent compound of this metabolite was reported to
disrupt NIS activity *° and so may affect TSH levels through the hypothalamic-pituitary
feedback. Studies of pregnant women only reported inverse associations with FT4 and TT4 in
relation to this metabolite 17818028 pyt not with TSH.

No past study found similar results as those observed in our study in regards to newborn TSH

levels.
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Contrarily to our initial hypothesis that relied on the observation that BBP, the parent
compounds of MBzP inhibits TPO, MBzP was positively associated with maternal TT4 in our
study population. No previous epidemiological study reported similar findings with TT4,
however, after stratifying for gestational age at serum collection, Johns et al, reported positive
association for this compound with FT4 ' during later pregnancy. Other findings in

epidemiology studies were either negative in relation to TT4 and FT4 /¢ or null 173178,

Conclusion

The negative associations between triclosan and the TT3/TT4 ratio in pregnant women
as well as with the TT4 concentrations in female newborns were in line with the mechanisms
of action we identified through ToxCast for this compound (Inhibition of deiodinase | and TPO
and respectively). This was not the case for the negative associations of bisphenol A with
maternal TSH, nor for the positive associations of bisphenol A with the male newborns’ TT4,
MnBP with maternal TSH and MBzP with maternal TT4. Discrepancies between our results
and our a priori hypotheses may partly result from the complexity of the thyroid system. It
indeed includes complex feedback loops that make the effects of the disruption of a molecular
initiating event on the thyroid hormone levels difficult to predict. In addition, we cannot rule
out that MnBP, MBzP and bisphenol A affect other relevant molecular initiating events than
those identified through ToxCast.
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4.7 Supplemental Materials

List of tables
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Table 4.10:

Table 4.11:

Table 4.12:

Table 4.13:

Adjusted associations of the maternal TT3/TT4 ratio with urinary phenol and
phthalate metabolite concentrations (In-transformed) assessed in a pool of
repeated urine samples collected prior blood collection

Sensitivity analysis: Adjusted associations of maternal thyroid hormone levels
with urinary phenol and phthalate metabolite concentrations (In-transformed)
assessed in a pool of repeated urine samples collected prior blood collection.
Analysis restricted to women for whom blood samples were collected at the end
of the urine collection week (within 2 days) urine collection, N =339

Complete case analysis: Association between maternal thyroid hormone levels
and urinary phenol and phthalate metabolite concentrations additionally adjusted
for smoking

Complete case analysis: Association between maternal thyroid hormone levels
and urinary phenol and phthalate metabolite concentrations additionally not
adjusted for smoking

Complete case analysis: Association between newborn thyroid hormone levels
and maternal urinary phenol and phthalate metabolite concentrations
additionally adjusted for or not smoking alcohol consumption during pregnancy
(N=350)
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Table 4.9: Adjusted associations of the maternal TT3/TT4 ratio with urinary phenol and phthalate metabolite concentrations (In-transformed)
assessed in a pool of repeated urine samples collected prior blood collection.

T3/T4 (N= 416, main analysis)

T3/T4 (complete cases® analysis, not adjusted
for smoking, N= 335)

T3/T4 (complete cases analysis®, adjusted

for smoking, N= 335)

B 95% Cl pa P® B 95% ClI pa p® B 95% Cl p2 Pb
Bisphenol A 043 019 0.37 0.18 0.41 0.20
Tertile 1 (ref)
Tertile 2 0.04 [-0.20;0.29] 0.10 [-0.17;0.36] 0.09 [-0.17,;0.36]
Tertile 3 0.16 [-0.09;0.40] 0.19 [-0.07;0.45] 0.18 [-0.08;0.44]
Ln (BPA) 0.10 [-0.03;0.23] 0.06 [-0.07;0.18] 0.05 [-0.07;0.18]
Triclosan 042 019 0.33 0.14 0.33 0.14
Tertile 1 (ref)
Tertile 2 -0.01 [-0.25;0.24] 0.00 [-0.26;0.25] 0.00 [-0.26,0.25]
Tertile 3 -0.15 [-0.39,0.10] -0.18 [-0.44,0.09] -0.18 [-0.44;0.09]
Ln(TCS)  -0.05 [-0.11;0.00] -0.05 [-0.10;0.01] -0.05 [-0.10,0.01]
MnBP 08 0.71 0.81 0.82 0.79 0.86
Tertile 1 (ref)
Tertile 2 -0.07 [-0.31;0.18] -0.09 [-0.35;0.18] -0.09 [-0.35,0.17]
Tertile 3 -0.06  [-0.33; 0.20] -0.05 [-0.33;0.24] -0.04 [-0.33,0.24]
Ln(MnBP) -0.06 [-0.25;0.14] -0.08 [-0.28;0.12] -0.08 [-0.28;0.13]
MBzP 031 013 0.41 0.18 0.41 0.18
Tertile 1 (ref)
Tertile 2 -0.09 [-0.33;0.16] -0.06 [-0.31;0.20] -0.06 [-0.31,0.20]
Tertile 3 -0.20 [-0.45;0.06] -0.18 [-0.45;0.09] -0.18 [-0.45;0.09]
Ln (MBzP) -0.13 [-0.28 ; 0.03] -0.09 [-0.25; 0.07] -0.09 [-0.25; 0.06]

Abbreviations: BPA: bisphenol A, TCS: triclosan, MnBP: mono-n-butyl phthalate (metabolite of Di-n-butyl phthalate), MBzP: mono benzyl phthalate (metabolite of

benzybutyl phthalate), TT4: total thyroxine, FT3: free thyroxine, TT3: total triiodothyronine, TSH : thyrotropin, CI: confidence interval, ref: reference category
Adjustment factors: maternal age, body mass index, gestational age at serum sampling, maternal education level and parity

ap:P-value of heterogeneity test.
®P: P-value of trend test.

¢Complete case analysis: women with information on smoking
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Table 4.10: Sensitivity analysis: Adjusted associations of maternal thyroid hormone levels with urinary phenol and phthalate metabolite
concentrations (In-transformed) assessed in a pool of repeated urine samples collected prior blood collection. Analysis restricted to women for
whom blood samples were collected at the end (within 2 days) of the urine collection week, N =339; SEPAGES cohort.

