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ARTICLE INFO ABSTRACT

Keywords: Background: There is limited epidemiological evidence on the association of prenatal exposure to phthalates and
Phthalates synthetic phenols with altered pubertal timing.

Phenols

Objective: To examine the association of prenatal exposure to phthalates, bisphenol A (BPA), parabens, benzo-
phenone 3 (BP-3), and triclosan (TCS) with pubertal development in girls and boys from three European cohorts.
Methods: Urinary metabolites of six different phthalate diesters (DEP, DiBP, DnBP, BBzP, DEHP, and DiNP), BPA,
methyl- (MePB), ethyl- (EtPB), propyl- (PrPB), and butyl-paraben (BuPB), BP-3, and TCS were quantified in one
or two (1st and 3rd trimester) urine samples collected during pregnancy (1999-2008) from mothers in three
birth cohorts: INMA (Spain), EDEN (France), and MoBa (Norway). Pubertal development of their children was
assessed at a single visit at age 7-12 years (579 girls, 644 boys) using the parent-reported Pubertal Development
Scale (PDS). Mixed-effect Poisson and g-computation and Bayesian Kernel Machine Regression (BKMR) were
employed to examine associations of individual and combined prenatal chemical exposure, respectively, with the
probability of overall pubertal onset, adrenarche, and gonadarche (stage 2+) in girls and boys. Effect modifi-
cation by child body mass index (BMI) was also assessed.

Results: Maternal concentrations of the molar sum of DEHP and of DiNP metabolites were associated with a
slightly higher probability of having started puberty in boys (relative risk, RR [95% CI] = 1.13 [0.98-1.30] and
1.20 [1.06-1.34], respectively, for a two-fold increase in concentrations), with a stronger association for DiNP in
boys with overweight or obesity. In contrast, BPA, BuPB, EtPB, and PrPB were associated with a lower proba-
bility of pubertal onset, adrenarche, and/or gonadarche in all boys (e.g. overall puberty, BPA: RR [95% CI] =
0.93 [0.85-1.01] and BuPB: 0.95 [0.90-1.00], respectively), and the association with BPA was stronger in boys
with underweight/normal weight. In girls, MEHP and BPA were associated with delayed gonadarche in those
with underweight/normal weight (RR [95% CI] = 0.86 [0.77-0.95] and 0.90 [0.84-0.971], respectively). Most of
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these associations were trimester specific. However, the chemical mixture was not associated with any pubertal

outcome in boys or girls.

Conclusions: Prenatal exposure to certain phthalates and synthetic phenols such as BPA may impact the pubertal
development of boys, and weight status may modify this effect. BPA may also alter the pubertal development of

girls.

1. Introduction

Various studies have described a change in the age at puberty onset
over recent decades, reporting a marked secular trend towards younger
age at menarche and suggestive trend towards earlier thelarche in girls
and a possible trend towards earlier puberty onset in boys (Eckert-Lind
et al., 2020; Euling et al., 2008; Papadimitriou, 2016; Sgrensen et al.,
2012). There is evidence that exposure during prenatal and postnatal
developmental windows to endocrine-disrupting chemicals (EDCs),
particularly those interfering with estrogen and androgen signaling
pathways, may play a role in accelerating or even delaying puberty
(Buck Louis et al., 2008; Lopez-Rodriguez et al., 2021; Uldbjerg et al.,
2022); however, the impact of mixtures of EDCs remains largely un-
documented (Uldbjerg et al., 2022). Both early and late puberty has
been linked to adverse health outcomes, including psychological diffi-
culties during adolescence and an increased risk of cardiometabolic
disorders and endocrine-related cancers in later life (Golub et al., 2008).

Phthalates and synthetic phenols such as bisphenol A (BPA) and
parabens are synthetic EDCs commonly encountered in everyday con-
sumer products (Nakiwala et al., 2020). Phthalates are used as softeners
of plastics, primarily polyvinyl chloride (PVC), and as fragrance re-
tainers (Hauser and Calafat, 2005). BPA is used in the production of
polycarbonate, a hard plastic present in many consumer products, and it
is also found in epoxy resins used for the inner coatings of some
metal-based food and beverage cans (Geens et al., 2012); however, its
utilization use in food contact materials and other products has recently
been drastically restricted in the EU (EFSA, 2023). Parabens commonly
serve as preservatives in pharmaceuticals, personal care products, and
processed foods (Sanchis et al., 2020). Other synthetic phenols include
benzophenone-3 (BP-3), a sunscreen agent added to a wide range of
personal care and plastic products (Han et al., 2016), and triclosan
(TCS), an antibacterial compound frequently used in personal care, in-
dustrial, and household products (Dann and Hontela, 2011). Human
biomonitoring data describe the highly frequent detection of these
chemicals in urine samples from the general European population,
including pregnant women and children (Brauner et al., 2022; Casas
et al., 2013; Haug et al., 2018; Rolland et al., 2020; Sarzo et al., 2022;
Vogel et al., 2023).

Experimental studies have demonstrated that phthalates and syn-
thetic phenols disrupt hormone action via anti-androgenic and/or es-
trogenic mechanisms (Duh-Leong et al., 2023). In rodents, in utero or
early life exposure to diethylhexyl phthalate (DEHP) was associated
with advanced ovarian development and estrous cycle in female rats
(Ma et al., 2006; Wang et al., 2016) and either advanced or delayed
pubertal onset in male rats (Ge et al., 2007; Guerra et al., 2023; Noriega
et al., 2009). Prenatal, neonatal, and postnatal exposure to high BPA
doses was associated with earlier vaginal opening in females (Dong
et al., 2022; Losa-Ward et al., 2012; Wang et al., 2023) but with delayed
preputial separation in males (Tan et al., 2003; Tyl et al., 2002). Other
studies in female rats observed delayed vaginal opening after prepu-
bertal exposure to parabens (Vo et al., 2010) and either advanced or
delayed (Rodriguez and Sanchez, 2010; Stoker et al., 2010) vaginal
opening after prepubertal exposure to TCS.