TT4 FT4 TT3 FT3 TSH
B 95% CI pa pP B 95% ClI pa pP B 95% ClI p2 P B 95% CI p2 pb B 95% CI pa pP
Bisphenol A 091 0.67 0.75 0.70 0.17 0.06 0.35 0.61 0.11 0.06
Tertile 1 (ref)
Tertile 2 0.02 [-0.20;0.25] 0.10 [-0.16;0.35] 0.10 [-0.07;0.47] 0.20 [-0.07;0.47] -0.16 [-0.40;0.07]
Tertile 3 0.05 [-0.17;0.27] 0.07 [-0.19;0.33] 0.25 [-0.16;0.38] 0.11 [-0.16;0.38] -0.25 [-0.48;-0.01]
Ln (BPA) 0.03 [-0.07;0.14] -0.01 [-0.14;0.12] 0.11 [-0.08;0.18] 0.05 [-0.08;0.18] -0.03 [-0.15;0.08]
Triclosan 0.49 043 0.65 0.40 0.15 0.17 0.50 0.70 0.05 0.13
Tertile 1 (ref)
Tertile 2 0.11 [-0.11;0.32] 0.04 [-0.21;0.29] 0.16 [-0.12;0.40] 0.14 [-0.12;0.40] -0.25 [-0.47;-0.02]
Tertile 3 0.12 [-0.10;0.34] -0.08 [-0.34;0.18] -0.10 [-0.26; 0.28] 0.01 [-0.26;0.28] -0.26 [-0.49; -0.03]
Ln (TCS) 0.01 [-0.04;0.06] -0.03 [-0.08;0.03] -0.05 [-0.07;0.04] -0.02 [-0.07; 0.04] -0.03 [-0.08;0.01]
MnBP 054 0.92 0.46 0.24 094 0.86 031 0.25 0.03 0.36
Tertile 1 (ref)
Tertile 2 0.12 [-0.10;0.34] 0.00 [-0.25;0.26] 0.03 [-0.35;0.19] -0.08 [-0.35;0.19] 0.25 [0.02;0.48]
Tertile 3 0.04 [-0.20;0.28] -0.15 [-0.43;0.13] -0.02 [-0.16;0.42] 0.13 [-0.16;0.42] -0.04 [-0.30;0.21]
Ln (MnBP) 0.14 [-0.03;0.30] -0.08 [-0.27;0.11] 0.03 [-0.09;0.31] 0.11 [-0.09;0.31] -0.08 [-0.25;0.10]
MBzP 0.27 0.26 0.66 0.37 0.76 0.46 0.63 0.39
Tertile 1 (ref) 0.76 0.64
Tertile 2 0.16 [-0.05;0.38] -0.03 [-0.28;0.23] -0.03 [-0.17;0.36] 0.09 [-0.17;0.36] 0.04 [-0.19;0.27]
Tertile 3 0.15 [-0.08;0.38] -0.12 [-0.38;0.15] -0.10 [-0.15; 0.40] 0.13 [-0.15;0.40] -0.05 [-0.29;0.20]
Ln (MBzP) 0.15 [0.02;0.28] -0.07 [-0.22;0.08] -0.01 [-0.20;0.11] -0.04 [-0.20;0.11] -0.05 [-0.19;0.08]

Abbreviations: BPA: bisphenol A, TCS: triclosan, MnBP: mono-n-butyl phthalate (metabolite of Di-n-butyl phthalate), MBzP: mono benzyl phthalate (metabolite of benzybutyl phthalate),
TT4: total thyroxine, FT3: free thyroxine, TT3: total triiodothyronine, TSH: thyroid stimulating hormone, CI: confidence interval, ref: reference category
Adjustment factors: maternal age, body mass index, gestational age at serum sampling, maternal education level and parity
ap: P-value of heterogeneity test.

bp: P-value of trend test.
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Table 4.11: Complete cases analysis™: Association between maternal thyroid hormone levels and urinary phenol and phthalate metabolite
concentrations additionally adjusted for smoking (N=335, SEPAGES cohort).

TT4 FT4 TT3 FT3 TSH
B 95% ClI pa pb B 95% CI pa pb B 95% ClI pa pb B 95% ClI p2 pb B 95% ClI pa pb
Bisphenol A
Tertile 1 (ref)
Tertile 2 0.01 [-0.23;0.26] 0.99 0.97 003 [-0.20;0.27] 094 090 0.09 [-013;0.38] 032 013 0.12 [-0.13;0.38] 0.63 0.76 -0.01 [-0.23;0.21] 0.08 0.03
Tertile 3 0.00 [-0.24;0.24] 0.00 [-0.24;0.23] 0.20 [-0.19;0.32] 0.07 [-0.19;0.32] -0.22  [-0.44;0.00]
Ln (BPA) 0.05 [-0.07;0.17] -0.04 [-0.15;0.08] 0.09 [-0.12;0.13] 0.01 [-0.12;0.13] -0.03 [-0.14;0.07]
Triclosan
Tertile 1 (ref)
Tertile 2 0.10 [-0.13;0.34] 068 0.99 008 [-0.15;0.31] 0.63 052 0.05 [-0.04;045] 0.24 011 021 [-0.04;045] 0.19 060 -0.28 [-0.49;-0.07] 0.03 0.35
Tertile 3 0.05 [-0.20;0.29] -0.04 [-0.28;0.20] -0.16 [-0.23;0.28] 0.03 [-0.23;0.28] -0.21 [-0.43;0.01]
Ln (TCS) -0.01 [-0.06;0.04] -0.02 [-0.07;0.03] -0.05 [-0.07;0.04] -0.02 [-0.07 ;0.04] -0.01 [-0.06 ; 0.03]
MnBP
Tertile 1 (ref)
Tertile 2 0.11 [-0.13;0.35] 0.61 086 003 [-0.20;0.26] 0.11 0.06 0.00 [-0.28;0.22] 1.00 0.97 -0.03 [-0.28;0.22] 0.83 0.64 0.22 [0.01;0.44] 0.02 0.28
Tertile 3 0.00 [-0.26;0.26] -0.22  [-0.48;0.03] 0.00 [-0.22;0.33] 0.05 [-0.22;0.33] -0.07 [-0.31;0.17]
Ln(MnBP) 0.11 [-0.07;0.30] -0.12 [-0.30; 0.06] 0.04 [-0.11;0.28] 0.09 [-0.11;0.28] -0.08 [-0.25;0.09]
MBzP
Tertile 1 (ref)
Tertile 2 0.12 [-0.12;0.36] 050 0.35 -0.07 [-0.30;0.16] 0.77 056 0.05 [-0.26;0.23] 0.76 065 -0.02 [-0.26;0.23] 098 092 005 [-0.17;0.26] 0.52 041
Tertile 3 0.13 [-0.12;0.38] -0.08 [-0.32;0.16] -0.05 [-0.25;0.27] 0.01 [-0.25;0.27] -0.08 [-0.31;0.14]
Ln (MBzP) 0.10 [-0.04;0.25] -0.05 [-0.19;0.09] 0.02 [-0.21;0.09] -0.06 [-0.21;0.09] -0.05 [-0.18;0.08]