In humans, various studies have addressed the association of expo-
sure to phthalates with pubertal timing (Uldbjerg et al., 2022), but few
have examined the impact of prenatal exposures, with conflicting re-
sults. Specifically, earlier onset of menarche, breast development (the-
larche), and/or pubic hair growth (pubarche) in girls was related to

prenatal exposure to DEHP and other phthalates (Cathey et al., 2020;
Harley et al., 2019; Hart et al., 2014; Watkins et al., 2014, 2017a),
although some authors reported opposite or null associations (Berman
et al., 2021; Berger et al.,, 2018). Among boys, studies of prenatal
phthalate exposure variously reported either earlier gonadal develop-
ment (gonadarche) and pubarche (Berger et al., 2018), delayed adrenal
development (adrenarche) or pubarche (Ferguson et al., 2014; Watkins
et al.,, 2017b), or null associations (Cathey et al., 2020; Harley et al.,
2019). Prenatal BPA exposure was previously shown to be associated
with delayed thelarche, pubarche, and menarche in girls (Berger et al.,
2018), earlier gonadarche and pubarche in boys (Berger et al., 2018),
and delayed adrenarche in boys (Ferguson et al., 2014), while other
researchers found no association with pubertal markers in either girls or
boys (Watkins et al., 2014, 2017a, 2017b). Regarding other synthetic
phenols, only one study addressed the association between prenatal
exposure and puberty, reporting a relationship between in utero TCS
exposure and earlier menarche but no association with parabens and
BP-3 exposure in either sex (Harley et al., 2019). Pre/peripubertal
exposure of girls to parabens, TCS, and BP-3 was associated with either
earlier (Binder et al., 2018; Giannini et al., 2022; Harley et al., 2019;
Zhou et al., 2023) or delayed puberty (Wolff et al., 2010, 2014, 2017)
and peripubertal exposure of boys to BP-3 or parabens with delayed
puberty (Zhou et al., 2023), whereas one group found no association
between childhood exposure to BP-3 or parabens with puberty timing in
either sex (Harley et al., 2019).

Our group previously addressed the association between prenatal
phthalate exposure and pubertal development in Spanish children. We
observed an association between maternal urinary metabolites of indi-
vidual phthalates (including di-n-butyl phthalate [DnBP] and DEHP)
and earlier puberty onset, especially in boys of normal weight, but no
association between the phthalate mixture and advanced or delayed
puberty in either boys or girls (Freire et al., 2022). The aim of the present
investigation in children from three European cohorts was to extend our
previous research by assessing the potential effect on pubertal devel-
opment of prenatal exposure to phthalates, BPA, parabens, BP-3, and
TCS, considered both individually and as a mixture. A secondary
objective was to examine the role of weight status in this association,
given that obesity is a strong predictor of pubertal development
(Kaplowitz, 2008; Reinehr and Roth, 2019) and has been reported to
modify the association between phthalates/phenols and puberty (Berger
et al., 2018; Binder et al., 2018; Wolff et al., 2014), and because child
weight status may be on the causal pathway (Berman et al., 2021;
Giiil-Oumrait et al., 2022; Harley et al., 2017).

2. Material and methods
2.1. Study population

Participants were selected from three ongoing longitudinal
population-based birth cohorts established in three European countries:
INMA (Environment and Childhood) in Spain (Guxens et al., 2012);
Etude des Déterminants Pré et Postnatals du Développement et de la
Santé de I’Enfant (EDEN) in France (Heude et al., 2016); and Norwegian
Mother, Father, and Child Cohort Study (MoBa) in Norway (Magnus
et al., 2016); these cohorts cover singleton deliveries from 1999 to 2009
(Table 1). Maternal urinary phthalate and environmental phenol bio-
markers were assessed in the EDEN and MoBa cohorts and in Gipuzkoa,
Sabadell, and Valencia INMA subcohorts. A total of 207 children in
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Table 1
Characteristics of mother-child pairs from three European birth cohorts.

Characteristics n (%) or mean + SD
All (N = Girls (N = Boys (N =
1223) 579) 644)
Cohort (recruitment years, age at puberty assessment)
INMA-Gipuzkoa (2006-2008, 231 (18.9) 114 (19.7) 117 (18.2)
7.7-8.5 years)
INMA-Sabadell (2004-2006, 318 (26.0) 149 (25.7) 169 (26.2)
7.8-10.7 years)
INMA-Valencia (2004-2005, 229 (18.7) 110 (19.0) 119 (18.5)
8.5-9.8 years)
EDEN (2003-2006, 9.3-12.1 193 (15.8) 83 (14.3) 110 (17.1)
years)
MoBa (1999-2009, 8.0-9.8 years) 252 (20.6) 123 (21.2) 129 (20.0)
Pregnancy and birth characteristics
Mother’s educational attainment during pregnancy
Up to primary 178 (14.6) 82 (14.2) 96 (14.9)
Secondary 425 (34.8) 195 (33.7) 230 (35.7)
University 620 (50.7) 302 (52.2) 318 (49.4)
Parity at delivery
None 657 (53.7) 311 (53.7) 346 (53.7)
1 453 (37.0) 209 (36.1) 244 (37.9)
2 or more 113 (9.2) 59 (10.2) 54 (8.4)
Maternal pre-pregnancy BMI
Underweight 68 (5.6) 28 (4.8) 40 (6.2)
Normal weight 855 (69.9) 419 (72.4) 436 (67.7)
Overweight/obese 300 (24.5) 132 (22.8) 168 (26.1)
Birth weight (g) 3335+ 477 3259 4 447 3404 + 493
Low birth weight ( < 2500 g) 45 (3.7) 26 (4.5) 19 (3.0)
Gestational age (weeks) 39.8+1.6 39.8+15 39.8+1.6
Preterm birth ( < 37 weeks) 44 (3.6) 18 (3.1) 26 (4.0)
Breastfeeding duration (weeks)
0 221 (18.1) 98 (16.9) 123 (19.1)
>0-16 312 (25.5) 158 (27.3) 154 (23.9)
>16-24 344 (28.1) 159 (27.5) 185 (28.7)
>24 346 (28.3) 164 (28.3) 182 (28.3)
Child/mother characteristics at puberty assessment
Child age (years) 9.0 +1.0 89+1.0 9.0 + 1.0
7 227 (18.6) 112 (19.3) 116 (18.0)
8 467 (38.2) 229 (39.6) 236 (36.7)
9 316 (25.8) 149 (25.7) 170 (26.4)
>10 213 (17.4) 89 (15.4) 122 (18.9)
Mother lives with child’s father 1047 (85.6) 558 (86.6) 489 (85.4)
Child weight status®
Underweight/normal weight 803 (65.7) 381 (66.8) 416 (64.6)
Overweight 201 (16.4) 96 (16.6) 105 (16.3)
Obese 219 (17.9) 96 (16.6) 123 (19.1)

# Obtained by converting body mass index (BMI) to z-score for age and sex
based on WHO reference curves for children (5-19 years): normal weight (£1
standard deviation), overweight/obese (>+1 standard deviation, equivalent to
BMI>25 kg/m? at 19 years).