“Women with complete data on smoking status, thyroid hormone levels, urinary biomarker concentrations and other confounders.
Abbreviations: BPA: bisphenol A, TCS: triclosan, MnBP: mono-n-butyl phthalate (metabolite of Di-n-butyl phthalate), MBzP: mono benzyl phthalate (metabolite of benzybutyl
phthalate), TT4: total thyroxine, FT3: free thyroxine, TT3: total triiodothyronine, TSH : thyroid stimulating hormone, CI: confidence interval, ref: reference category
Adjustment factors: maternal age, body mass index, gestational age at serum sampling, maternal education level, parity and smoking
ap: P-value of heterogeneity test.
bp: P-value of trend test.
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Table 4.12: Complete cases analysis*: Association between maternal thyroid hormone levels and urinary phenol and phthalate metabolite
concentrations not adjusted for smoking but adjusted for other potential confounders (N=335).

TT4 FT4 TT3 FT3 TSH
B 95% ClI pa2 pb B 95% CI pa pb B 95% ClI p2 pb B 95% ClI p2 pb B 95% ClI pa2 pb
Bisphenol A
Tertile 1 (ref)
Tertile 2 0.02 [-0.23;0.26] 0.99 0.95 003 [-0.20;0.27] 0.94 089 0.09 [-0.13;0.37] 0.27 0.11 0.12 [-0.13;0.37] 065 0.80 -0.01 [-0.23;0.21] 0.07 0.02
Tertile 3 0.01 [-0.23;0.25] -0.01 [-0.24;0.23] 0.21 [-0.19;0.31] 0.06 [-0.19;0.31] -0.23 [-0.44;-0.01]
Ln (BPA) 0.05 [-0.06;0.17] -0.04 [-0.15;0.08] 0.09 [-0.12;0.13] 0.01 [-0.12;0.13] -0.03 [-0.14;0.07]
Triclosan
Tertile 1 (ref)
Tertile 2 0.10 [-0.13;0.34] 0.68 0.98 0.08 [-0.15;0.31] 0.63 052 0.05 [-0.03;045] 024 011 0.21 [-0.03;045] 0.19 059 -0.28 [-0.49;-0.07] 0.03 0.35
Tertile 3 0.05 [-0.20;0.29] -0.04 [-0.27;0.20] -0.17 [-0.23;0.28] 0.03 [-0.23;0.28] -0.21 [-0.43;0.01]
Ln (TCS) -0.01 [-0.06;0.05] -0.02 [-0.07;0.03] -0.05 [-0.07;0.04] -0.02 [-0.07;0.04] -0.01 [-0.06; 0.03]
MnBP
Tertile 1 (ref)
Tertile 2 0.12 [-0.12;0.36] 0.51 0.78 0.03 [-0.21;0.26] 0.12 0.06 0.01 [-0.28;0.22] 099 095 -0.03 [-0.28;0.22] 0.79 0.60 0.21 [0.00;0.43] 0.03 0.31
Tertile 3 -0.01 [-0.27;0.25] -0.22 [-0.47;0.04] -0.01 [-0.21;0.33] 0.06 [-0.21;0.33] -0.06 [-0.30;0.17]
Ln(MnBP)  0.10 [-0.08;0.29] -0.12 [-0.30; 0.06] 0.03 [-0.10;0.29] 0.09 [-0.10;0.29] -0.08 [-0.24;0.09]
MBzP
Tertile 1 (ref)
Tertile 2 0.11 [-0.12;0.35] 0.50 0.32 -0.07 [-0.30;0.16] 0.77 056 0.04 [-0.26;0.23] 0.79 0.67 -0.01 [-0.26;0.23] 099 094 0.05 [-0.16;0.26] 0.50 0.39
Tertile 3 0.13 [-0.11;0.38] -0.08 [-0.32;0.16] -0.05 [-0.25;0.27] 0.01 [-0.25;0.27] -0.08 [-0.31;0.14]
Ln(MBzP) 0.11 [-0.04;0.25] -0.05 [-0.19;0.09] 0.02 [-0.22;0.08] -0.07 [-0.22;0.08] -0.05 [-0.18;0.08]

“Women with complete data on smoking status, thyroid hormone levels, urinary biomarker concentrations and other confounders.

Abbreviations: BPA: bisphenol A, TCS: triclosan, MnBP: mono-n-butyl phthalate (metabolite of Di-n-butyl phthalate), MBzP: mono benzyl phthalate (metabolite of benzybutyl
phthalate), TT4: total thyroxine, FT3: free thyroxine, TT3: total triiodothyronine, TSH : thyrotropin, Cl: confidence interval, ref: reference category

Adjustment factors: maternal age, body mass index, gestational age at serum sampling, maternal education level, parity.

ap: P-value of heterogeneity test.

bp: P-value of trend test.
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Table 4.13: Complete case analysis*: Association between newborn thyroid hormone levels
and maternal urinary phenol and phthalate metabolite concentrations additionally adjusted or
not for smoking and alcohol consumption during pregnancy (N=350, SEPAGES cohort).

Adjusted for smoking and alcohol Not adjusted for smoking and alcohol
TT4 TSH TT4 TSH
i 95%ClI B 95%Cl B 95%ClI B 95%ClI

BPA  0.06 [-0.09;0.21] -0.05 [-0.20;0.11] 0.06 [-0.08;0.21] -0.05 [-0.20;0.10]
TCS  -0.03 [-0.09;0.02] -0.03 [-0.08;0.02] -0.03 [-0.09;0.02] -0.03  [-0.08;0.02]
MnBP  0.02 [-0.18;0.22] 0.25 [0.04;0.45] -0.02 [-0.22;0.18] 0.24  [0.04;0.45]
MBzP  0.06 [-0.10;0.21] 0.07 [-0.09;0.23] 0.05 [-0.11;0.20] 0.07 [-0.09;0.23]
“Newborns with complete data on maternal smoking status and alcohol consumption, thyroid hormone levels,
maternal urinary biomarker concentrations and other adjustment factors.
Abbreviations: BPA: bisphenol A, TCS: triclosan, MnBP: mono-n-butyl phthalate (metabolite of Di-n-butyl
phthalate), MBzP: mono benzyl phthalate (metabolite of benzybutyl phthalate), T4: total thyroxine, TSH: thyroid

stimulating hormone.
Adjustment factors: Age of child, type of delivery, child sex, parity, maternal age, maternal education level,

vitamin use, age of mother and simple gravity.
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5 General discussion

The goal of this chapter is to put the topics of this PhD thesis into general context. We give
a brief summary of our main findings and their relevance to public health, and then discuss
some methodological issues and how they were overcome, as well as present recommendations

for further research.