EDEN (11% of births), 272 children in MoBa (2.5%), and 1298 children
in INMA subcohorts (58%) participated, as part of the HELIX Project, in
a harmonized clinical examination at their respective study centers
during 2014-2015 (Maitre et al., 2018), evaluating their pubertal
development at 7-12 years of age (INMA-Gipuzkoa: 7.7-8.5 years;
INMA-Sabadell: 7.8-10.7 years; INMA-Valencia: 8.5-9.8 years; EDEN:
9.3-12.1 years; MoBa: 8.0-9.8 years). A full description of the follow-up
methods and study population, including eligibility criteria and sample
size calculations, are available in Agier et al. (2019) and Quanjer et al.
(2012). The current study included all children in these cohorts with
available data on maternal phthalate and/or phenol biomarkers and
pubertal development (N = 1223, 579 girls and 644 boys); “girls” refers
to children assigned female at birth and “boys” refers to children
assigned male at birth. An informed consent was signed by all mothers
during pregnancy and by child guardians at clinical examination, and
the research protocol was approved by the Ethic Committees of each
country/region.
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2.2. Exposure assessment

Maternal urinary concentrations of phthalate metabolites and envi-
ronmental phenols served as surrogate biomarkers of prenatal exposure.
Exposure biomarkers were measured in two spot urine samples collected
from INMA-Sabadell mothers at the 1st and 3rd trimesters, in pooled
samples (equal volumes of samples from 1st and 3rd trimester) from
INMA-Gipuzkoa mothers, and in two spot urine samples (phenols) or
pooled samples (phthalates) from mothers in INMA-Valencia (INMA
subcohorts: 1st trimester: mean =+ standard deviation [SD] = 13.2 £ 1.5
weeks, 3rd trimester: mean + SD = 33.1 + 2.0 weeks). In EDEN and
MoBa cohorts, exposure biomarkers were measured in one spot urine
sample collected at 2nd trimester of pregnancy (EDEN: mean + SD =
26.1 + 1.24 weeks, MoBa: mean + SD = 18.8 + 0.92 weeks). Urine
samples were collected under non-fasting conditions in 100-mL poly-
propylene containers and then aliquoted in 10 mL polyethylene tubes
and stored at —20 °C until analysis. In INMA-Sabadell (phthalates and
phenols) and INMA-Valencia (phenols) subcohorts, the mean value of
the two urine samples was used as biomarker of in utero exposure.

Urinary monoester metabolites of three low-molecular-weight
phthalates (diethyl phthalate [DEP], di-iso-butyl phthalate [DiBP],
and DnBP) and two high-molecular-weight phthalates (butyl-benzyl
phthalate [BBzP] and DEHP) were measured in the mothers of all 1223
children, including: mono-ethyl phthalate (MEP), metabolite of DEP;
mono-iso-butyl phthalate (MiBP), metabolite of DiBP; mono-n-butyl
phthalate (MnBP), metabolite of DnBP; mono-benzyl phthalate
(MBzP), metabolite of BBzP; and mono-(2-ethyl-hexyl) phthalate
(MEHP), mono (2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono (2-
ethyl-5-oxohexyl) phthalate (MEOHP), and mono (2-ethyl-5-carboxy-
pentyl)phthalate (MECPP), primary metabolites of DEHP. Mono-
hydroxy-isononyl phthalate (OH-MiNP) and mono-oxo-isononyl phtha-
late (oxo-MiNP), metabolites of the high-molecular-weight phthalate di-
iso-nonyl phthalate (DiNP), were also measured in maternal urine from
INMA-Gipuzkoa, INMA-Valencia, EDEN, and MoBa cohorts (N = 905).
Phthalate measurements in urine samples from Gipuzkoa, Valencia,
EDEN, and MoBa were performed at the Norwegian Institute of Public
Health (NIPH) (Oslo, Norway) by liquid chromatography coupled to
mass spectrometry (HPLC-MS/MS) (Sabaredzovic et al., 2015). The
integration of DiNP metabolites in Gipuzkoa and Valencia differed from
that in EDEN and MoBa, with all isomers integrated together in INMA
samples but only single isomers integrated in EDEN and MoBa samples.
Samples from Sabadell were analyzed at the Hospital del Mar Medical
Research Institute (IMIM, Barcelona, Spain) by ultra-performance liquid
chromatography  coupled to tandem mass spectrometry
(UHPLC-MS/MS) according to Valvi et al. (2015). Limits of detection
(LODs) ranged from 0.07 to 1.0 pg/L (Freire et al., 2022). Measurements
of urinary phthalate metabolite concentrations were highly correlated
(Spearman coefficient ranging from r = 0.69 to 0.97) between the lab-
oratories, as previously reported (Tamayo-Uria et al., 2019).

Parabens (methyl paraben [MePB], ethyl paraben [EtPB], propyl
paraben [PrPB], and butyl paraben [BuPB]), BPA, and BP-3 were
measured in pooled samples from INMA-Gipuzkoa at the Instituto de
Investigacién Biosanitaria ibs. GRANADA (Granada, Spain) using
dispersive liquid-liquid microextraction and UHPLC-MS/MS, with LODs
ranging from 0.04 to 0.12 pg/L (Vela-Soria et al., 2014). TCS was not
measured in samples from Gipuzkoa. Parabens, BPA, BP-3, and TCS
were measured in samples from INMA-Sabadell, INMA-Valencia, and
MoBa at NIPH using online solid-phase extraction followed by
UHPLC-MS/MS (Sakhi et al., 2018), with LODs ranging from 0.03 to
0.07 pg/L. BPA was measured in samples from INMA-Sabadell mothers
by the Department of Analytical Chemistry of the University of Cordoba
(Spain) using HPLC-MS/MS (Casas et al., 2013), with a LOD of 0.10
pg/L. MePB and EtPB were not measured in samples from MoBa, because
these chemicals were added as preservatives in the collection vials used
for this cohort. Phenols were measured in samples from the EDEN cohort
at the CDC’s National Center for Environmental Health laboratory in
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Washington DC (LODs: 0.2-2.3 pg/L) (Philippat et al., 2012).