5.1 Summary of findings, consistency with the literature and relevance to public health

5.1.1 Use of personal care products and phenol urinary concentrations during

pregnancy

In chapter 2, we assessed how use of personal care products (PCP) influenced urinary
concentrations of four parabens, bisphenol A and S, two dichlorophenols, triclosan, and
benzophenone-3. We characterized use of PCPs as the total number of PCP applications as well
as the use of specific PCPs (yes / no) in shorter time windows than in former studies (0 to 6, 6
to 12 and 12 to 24 hours before each urine sample collection). This was essential, given the
short half-life of the studied compounds ( < 24 hours) 33-3, Studies that considered longer time
windows only were more likely to miss the rise in urinary concentrations following PCP use
3567 leading to dilution of the associations.

In line with previous studies, we observed that the use of many %52 or specific PCPs
was associated with a short-term increase in urinary concentration of parabens (methylparaben,
ethylparaben, propylparaben and butylparaben) 51626466 This further emphasized that the use
of PCPs is indeed a source of exposure to these compounds. Colored cosmetics and creams or
lotions were consistent across studies as positively associated with the parabens’ urinary
concentrations in studies of pregnant women in north America 61:62646 and Europe .

Due to increasing public awareness and stricter regulations on use of endocrine
disruptors in personal care products, some companies now advertise products as “low chemical”
or paraben -free”.

Our analysis revealed that between 2012 and 2013, PCPs were still contributors to individual
exposure to parabens, a family of broad-spectrum preservatives. Cosmetic products are
regulated at European level through Cosmetic Regulation (EC) No 1223/2009 “to ensure
consumer safety and the integrity of the internal market”. When mixed with other esters,

parabens are by regulation limited to 0.4% of the weight of the product, while in singular use,
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the limit is 0.8%. Although considered safe by the Scientific Committee on Consumer Safety,

286 287

parabens are reported to demonstrate estrogenic <°°, antiandrogenic <°’ and thyroid disruption
151 effects. In terms of adverse health outcomes in humans, a recent study reported that
methylparaben was associated with a lower mental developmental index among girls 8 while
another study suggested prenatal exposure to ethylparaben was associated with an increased
asthma rate among boys 2. Meeker et al., also reported that exposure to butylparaben was
associated with sperm DNA damage 2°.
Although our study focused on exposure from personal care products or cosmetics, it is also
important to note that parabens are also allowed in pre-packed foods and drugs with a group
acceptable daily intake of 10 mg/kg body weight per day 2, if one seeks to reduce exposure to
these chemicals.

This study further revealed that personal care products are likely sources of bisphenol
S, while we did not observe any evidence of PCP-induced exposure to bisphenol A. Bisphenols
are usually not directly used in PCPs formulation 2 but are likely to migrate from PCP
packaging. Recent PCP survey studies in China and America found that, second to bisphenol
F, bisphenol S was one of the most commonly detected bisphenol substitute in PCPs >+, This
is the first epidemiological study to consider bisphenol S in relation to PCP use.
To date, bisphenol A substitutes are not very well identified or regulated. For example,
bisphenols F and S are not included in Annex VI of the Classification, Labelling and Packaging
Regulation, a regulation that mandates manufacturers, importers or downstream users of
substances or mixtures to classify, label and package their hazardous chemicals appropriately
before placing them on the market (regulation described in Annex 7.2), and therefore do not
have harmonized labeling at EU level. In Europe, bisphenol S is allowed in plastics and articles
intended to come into contact with food, with a migration rate of up to 0.05 mg / kg of food
(Commission Regulation 10/2011).
Bisphenol S is not a safer alternative to bisphenol A. A review of toxicological literature
revealed that this compound has somewhat similar endocrine disrupting effects and systemic

endpoints to its predecessor bisphenol A (illustrated in Figure 5.1) 21,
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Acute toxicity Less than

Endocrine disruption Similar or less than
Bisphenol S
Neurotoxicity Similar with

Bisphenol A

(BPS) (BPA)

Immunotoxicity Similar with

Reproductive Less than
and developmental toxicity I
Cause obesity and other diseases Less potency to induce obesity than BPA

Figure 5.1: Potential toxicities of bisphenol S compared with bisphenol A (Adapted from Qiu et al., 2%)

5.1.2 In-utero exposure to phenols, phthalates and child neurodevelopment and

disruption of the thyroid axis as a mechanism of neurotoxicity

The growing burden of neurodevelopmental disorders among children globally is a
matter of public health importance. It calls for a clear understanding of the modifiable
underlying environmental risk factors (chapter 3 of the thesis) and their potential mechanisms
of action (chapter 4).

Experimental animal models demonstrated that the growing fetal brain is sensitive to
gestational exposure to varying concentrations of phenols and phthalates, even at human
exposure levels 781,

Assessment of neurodevelopmental effects of gestational exposure to phenols and phthalates in
humans is a relatively new but rapidly growing field, with the first birth cohort studies results
published in 2010 8283291292 previous epidemiological studies mainly focused on phthalates
and bisphenol A 8283; as of 2018, when we published the manuscripts presented in chapter 3,
no study had considered other phenols such as benzophenone-3, triclosan, parabens and
dichlorophenols, even though they are potential EDs 79286293.29 with some neurodevelopmental
effects reported in animal studies 2252, Additionally, although studies of phthalates overall
covered both the cognitive and behavioral domains, studies of bisphenol A mostly focused on
the behavioral domain of neurodevelopment. Stratification for sex in various studies revealed
that adverse effects observed may differ between male and female births, with possibly clearer

associations among boys in association with bisphenol A exposure.
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In the scope of this PhD, we covered two main neurodevelopmental domains, cognition
and behaviors, related to intellectual and adaptive behavior disabilities, respectively. We
assessed associations between maternal urinary concentrations of 9 phenols and 11 phthalate
metabolites with 1Q and behavior of boys at 3 and 5 years, in a relatively large sample (N= 452
to 546 boys). None of the compounds assessed showed a significant negative association with
the boys’ verbal or performance 1Q. Regarding behavior, bisphenol A, triclosan and two
phthalate metabolites (MnBP, MBzP) were adversely associated with behaviors on the
internalizing or externalizing spectrums among boys at 3 and (or) 5 years.