The Jaffé method was used to measure urine creatinine in the sam-
ples from all cohorts. Dilution was based on the mean creatinine level of
1st and 3rd trimester samples from Sabadell (phthalates and phenols)
and Valencia (phenols). The mean of the two individual creatinine
measurements was used for pooled samples. Measurements in 20 urine
samples from Valencia showed a high correlation between the creatinine
level in the pool and the mean level of the two independent urine
samples (r = 0.97).

2.3. Puberty assessment

During the clinical examination at the age of 7-12 years, parents
(98% mothers) rated the pubertal status of their children using the
Peterson’s Pubertal Development Scale (PDS), widely applied as an
alternative to physician rating measures (Petersen et al., 1988). The PDS
has five items that are common to both sexes on growth spurt (height),
pubic hair onset, and skin changes (pimples), two items for boys on
facial hair growth and voice deepening and two for girls on breast
development and menarche. The parent responds on a four-point scale
from 1 (no development started) to 4 (development appears complete).
Following the criteria proposed by Carskadon and Acebo (1993) and
Shirtcliff et al. (2009), the continuous PDS score was converted into a
5-point ordinal scale (1-pre-puberty, 2-early puberty, 3-mid-puberty,
4-late puberty, and 5-post-puberty). The Carskadon and Acebo (1993)
algorithm calculates the pubertal development from the item on body
hair growth and the two sex-specific items. The Shirtcliff et al. (2009)
algorithm is based on all five PDS items and differentially captures
gonadal and adrenal indicators of physical development, associating
breast development, menarche, and growth spurt with gonadal hor-
monal changes in girls and testicular enlargement, growth spurt, voice
deepening, and facial hair growth with these changes in boys. In both
sexes, pubic/body hair and skin changes are associated with adrenal
hormonal changes (Shirtcliff et al., 2009). Three outcomes were exam-
ined in the present study: overall pubertal development by Carskadon
and Acebo algorithm and adrenal development (adrenarche) and
gonadal development (gonadarche) by Shirtcliff et al. algorithm, cate-
gorizing each outcome as stage 1 (pre-puberty) or stage 2+ (puberty
initiated).

2.4. Statistical analysis

Phthalate metabolite and phenol values below the LOD (<5%) were
imputed using a quantile regression approach for left-censored missing
data. The molar-weight (mw) adjusted sum of the urinary metabolites of
DEHP was calculated by dividing each metabolite concentration by its
molecular weight and summing, i.e., the sum of DEHP metabolites
(>_DEHP) was (MEHP/mw) + (MEHHP/mw) + (MEOHP/mw) +
(MECPP/mw). The same procedure was applied for the two metabolites
of DiNP, i.e., > DiNP = (OH-MiNP/mw) + (oxo-MiNP/mw). The sum of
concentrations was expressed in pg/L by multiplying the molar sums
with the molecular weight of the respective parent compound.
Spearman correlation coefficients were used to examine correlations
between chemicals. Missing data on covariates (<5%) were imputed
(simple imputation) by using the mode for categorical variables and the
median for continuous variables.

The association of each chemical biomarker (individual phthalate
metabolites, > DEHP, > DiNP, and phenolic compounds) with the
probability of stage 2+ classification (single-exposure associations) was
assessed for each pubertal outcome, separately in girls and boys, by
applying mixed-effect Poisson regression analysis with robust error
variance (Zou, 2004); the cohort of origin was entered as random vari-
able to correct for potential heterogeneity across study centers, with
exposure biomarkers and the remaining covariates as fixed variables.
Concentrations of phthalate metabolites and phenols were right-skewed
and therefore natural log-transformed before inclusion in models.
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Confounders were selected a priori using a directed acyclic graph (DAG)
and included cohort, maternal schooling (up to primary, secondary,
university), and maternal pre-pregnancy BMI (continuous, in kg/m?)
(Fig. S1) (Berger et al., 2018; Harley et al., 2019). Models also included
child age at puberty assessment (continuous, in years) and natural
log-transformed concentrations of maternal urinary creatinine to correct
for urine dilution (O’Brien et al., 2016). Covariates were entered in the
main model (i.e., single exposure non-stratified model for the association
of each chemical biomarker with overall pubertal development) in two
steps: model 1 included child age, cohort, and maternal urinary creati-
nine; and model 2 (main model) also included maternal schooling and
pre-pregnancy BMI. The BMI z-score of the child (continuous, stan-
dardized for age and sex according to the World Health Organization
[(WHO, 2023)] was further included in the model (model 3) to assess
possible mediation by BMI and to estimate the direct effect of phthala-
tes/phenols on pubertal development. Regression estimates were
transformed to represent the ratio of the probability (relative risk, RR) of
being in stage 2+ for a two-fold increase in prenatal urinary phthalate
metabolite or phenol concentrations with corresponding 95% confi-
dence interval (CI). In a secondary analysis, associations with overall
pubertal progression were examined in girls, considering three cate-
gories (stage 1, 2, and 3+) and using multinomial logistic regression.
This analysis was not conducted for boys due to the small number in
stage 3+.

The chemical mixture effect was assessed by quantile g-computation
and Bayesian Kernel Machine Regression (BKMR) (Bobb et al., 2015)
using the ‘qgcomp’ (https://cran.r-project.org/web/packages/qgco
mp/index.html) and the ‘bkmr’ package (https://cran.r-project.org
/web/packages/bkmr/index.html) in R, respectively. Mixture models
assessed the effect of the mixture of 12 chemicals determined in all of the
girls (N = 579) and boys (N = 644) (i.e., MEP, MiBP, MnBP, MBzP,
MEHP, MEHHP, MEOHP, MECPP, BuPB, PrPB, BPA, and BP-3).
G-computation regression was based on 1000 bootstraps, categorizing
urinary phthalate and phenol exposure biomarkers in quartiles. Each
exposure biomarker was assigned a weight representing its relative
contribution to the estimated effect in a positive or negative direction
(Keil et al., 2020). If the individual chemical showed a different direc-
tion of the effect, the weight was interpreted as the proportion of the
partial effect in the negative or positive direction. G-computation
regression estimates were expressed as the RR of puberty onset per
quartile increase in mixture concentration with 95% CI. Utilizing the
BKMR approach, pubertal outcomes were regressed on a flexible func-
tion of the mixture components specified by a kernel function, using the
Markov chain Monte Carlo method with 10,000 iterations. In all models,
the posterior inclusion probability (PIP) was calculated for each chem-
ical as well as the overall effect of the mixture on each pubertal outcome.
The latter was calculated by comparing the estimated flexible function
of the chemicals (denoted by h) when all chemicals are at a particular
percentile with the h value when they are all at 50th percentile. Visual
inspection was used to assess convergence. Both g-computation and
BKMR models were adjusted for the same covariates as those in
single-exposure model 2.

Effect modification by child weight status was explored by using
interaction terms in single exposure models and stratifying single and
multiple (g-computation and BKMR) exposure models according to the
BMI (underweight/normal weight vs. overweight/obese). A sensitivity
analysis was conducted by analyzing trimester-specific associations (1st
and 3rd trimester) with phthalates except for DiNP (INMA-Sabadell) and
synthetic phenols (INMA-Sabadell and INMA-Valencia). Because the
integration of OH-MiNP and oxo-MiNP in Gipuzkoa and Valencia was
different from that in EDEN and MoBa, the association with DiNP bio-
markers was further analyzed separately for INMA (Freire et al., 2022)
and EDEN/MoBa, also using g-computation regression to conduct
mixture-effect analysis separately for INMA and EDEN/MoBa. SPSS
version 28 (IBM, Armonk, NY) and R version 4.3.0 were used for sta-
tistical analyses.
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3. Results

Among all 1223 children, 231 belonged to INMA-Gipuzkoa, 318 to
INMA-Sabadell, 229 to INMA-Valencia, 193 to EDEN, and 252 to MoBa
cohorts. Half of the mothers had a university education, and the majority
were primiparous, had a normal weight before pregnancy, and breastfed
the index child for at least 4 months, with almost all of them delivering a
normal-weight full-term baby. At the clinical examination, 83% of the
children were 7-9 years old and only 6% were 11 years or older; 34%
were overweight or obese; and >85% of them lived with both parents
(Table 1). Mothers from EDEN and MoBa had a higher education level,
and their children were less likely to be overweight in comparison to
those from INMA, while children from MoBa were breastfed for a longer
period of time (Table S1).

All phthalate metabolites and phenols under study were detected in
more than 95% of urine samples, and the majority were detected in
98-100% of samples (Table 2). MEP, metabolite of the phthalate DEP,
and the paraben congener MePB showed the highest urinary concen-
trations (median = 150.93 and 148.13 pg/L, respectively), followed by
PrPB (median = 32.98 pg/L), MECPP (median = 29.90 pg/L), MiBP
(median = 28.40 pg/L), and MnBP (median = 25.98 pg/L), while the
lowest concentrations were for DiNP metabolites (Table 2). Urinary
concentrations of phthalate metabolites (except OH-MiNP and oxo-
MiNP: 3- to 5-fold lower in EDEN and MoBa samples due to the
distinct integration approach) and phenols were higher in samples from
INMA-Sabadell, INMA-Valencia, and EDEN mothers than in those from
INMA-Gipuzkoa and MoBA mothers, observing especially high phenol
concentrations in samples from the INMA-Sabadell and INMA-Valencia
mothers (Table S2). In general, moderate positive correlations (r =
0.20-0.60) were observed between phthalate biomarkers, while slight to
moderate positive correlations (r = 0.10-0.50) were observed between
phenols and between phthalates and phenols. However, non-significant
correlations were observed between TCS and both BPA and BuPB,

Table 2
Concentrations (ug/L) of phthalate metabolites and phenols in maternal urine”
of mothers from three European cohorts.

Exposure biomarkers Total sample of girls and boys (N = 1223)

%>LOD 25th percentile Median 75th percentile
Phthalates
MEP 100 66.36 150.93 393.46
MiBP 100 15.45 28.40 53.53
MnBP 99.9 12.96 25.98 48.39
MBzP 100 3.99 9.87 21.68
MEHP 99.9 4.23 7.38 13.14
MEHHP 100 10.66 19.70 36.67
MEOHP 100 7.51 13.95 25.68
MECPP 100 18.24 29.90 51.36
Y DEHP - 49.07 87.28 152.53
OH-MiNP” 97.5 0.72 1.46 3.19
oxo-MiNP" 98.5 0.72 1.53 3.40
Y DiNP” - 2.00 4.15 9.02
Synthetic phenols

BPA 96.3 1.68 3.11 5.63
MePB® 100 52.39 148.13 414.63
EtPB” 99.6 2.90 10.39 30.61
PrPB 99.6 9.32 32.98 97.06
BuPB 96.2 0.69 2.95 9.10
BP-3 99.4 1.15 3.76 21.33
TCS” 98.8 2.43 16.64 92.87

LOD: Limit of detection.

# Average concentration in two urine samples collected during pregnancy in
Sabadell (1st and 3rd trimester); concentration in pooled samples (1st and 3rd
trimester) for mothers in Gipuzkoa; average concentration in two urine samples
(phenols) or concentration in pooled samples (phthalates) for mothers in
Valencia; or concentration in urine samples from the 2nd trimester (EDEN and
MoBa).

b Sub-sample: DiNP metabolites, N = 905; MePB and EtPB, N = 980; TCS, N =
992.
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between parabens and most phthalates, between BP-3 and both DEHP
and DiNP metabolites, and between BPA and DiNP metabolites
(Table S3).

Among girls, 42% had started puberty, and 31% and 40% had
reached adrenarche and gonadarche, respectively. Among boys: 26%,
14%, and 24%, respectively (Table 3). Few children were in stages 3-5
of overall pubertal, adrenal, and gonadal development, although 20% of
girls were in stage 3 of overall pubertal development (Table 3). As ex-
pected, cohorts with older children (EDEN, INMA-Sabadell, INMA-
Valencia), especially the girls, were more likely to have started puberty
(Fig. 1; Table S4).