In relation to prenatal exposure to bisphenol A, results from this study and from past
mother-child studies suggested no significant adverse effects on the 1Q of boys between 3 and
6 years *8488 However, when Tanner et al., assessed effects of gestational exposure to a
mixture of 26 endocrine disruting compounds on child 1Q, including bisphenol A, they found a
decrease in full scale 1Q of children at 7 years 2%°. This study did not assess the effect of
bisphenol A independently as in our study. When considering postnatal exposure (not assessed
in our work because no urine sample was collected in early childhood in the EDEN cohort),
two studies reported that childhood bisphenol A exposure was associated with a decrease of 1Q
in boys between age of 5 and 8 years 848868.7268.72 \yhijle another study did not find any
associations 2%, Exposure data in early postnatal life is available in the SEPAGES cohort and
this may allow to further consider this question in the future.

Our findings in regards to effects of bisphenol A on child behavior were consistent with
most of the previous studies that also reported adverse effects mainly among boys 90193 rather
than girls (Table 1.5).

We observed (in chapter 4) that bisphenol A was positively associated with neonatal
TT4 and negatively associated with maternal TSH. The increase in maternal TSH was to our
knowledge only previously reported by Aung et al *’, among six studies that assessed maternal
TSH levels in relation to bisphenol A exposure. TSH is regulated via a negative feedback, with
low TSH levels possibly resulting from an increase in thyroid hormones levels. High levels of
thyroid hormones during pregnancy have been linked to an increased risk for behavioral
disorders $3%3 and lower 1Q 2°. This suggests that, if bisphenol A indeed increases thyroid
hormone levels and consequently decreases TSH levels, this could be a plausible pathway
through which this compound could disrupt child behavior.

We were not able to perform mediation analysis in the framework of this PhD because
chapter 2 (endocrine disruptors and behavior) and chapter 3 (endocrine disruptors and thyroid
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hormones) were not based on the same study population (EDEN versus SEPAGES cohorts),
but such an analysis may be undertaken in the future in SEPAGES cohort as behavioral
assessment results in childhood become available.

In the EU, bisphenol A is banned from food contact materials for children aged until
three years. In 2015, this compound was also banned from food contact materials (Table 1.2).
The European Chemicals Agency recognized bisphenol A as a substance of very high concern,
but has yet to take action to add this compound to the REACH Annex XIV list, a list of
substances that cannot be placed on the market or used unless an authorization is granted for
their specific use 2,

Effects of triclosan on child behavior reported in this study have only been replicated in
one recently published study 8’. Triclosan was recently found to contribute significantly (weight
contribution = 9% of the weighted quantile sum index) to a decrease in IQ among seven year
old children exposed to a cocktail of 26 endocrine disruptors 2%. We did not observe such
associations with 1Q in our work as we considered this compound individually.

Regarding the association with thyroid hormones and TSH, in the SEPAGES cohort,
triclosan was non-monotonously associated (U-shape) associated with TSH and the TT3to TT4
ratio during pregnancy, as well as with decreased TT4 levels at birth among girls. As a basis of
newborn screening programs, low TT4 (or high TSH levels (congenital hypothyroidism)) has
been associated with downstream neurodevelopmental effects ranging from decreased
functioning on epidemiological scales to clinical disorders 2. Triclosan exposure is ubiquitous
among pregnant women in Europe 2% and is still allowed, with some restrictions, in various
cosmetics (Table 1.2).

In our study, MnBP and MBzP, metabolites DBP and BBP respectively, were associated
with adverse behaviors but not 1Q. Consistent with our study, Whyatt et al., reported higher
emotional problems among boys in relation to DBP exposure, while 5 other studies that
assessed this compound did not suggest any associations among males 195-198.2%° MBzP was
associated with increased scores on the internalizing behaviors and relationship problems
subscales of boys. None of the six studies previous studies found similar findings among boys
97,105-107.268.299 ' ey cept one that found associations with another scale (conduct problems) among
boys 1%,

When studying associations of these two phthalate metabolites with thyroid hormone
levels during pregnancy and at birth, we found that MnBP portrayed a non-monotonic (inverse
U-shape) association with maternal TSH and a positive association with newborn TSH. MBzP
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was only associated with an increase in maternal TT4. Previous studies of pregnant women
found that higher levels of maternal TSH 28 or TT4 1303 during pregnancy predicted adverse
neurobehavioral outcomes later in childhood, independent of diagnosis of a maternal thyroid
dysfunction, suggesting that this could be a mechanism through which these compounds affect
behavioral programing.

DBP is a low molecular weight phthalate, likely to be used as a solvent in cosmetics
(Table 1.1), while BBP is a high molecular weight compound, likely to be used as a plasticizer
(Table 1.1). DBP and BBP are listed in the REACH annex XVII and require authorization
before use in some products *2. Other restrictions include use in food contact materials pediatric
/ neonatal / maternity ward medical tubes and 2), and electrical and electronic equipment
(regulations detailed in Annex 1). The European Union has prohibited, via European regulation
1223/2009, the placing on the market of cosmetics containing DBP or BBP (Table 1.2).
However, inspite these regulations, exposure to these compounds is still ubiquitous, especially
among vulnerable populations (with 100% detection levels in pregnant women of SEPAGES,

a more recent biomonitoring study in France) #'.
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5.2 Methodological considerations

5.2.1 Multiple testing and type I error

In this thesis, various tests were performed in chapters 2 and 3. We made several efforts
to limit chance findings. This was done by relying on both statistical methods (e.g., SEM and
correction for false discovery rate, chapter 3) and prior knowledge (chapter 4) 3%,

In chapter 2 (PCP use), we approximately carried out 408 tests (8 phenols x 17 PCPs x
3 time windows excluding the dichlorophenols that were included into the analysis as a control).
We opted not to correct for multiple testing because we had strong a priori knowledge, these
compounds being previously detected in PCPs, except the 2 dichlorophenols studied as negative
controls.

In chapter 3, we used Structural Equation Models 3! to limit the number of tests in the
study of the associations of gestational exposure to phenols and phthalates with 1Q of boys at 5
years. SEM permitted grouping of compounds from the same group (e.g., parabens) or
metabolites from similar parent compounds (e.g., DEHP metabolites) as well as 1Q subscores
(six subscales of 1Q were grouped into verbal and performance 1Q) through latent variables.
Use of latent variables lowered the number of associations tested, compared to the classical
approaches that considered one regression model per outcome and exposure (from 46 to 26
tests). Furthermore, because Structural Equation Models set an error rate per parameter (ERPP)
tested 3°2, we used the Benjamini and Hochberg false discovery rate method to control for
multiple testing 3%. This method defines a new significance level taking into account the
number of tests performed 3% while providing a comprise between power and reduction of type
| error.

In chapter 4, assessing the effects of phenols and phthalates on thyroid function, we
used an a priori based approach to limit the number of associations tested. Using prior
information from the thyroid disruption screening carried out by the ToxCast program
146,149,159,160.304 an | a published adverse outcome pathway for the thyroid function %, we a priori
selected four compounds bisphenol A, triclosan, DBP and BBP among the 27 assessed in

SEPAGES, to be included in our main analysis.
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522 Selection bias and generalizability

In chapter 2, our study included only eight women of the SEPAGES-feasibility study
that collected the majority of their urine samples (95%) over the three weeks of follow up €.
Given the intensive protocol, it is likely that highly educated women with interest in science or
with a health issue were more likely to participate. Such women may have specific behaviors
in terms of PCP use, and might for example be more likely to use PCPs labeled as organic or
not containing specific chemicals suspected to be harmful, as varying patterns of behaviors
pertaining to use of personal care products have been reported among women of different social
economic status 3%. For this matter, results from this study cannot be generalized to the
population of pregnant women in France nor the Grenoble area.

Additionally, both SEPAGES and EDEN recruited more highly educated women than
the French population of pregnant women %1 Over representation of highly-educated
participants is common in environmental health cohorts. This might be a problem if the original
goal was to assess exposure across social-economic classes, which was not the case here. Lack
of representativeness is generally not a limitation in etiologic studies 262283 as no effect is
expected on the dose-response relationships. Focusing on homogeneous samples instead lowers
risk of confounding bias from between-subject socio-economic differences.

The analysis based on the EDEN cohort only included boys; for that matter, results from
this study cannot be generalized to females, but this not a source of bias. °"/?17219220 One perk
of this choice was that for a given budget, we had a larger sex-specific sample size, and in turn
a higher statistical power compared to two sex-stratified analyses, each with have half the

sample size of our analysis.

5.2.3 Confounding bias

A confounding factor can be defined as being associated with both the exposure and the
studied outcome without being affected by them 3%, In this thesis, in order to reduce
confounding bias, we relied on regressions adjusted for confounders that we identified a priori.

To more accurately account for confounding, we carefully considered their coding so
as to limit residual confounding arising from coding of covariates 7. In the case of quantitative
potential confounders, we explored associations using different coding approaches to identify
potential non-linear relations, as illustrated in Figure 5.2 below for the relation between

maternal age and gestational TSH levels.
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Figure 5.2 Multivariate models exploring various coding of maternal age in association
with TSH pregnancy levels (N=416 women from SEPAGES cohort).

All models were adjusted for maternal age, gestational age at serum sample collection,
pre-pregnancy BMI and education level.
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Despite the measures mentioned above, residual confounding from unmeasured
variables cannot be ruled out. In this study we focused on phenols and phthalates, while other
chemicals might affect child neurodevelopment 2° or thyroid function 81, A previous study that
assessed exposure to 87 environmental factors among women from 6 European countries did
not highlight strong correlations across environmental exposure groups (illustrated in Figure

5.3 below) 38,
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Figure 5.3: Correlations across environmental exposures in the Human Early-Life Exposome (HELIX)
project, in which 87 environmental exposures during pregnancy (grouped in 19 exposure groups) were
assessed in 1301 pregnant mothers in six European birth cohorts.

The size of the nodes is proportional to the number of correlations were > 0.5 outside the exposure group
and the length of the edges is proportional to the inverse of the correlation (the higher the correlation, the
shorter the edge length) between exposures %,

In chapter 2, the SEPAGES-feasibility study relied on within-subject contrasts other
than between-subject contrasts. Such studies are less prone to confounding bias (for example
due to differences between subjects using and those not using specific PCPs). However since
the concentrations of phenols vary widely intra-individually, we adjusted for factors that could

affect this temporal variability.
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5.24 Measurement error

In chapter 3, we relied on the strengths and difficulties questionnaire (SDQ) completed
by the mothers to assess behavioral outcomes of boys. This assessment tool is subject to recall
or reporter bias (with questions such as “often complains of headaches”, “Nervous or clingy in
new situations ), depending on the mothers’ or caretakers’ ability to recall past events 3% In
developmental psychopathology, use of multiple informants is usually recommended as each
observant contributes unique information about internalizing and externalizing behavior
problems 3% This tool can be completed by either parents or teachers. In EDEN, it was only
administered to parents 248,

In the same chapter, our assessment of exposure was based on a single spot urine sample
collected during pregnancy. Relying on the same study population as in chapter 2, Vernet et al.,
demonstrated that in the context of non-persistent compounds, a spot sample was inadequate at
estimating exposure over long time windows 18 such as the pregnancy, as well as generally for
shorter time windows. The expected structure of measurement error is of classical type and is
expected to lead to attenuation bias in the effect estimate and to power loss 2, which may partly
explain our null findings . In chapter 4, we attempted to overcome this limitation by relying
on pools of 21 samples per participant collected in two weeks of the pregnancy. Another
solution to this limitation could be assessment of biomarkers in other matrices such as hair that
would aggregate exposure over longer time period. Beranger et al., assessed exposure to non-
persistent pesticides and observed lower intra-individual variability across segments of

individual bundles of hair strands 31° compared to assessment in urine.
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5.3 Conclusion and perspectives

The growing burden of neurodevelopmental disorders among children reported in several
areas of the world >"1%1! js a matter of public health importance, so that identifying modifiable
environmental risk factors influencing neurodevelopment is a relevant aim for public health.

This PhD relied on complementary cohorts to assess if prenatal exposure to select phenols
and phthalates could be associated with neurodevelopmental dysfunction during childhood and
underlying biological mechanisms i.e. disruption of the thyroid hormone axis. We further
characterized the role of use of personal care products in exposure to these phenols during
pregnancy.