Single exposure models for overall puberty development are
exhibited in Fig. 2 and Table S5. Among girls, urinary OH-MiNP, oxo-
MiNP, and ) DiNP were associated with a slightly higher probability of
having started puberty in the basic model (model 1), but these associ-
ations were progressively attenuated after adjustment for maternal ed-
ucation and pre-pregnancy BMI (model 2) and child BMI (model 3)
(Table S5); in addition, no significant associations with overall puberty
progression were observed in girls in the three-category analysis
(Table S6). Among boys, > DiNP and Y DEHP were associated with a
slightly higher probability of having started puberty (model 2: RR [95%
CI] = 1.20 [1.06-1.34] and 1.13 [0.98-1.30], respectively), and BPA
and BuPB with a slightly lower probability of puberty (model 2: RR
[95% CI] = 0.93 [0.85-1.01] and 0.95 [0.90-1.00], respectively)
(Fig. 2). Some associations in boys were slightly attenuated after the
inclusion of child BMI (model 3), but results remained essentially un-
changed (Table S5). The association with Y DiNP was slightly stronger
in boys with overweight/obesity vs. underweight/normal weight (RR
[95% CI] = 1.24 [1.02-1.48] vs. 1.14 [0.99-1.34], P, = 0.20), while the
association with BPA was stronger in boys with underweight/normal
weight (RR [95% CI] = 0.89 [0.79-0.99] vs. 1.00 [0.87-1.16], Pjy; =
0.48) (Fig. S2). BMI-stratified models also showed a significant inter-
action (Pjs = 0.008) between TCS and weight status, such that TCS was
associated with a slightly higher probability of pubertal onset in boys
with overweight/obesity (RR [95% CI] = 1.08 [1.01-1.15]) but not in
those with underweight/normal weight (RR [95% CI] = 0.89
[0.90-1.06]), and a marginally significant association between BP-3 and
lower probability of puberty was only observed in boys with

Table 3
Pubertal development® of children from three European cohorts at age 7-12
years.

Pubertal outcomes Girls (n = 579) Boys (N = 644)

N % N %
Pubertal onset (stage 2+) 242 41.8 168 26.1
Overall pubertal development
Stage 1 337 58.2 476 73.9
Stage 2 120 20.7 150 23.3
Stage 3 118 20.4 18 2.8
Stage 4 4 0.7 0 0
Adrenarche onset (stage 2+) 177 30.6 88 13.7
Adrenal development
Stage 1 402 69.4 556 86.3
Stage 2 112 19.3 71 11.0
Stage 3 56 9.7 14 2.2
Stage 4 9 1.6 3 0.5
Gonadarche onset (stage 2+) 231 39.9 156 24.2
Gonadal development
Stage 1 348 60.1 488 75.8
Stage 2 157 27.1 123 19.1
Stage 3 71 12.3 32 5.0
Stage 4 2 0.3 1 0.2
Stage 5 1 0.2 0 0

Stage 1: pre-puberty; stage 2: early puberty; stage 3: mid-puberty, stage 4: late
puberty; stage 5: post-puberty.

@ Based on the Petersen’s Pubertal Development Scale (PDS): overall pubertal
development (Carskadon and Acebo algorithm); adrenal and gonadal develop-
ment (Shirtcliff et al. algorithm).
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Fig. 1. Title: Percentage of children in stage 2+ per study center.

underweight/normal weight (RR [95% CI] = 0.94 [0.87-1.01])
(Fig. S2).

Separate analysis of adrenal and gonadal development (Fig. 3)
revealed the following significant or marginally significant associations
in models adjusted for child BMI: between MEP and lower probability of
gonadarche in girls and boys; between MiBP and higher probability of
adrenarche; between MnBP and lower probability of gonadarche in
boys; between MEHP and lower probability of gonadarche in girls and
adrenarche in boys; between BPA and lower probability of gonadarche
in girls; between TCS and small increase in the probability of adrenarche
in girls; and between BPA, EtPB, PrPB, BuPB, and BP-3 and lower
probability of adrenarche and/or gonadarche in boys. Associations in
girls were stronger in those with underweight/normal weight, and as-
sociations of phenols with adrenal and/or gonadal development in boys
were generally stronger in those with underweight/normal weight,
whereas associations with phthalate metabolites appeared to be stronger
in boys with overweight/obesity (Fig. S3).

Despite the limited sample size, results for DiNP metabolites and
pubertal development in children from EDEN/MoBa cohorts alone were
in the same general direction as observed in the main analysis, showing
a marginal association of OH-MiNP with higher probability of gona-
darche in boys (RR [95%CI] = 1.17 [0.97-1.40]) (Table S7) and of
> DiNP with higher probability of puberty onset in boys with higher
BMI (Table S8). In INMA cohorts, > DiNP was also marginally associated
with higher probability of puberty in boys (Freire et al., 2022).

In the trimester-specific analysis using data from Sabadell (phtha-
lates and phenols) and Valencia (phenols), associations of MEHP and
BPA with delayed gonadarche in girls were only observed for exposures
in the 1st trimester, while 1st but not 3rd trimester concentrations of
BuPB and TCS were associated with earlier puberty in girls. In boys,
however, associations between DEHP metabolites, > DEHP, MiBP, and
MnBP and earlier puberty and between phenols (BPA, MePB, BuPB) and
delayed puberty were only observed for exposures in the 3rd trimester
(Tables S9 and S10).

G-computation analysis did not reveal any significant association
between the chemical mixture and pubertal development in boys or girls
or in the BMI-stratified analysis (Fig. 4). In BKMR models, PIPs were low
for all chemicals with the exception of PrPB and gonadal development in

boys (Fig. S4), and the results evidenced no significant effect of the
mixture on any pubertal outcome in the main analysis (Fig. 5) or in the
BMI-stratified analysis (Figs. S5 and S6). The separate mixture analysis
of INMA and EDEN/MoBa also showed no significant results
(Table S11).