Findings in this study concur with previous literature indicating that PCPs are sources of
exposure to parabens; they also suggest that PCPs could contribute to bisphenol S exposure.
This is the first study to report such an association between PCP use and bisphenol S urinary
concentrations. Larger epidemiological studies are needed to confirm this finding. One has
however to keep in mind the cost of such studies, which may have to rely on thousands of
chemical assays (our study relied on 178 assays of 10 phenolic compounds for 8 women) to
allow finer information on phenol concentrations in urine. In addition or alternatively, the
constitution of studies or databases documenting the composition and contamination of PCPs
in France and in the EU would help to answer this question.

In line with previous studies, we reported that bisphenol A and various phthalates, including
DBP and BBP exposures during pregnancy, could be associated with behavioral changes among
boys. At the start of this thesis, triclosan neurodevelopmental effects had not been assessed in
human studies. Our study suggested that this compound could possibly affect neurobehavior of
boys, a finding recently replicated by Jackson-Browne et al., among boys &’. Our results did not
suggest any adverse association between phenols or phthalates and the 1Q of boys in the EDEN
cohort, which is consistent with the literature, nor effects of parabens on neurodevelopment.
The null associations observed with cognition could be due to inadequacy in assessment of
exposure or assessment in a non-toxicologically-relevant window, as negative associations
have been reported in relation to childhood exposures to some of the compounds we considered
8 and at birth 1. Furthermore, adverse neurodevelopmental effects among girls were reported

in other studies (Table 1.5 and Table 1.6), but we only considered boys.
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General discussion

Future studies on this topic should consider use of multiple urine samples per individual to
assess exposure during pre and post-natal life among boys and girls. All the above shortcomings
are set to be corrected in the SEPAGES study described in chapter 4. The SEPAGES
participants provided multiple samples which were pooled for exposure quantification.
Assessment of childhood exposures was also carried out and neurodevelopment will be
assessed during this window including assessment of effects in girls.

All four compounds (bisphenol A, triclosan, DBP and BBP metabolites) associated with
behavior of boys in EDEN were associated with one or more thyroid hormone levels of mothers
and newborns in the SEPAGES cohort, suggesting possible disruption of thyroid homeostasis
during pregnancy. Following results from this PhD, we hypothesize that the effects of bisphenol
A, triclosan, DBP and BBP metabolites on neurodevelopment could be mediated by disruption
of thyroid function during pregnancy. Future studies with information on gestational exposure
to these four compounds, thyroid hormone levels during pregnancy, and neurodevelopmental
outcomes in the same study sample, could focus on assessing the extent to which effects of
these compounds on neurodevelopment could be mediated by their effects on thyroid hormone
homeostasis. In the SEPAGES cohort, the information necessary for this mediation analysis is
available (exposure data and thyroid hormone levels) or scheduled to be collected

(neurobehavioural data), thefore this analysis will be carried out in the future.
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Annex

7 Annex

7.2 Regulations of use of phenols and phthalates in France and in the European
Union

Other regulations key regulations
a. REACH regulation (1907/2006)

The EC regulation REACH, which stands for registration, evaluation, authorization and restriction
of chemicals in the EU, aims to improve the protection of human health and the environment from the
risks that can be posed by chemicals.

REACH applies to most chemical substances, not only those used in industrial processes but also in our
day-to-day lives, for example in cleaning products, paints as well as in articles such as clothes, furniture
and electrical appliances (but not to active substances used in pesticides).

Under this regulation, the first step of restriction is listing of a substance a substance of very high
concern (SVHC). According to article 57 of the REACH regulation, a chemical substance may be
considered a SVHC if it is carcinogenic, mutagenic, toxic for reproduction, persistent, bioaccumulative,
or if there is scientific evidence of adverse effects on human health of similar concern, such as
neurotoxicity and endocrine disruption.

Following the EC committees’ decision, substances have a possibility to be added to restriction list
(Annex XIV) and, for substances on this list, authorization before placement on market is needed 3.

Specific phthalate compounds, including BBP, DEHP, DIBP and DBP, are listed in the
annex X1V, while bisphenol A is recognized as a SVHC.

b. CLP directive (1272/2008)

The Classification, Labelling and Packaging (CLP) Regulation mandates manufacturers,
importers or downstream users of substances or mixtures to classify, label and package their
hazardous chemicals appropriately before placing them on the market.

Substances that meet the CLP criteria assigned a certain hazard class and category that cover
physical, health, environmental and additional hazards and are labelled as such on product packaging
33, This directive defines specific health hazards, such as carcinogens or reprotoxicants, but not
endocrine disruptors. Although Bisphenol A is classified as a reprotoxic substance, category 1B in the

Annex V1 of the CLP regulation, no labelling requirements apply to this compound yet.
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PhD traing and Teaching

Courses taken (141 hours)

Scientific (54)

i.  Advanced Regression Modeling, Université Grenoble Alpes (30 hours)
ii.  Statistical strategies for multi-pollutant modeling, ISEE young careers, Munich,
Germany (12 hours)

(@]

0O O O O

Principal component analysis (PCA)

Univariate / single-pollutant modelling and corrections for multiple testing
Partial least squares regression (PLSR)

Sparse PLS (SPLS)

Penalized regression models (variable selection using Lasso regression, Ridge
regression, and elastic net regression)

iii.  EDISCE Scientific day, Université Grenoble Alpes (12 hours)

Professional integration (47 hours)
i.  Project management, Université Grenoble Alpes (19 hours)
ii.  Think and build your career, Université Grenoble Alpes (7 hours)
iii.  Job Search Techniques, Université Grenoble Alpes (21 hours)

Languages, Université Grenoble Alpes (40 hours)
i.  French courses for non-francophone scientists - winter session (20 hours)
ii.  French courses for non-francophone scientists - spring session (20 hours)

Teaching

Master of Health Engineering, Université Grenoble Alpes (November 2017)
Classes given: Methods of research in environmental health epidemiology (regression
modelling and data management).
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THESIS SUMMARY

Prenatal exposure to phenols and phthalates, child neurodevelopment and the role of the thyroid hormones
The increase in the prevalence of neurodevelopmental disorders warrants identification of the possible underlying modifiable risk factors. Pregnant
women are constantly exposed to several phenols and phthalates that are endocrine disrupting chemicals and have been linked to various adverse
neurodevelopmental outcomes in toxicological studies. One of the suggested mechanisms of neurotoxicity of these compounds is by disruption of
the thyroid hormone pathway.
The objectives of this thesis were; 1) To document if the use of personal care products (PCP) could influence phenols biomarkers concentrations
during pregnancy; 2) to assess associations between prenatal exposure to phenols and phthalates and child neurodevelopment; and 3) to assess
associations between prenatal exposure to phenols and phthalates on the thyroid hormone levels of pregnant women and their newborns.
We relied on three complementary cohorts; the SEPAGES-feasibility study with multiple urine samples and detailed, time-resolved information on
PCP use, the EDEN cohort with maternal urinary concentrations of phenols, phthalates and information on child neurodevelopment and the
SEPAGES cohort with information on gestational exposure to phenols and phthalates (assessed in 2 pools of 21 urine sample per participant) and
levels of thyroid hormones levels during pregnancy and at birth.
The total number of PCP applications (without distinction) was positively associated with the parabens’ and bisphenol S urinary concentrations
during pregnancy but not with other phenols. No phenol or phthalate metabolite pregnancy concentration was negatively associated with 1Q.
Bisphenol A was with the increased relationship problems subscale at 3 years and the hyperactivity—inattention problems at 5 years. MnBP was
associated with increased internalizing behavior, relationship problems, and emotional problems at 3 years. MBzP was associated with internalizing
behavior and relationship problems scores at 3 years. After dichotomizing behavioral scores, triclosan tended to be associated with increased
emotional problems at both 3 and 5 years. Regarding the associations with maternal hormones, bisphenol A was negatively associated TSH; MBzP
was positively associated with the TT4 and triclosan was negatively associated with the TT3/TT4 ratio. When biomarker concentrations were
categorized in tertiles, we observed non-monotonic associations between TSH and triclosan (U-shape) and MnBP (inverse U-shape). In newborns,
only sex-specific effects were observed: bisphenol A was positively associated with the TT4 z-score in male newborns while triclosan was negatively
associated with the TT4 z-score in females.
Findings in this study concur with previous literature that PCPs use may contribute to exposure to parabens. Our study was the first to report
associations between PCP use and bisphenol S, a substitute of bisphenol A. In line with previous studies, bisphenol A and various phthalates, including
DBP and BBP exposure during pregnancy, were associated adverse behavioral symptoms among boys. Our study was the first to report adverse
neurobehavioral effects in relation to triclosan exposure. The four compounds associated with adverse behavioral effects in EDEN were also
associated with one or more thyroid hormone levels of mothers or newborns in the SEPAGES cohort, suggesting possible disruption of thyroid
hormones homeostasis.

RESUME DE LA THESE
Exposition prénatale aux phénols et aux phtalates, développement neurologique de 1'enfant et role des hormones thyroidiennes

L'augmentation rapide de la prévalence de certains troubles du neurodéveloppement nécessite une meilleure compréhension des facteurs de risque
modifiables de ces troubles. Les phénols et les phtalates sont des perturbateurs endocriniens dont 1’exposition est prévalente en population genérale
et pour lesquels des effets neurotoxiques sont suspectés. L'un des mécanismes sous-jacents a ces effets pourrait étre une action de ces composés sur
I’axe thyroidien

Les objectifs étaient de documenter si 'utilisation de produits de soin personnel pourrait influencer les concentrations urinaires de biomarqueurs
d’exposition aux phénols chez les femmes enceintes; 2) d’évaluer les associations entre l'exposition prénatale aux phénols et aux phtalates et le
neurodéveloppement des enfants; et d’évaluer les associations ces expositions prénatales et les concentrations d'hormones thyroidiennes chez la
femme enceinte et le nouveau-né.

Ce travail s’appuie sur trois cohortes frangaises complémentaires; 1’étude SEPAGES-faisabilité pour laquelle nous disposons de multiples échantillons
d'urine et d'informations détaillées sur 1’utilisation de produits de soin, la cohorte EDEN pour laquelle nous disposions des concentrations urinaires
maternelles de phénols et phtalates et d’information sur le neurodéveloppement et la cohorte SEPAGES au sein de laquelle nous avons étudié les
effets de 1'exposition aux phénols et phtalates sur les niveaux d'hormones thyroidiennes pendant la grossesse et a la naissance. Dans cette étude, un
recueil intensif d’échantillons d’urine (42 échantillons d'urine par grossesse) a permis d’évaluer finement les expositions.

Le nombre total d'utilisation de produits de soin était associé a une augmentation des concentrations urinaires de bisphénol S et des parabénes mais
pas des autres phénols. Aucun des composés étudié€s n’était associé négativement aux scores de quotient intellectuel. Bisphénol A étaient associées a
plus de symptomes de type troubles relationnels a 3 ans et de comportements de type hyperactif a 5 ans. Le MnBP était associé¢ a une augmentation
des scores liés aux troubles émotionnels et relationnels a 3 ans, tandis que le MBzP était lui associé a une augmentation des scores liés aux troubles
internalisés et les troubles relationnels. Enfin lorsque les scores de comportement étaient étudiés en tant que variables binaires, une association entre
le triclosan et les scores liés aux troubles émotionnels était observée a 3 et 5 ans. Dans la cohorte SEPAGES, Les concentrations urinaires de bisphénol
A étaient négativement associées aux concentrations de thyréostimuline (TSH) maternelles tandis que le MBzP, était lui positivement associé aux Z-
scores de thyroxine totale et le triclosan négativement associé au ratio TT3/TT4. Lorsque les expositions étaient étudiées en terciles, des relations
non linéaires ont aussi été observées entre le triclosan et la TSH (relation en U) et le MnBP et la TSH (U inversé). Pour les nouveau-nés, apres
stratification sur le sexe, les concentrations urinaires maternelles de bisphénol A étaient positivement associées au niveau de TT4 chez les garcons
tandis que le triclosan était négativement associé a cette hormone chez les filles.

Les associations positives entre 1’utilisation de produits de soin et les concentrations urinaires de parabénes étaient en accord avec les études
précédentes sur le sujet. Notre étude était la premiére a mettre en évidence de telles associations avec le bisphénol S. Les associations observées entre
les expositions prénatales au bisphénol A et au DBP et le comportement avaient déja été mis en évidence dans des études précédentes chez de jeunes
gargons. Pour ce qui est du triclosan notre étude était la premicre a s’intéresser aux associations avec le comportement. Les composés associés au
comportement dans la cohorte EDEN ont tous été associés & au moins une hormone thyroidienne dans la cohorte SEPAGES, suggérant une possible
perturbation de 'homéostasie des hormones thyroidiennes.