4. Discussion

In this study of European birth cohorts, prenatal concentrations of
urinary biomarkers of certain phthalates were associated with earlier
pubertal development and biomarkers of synthetic phenols with delayed
adrenarche and/or gonadarche in boys. Although these associations
might not be mediated by child BMI, some were modified by child
weight status, finding that earlier puberty was more strongly associated
with DINP exposure in boys with overweight/obese but more strongly
associated with BPA and other phenols in those with underweight/
normal weight. As exceptions, MnBP and MEHP were associated with
delayed gonadarche and adrenarche, respectively, in boys in both
weight categories, while TCS was associated with earlier puberty in boys
with underweight/normal weight alone. In girls, MEHP and BPA were
associated with delayed gonadarche in those with lower BML. In a sub-
sample of children, associations were mostly seen for exposures in the
1st trimester in girls and in the 3rd trimester in boys, suggesting dif-
ference between the sexes in vulnerable developmental windows.
However, the mixture analysis suggested no overall effect on pubertal
development in boys or girls.

The association of DEHP and DiNP with overall pubertal develop-
ment in boys observed in single exposure models is in partial agreement
with our previous study in the INMA cohorts (Freire et al., 2022) and
with findings in the CHAMACOS cohort. This Californian study reported
that mean maternal urinary concentrations of MCOP (metabolite of
DiNP) and ) DEHP measured at 1st and 3rd trimesters of pregnancy
were associated with earlier gonadarche and pubarche in all boys (aged
9-13 years) in the case of MCOP and in boys with higher BMI in the case
of MCOP and > DEHP (Berger et al., 2018). In our previous study,
> "DEHP was only associated with earlier gonadarche and adrenarche in
normal weight boys (Freire et al., 2022); in the present study, however,
> DiNP was not associated with adrenarche/gonadarche, > DEHP was
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Fig. 2. Title: Single exposure models for the association of prenatal phthalate and phenol exposure with overall pubertal onset in girls and boys (7-12 years old).

Legend:

Pubertal onset defined as being in stage 2+ based on the PDS (Carskadon and Acebo algorithm). All models are adjusted for mother’s urinary creatinine (natural log-
transformed), cohort (random effect), maternal education (up to primary; secondary; university) and pre-pregnancy BMI (continuous), and child age at puberty
assessment. RR: Relative risk of puberty onset for a 2-fold increase in prenatal urinary phthalate metabolite or phenol; 95% CI: 95% Confidence interval. *p < 0.05,
tp < 0.10. DiNP metabolites: 430 girls, 475 boys; MePB, EtPB: 465 girls, 515 boys; TCS: 465 girls, 527 boys.

not associated with pubertal onset in the BMI-stratified analysis, and
MEHP (one of the DEHP metabolite) was associated with delayed rather
than earlier adrenarche in boys. By contrast, a cohort study in Mexico
associated maternal urinary concentrations of DEHP metabolites in the
3rd trimester of pregnancy with reduced odds of adrenarche and
gonadarche in males (aged 8-14 years) (Ferguson et al., 2014; Watkins
et al.,, 2017b). The association observed between MnBP and delayed
gonadarche is opposite to the association previously observed in normal
weight boys in the INMA cohorts (Freire et al., 2022); however, it is
partially consistent with findings in the Mexican cohort of associations
between prenatal MBP and delayed pubarche (Cathey et al., 2020) and
lower odds of adrenarche and gonadarche in boys (Ferguson et al.,
2014), although prenatal MnBP was not associated with pubertal
development in males in the CHAMACOS cohort (Harley et al., 2019).
Furthermore, the association of MiBP with earlier adrenarche was not
observed in our previous analysis (Freire et al., 2022) and contrasts with
the finding in Mexican boys of no association between prenatal MiBP
and any pubertal outcome (Ferguson et al., 2014). Results suggesting
puberty advancement (i.e., DEHP, DiNP, MiBP) are not consistent with in
vitro evidence of complete inhibition of the AR by DEHP, DiNP, and DBP
(Engel et al., 2017). They are also in disagreement with studies in

mammals of an association between in utero exposure during sexual
differentiation to DEHP and DBP, among other phthalates, with the
disruption of androgen-signaling and androgen-dependent reproductive
development, such as the suppression of fetal testosterone production in
male rats (Howdeshell et al., 2007, 2008a, 2008b).

Results of single exposure models indicate that the apparent accel-
erating effect of DINP on puberty may be stronger in boys with higher
BMI, and this was not evidenced in our previous study (Freire et al.,
2022). In this line, Berger et al. (2018) found that the association be-
tween advanced pubertal timing and in utero exposure to DEHP, MCOP,
and MBzP was stronger in overweight/obese boys (aged 9-13 years). A
possible explanation for this finding is that boys with an excess of
adiposity may have a greater predisposition for earlier puberty due to
the interaction between leptin and kisspeptin and the peripheral action
of adipose tissue (Reinehr and Roth, 2019). However, the tendency to-
wards earlier puberty onset is less clear in boys than in girls with obesity
(Reinehr and Roth, 2019). Another hypothesis is that prenatal exposure
to DINP may lead to both childhood obesity and earlier puberty.
Nonetheless, prenatal DiNP exposure was not associated with risk of
obesity in boys from the CHAMACOS cohort (Harley et al., 2017) and
the present data do not suggest mediation because associations appear
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Fig. 3. Title: Single exposure models for the association of prenatal phthalate and phenol exposure with adrenarche and gonadarche in girls and boys.

Legend:

Adrenarche and gonadarche defined as being in stage 2+ based on the PDS (Shirtcliff et al. algorithm). All models are adjusted for mother’s urinary creatinine, cohort
(random effect), maternal education, and pre-pregnancy BMI, and child age. RR: Relative risk for a 2-fold increase in prenatal urinary phthalate metabolite or phenol;
95% CI: 95% Confidence interval. *p < 0.05, fp < 0.10. DiNP metabolites: 430 girls, 475 boys; MePB, EtPB: 465 girls, 515 boys; TCS: 465 girls, 527 boys.

independent of child BMI.

In general, the lack of association found in the present and previous
study of INMA cohorts (Freire et al., 2022) between phthalate bio-
markers and pubertal development in girls contrasts with previous re-
ports associating prenatal exposure to DEHP and other phthalates with
earlier puberty in girls aged between 8 and 16 years (Cathey et al., 2020;
Harley et al., 2019; Hart et al., 2014; Watkins et al., 2014, 2017a).
However, the association of MEHP with delayed gonadarche is partially
consistent with the study by Berger et al. (2018), which associated
maternal > DEHP (mean of 1st and 3rd trimesters of gestation) with
later thelarche and menarche in daughters, and with the Mexican study
by Watkins et al. (2017a), which associated urinary MEHP across
pregnancy with later breast development in offspring. In the present
study, prenatal MEHP exposure was associated with delayed gonadarche
in girls with underweight/normal weight alone. Likewise, the CHA-
MACOS study associated prenatal > DEHP concentrations with later
puberty in normal-weight girls alone (Berger et al., 2018). One possible
explanation is that the delay in sexual maturation might be counteracted
by obesity, which might produce an opposite effect. However, Berger
et al. (2018) also found that MCOP was associated with later pubarche
and menarche, mostly in normal-weight girls, whereas a weak associa-
tion was observed in the present study between prenatal DiNP exposure
and higher probability of having started puberty in all girls, which was
attenuated after adjusting for their BMI. In addition, the chemical
mixture was not associated with pubertal timing in the present girls, as

also found for the phthalate mixture in our previous investigation (Freire
etal., 2022). To our knowledge, the combined effect of in utero phthalate
exposure on pubertal timing has not previously been examined,
although Berman et al. (2021) associated the summed concentration of
high-molecular-weight phthalate metabolites in maternal serum with
delayed menarche of daughters in an Australian cohort.

The inverse association observed between BPA and pubertal devel-
opment indicates a delaying effect of in utero BPA exposure in both girls
and boys, particularly in those with low-normal BMI, specifically for
exposure in the 3rd trimester in boys and in the 1st trimester in girls. As
noted above, the modifying effect of BMI suggests that pubertal delay
may be counteracted by child obesity. Berger et al. (2018) reported a
similar result for girls (aged 9-13 years), associating maternal urinary
BPA with later menarche and pubarche in normal-weight girls but with
earlier gonadarche and pubarche in overweight/obese boys. However,
Ferguson et al. (2014) found no association between maternal urinary
BPA at the 3rd trimester and pubertal timing in males (aged 8-14 years).
The present findings are plausible, given that BPA antagonizes androgen
receptor (AR) signaling in vitro (Molina-Molina et al., 2013; Wang et al.,
2017) and in utero exposure results in reduced testosterone concentra-
tions, impaired testicular development and spermatogenesis, and
reduced sperm counts in male mice (Hart, 2020). However, BPA also
acts as a potent estrogen (Alonso-Magdalena et al., 2012), and prema-
ture puberty was induced in female rodents by prenatal and neonatal
exposure to high BPA doses (Alonso-Magdalena et al., 2012; Losa-Ward
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Fig. 4. Title: Chemical mixture effect on pubertal development using quantile g-computation.

Legend:

Mixture components: MEP, MiBP, MnBP, MBzP, MEHP, MEHHP, MEOHP, MECPP, BuPB, PrPB, BPA, BP-3. All models are adjusted for mother’s urinary creatinine,
cohort, maternal education and pre-pregnancy BMI, and child age. RR: Relative risk of pubertal onset for a quartile increase in the mixture concentration derived by

G-computation regression; 95% CI: 95% confidence interval.

et al., 2012; Wang et al., 2023). In addition, BPA was associated with
delayed gonadarche but not adrenarche in girls, suggesting that it may
impact the adrenal gland of boys but not girls, although this remains
merely speculative.

As observed for BPA, parabens and BP-3 were associated with
delayed gonadarche in boys, mostly in those with underweight/normal
weight, despite the capacity of these chemicals to display weak estro-
genic activities and bind with the estrogen receptors (Boberg et al.,
2010; Okubo et al., 2001; Schlumpf et al., 2001). The only available
human study relating pubertal development to prenatal exposure to
these chemicals found no association between exposure biomarkers
during pregnancy and gonadarche or pubarche timing in boys in the
CHAMACOS cohort, although it described an association between per-
ipubertal PrPB and earlier gonadarche (Harley et al., 2019). In another
study, peripubertal BP-3 was associated with delayed genital and pubic
hair development in boys aged 10-12 years, in partial agreement with
the present findings, and analysis of the mixture effect of several
phthalates and UV filters during childhood identified BP-3 as one of the
chemicals contributing most to delayed male genital development (Zhou
et al., 2023). In girls, neither the present study nor the study by Harley
et al. (2019) found any significant association between BP-3 and pu-
bertal timing, except for the present finding of a slight increase in the
probability of adrenarche in relation to exposure in the 3rd trimester. In
the present study, BuPB was the only paraben associated with delayed
puberty in all boys, in line with a report that gestational BuPB exposure
delays testicular descent and preputial separation in male rats (Maske
et al., 2020). Our data also suggest that prenatal TCS exposure may
slightly increase the probability of puberty onset in normal-weight boys
and girls, more strongly in the 1st trimester in all girls, while Harley
etal. (2019) associated prenatal TCS with earlier puberty in girls (earlier
menarche) but not in boys. We have found no other human study on the
link between prenatal TCS exposure and pubertal timing. In vivo studies
in mammals suggest that TCS exerts estrogenic or anti-androgenic

effects (Wang and Tian, 2015), and postnatal exposure to high TCS doses
was found to advance vaginal opening in female rats (Stoker et al.,
2010). However, in vitro studies show that TCS may act as either agonist
or antagonist of estrogen and androgen receptors (Wang and Tian,
2015). Despite accumulated evidence on the toxicological effects of
parabens, BP-3, and TCS, further research is needed to explore their
developmental effects on the reproductive system and the underlying
mechanisms involved.

As noted above, the effect of prenatal phthalate/phenol exposure on
puberty appears to depend on the developmental window in a sex-
dimorphic manner, with pubertal development more likely affected by
exposures in the 1st trimester of pregnancy in girls and exposures in the
3rd trimester in boys. A rodent study identified early and middle
gestation as the critical time window for maternal BPA exposure-
induced early onset of puberty in female offspring (Wang et al., 2023),
in line with the present results. Other rodent studies have also demon-
strated that the critical masculinization programming window of
exposure to EDCs is probably in early and middle gestation (Hart, 2020),
corresponding to 8-14 weeks of pregnancy in humans (Welsh et al.,
2014). However, the present data suggest that the exposure of boys to
EDCs in later rather than earlier pregnancy alters the development or
activation of endocrine axes, particularly the gonadal axis, which war-
rants further investigation.

The mixture analysis did not suggest a combined effect of phthalates
and phenols on advancing or delaying puberty in boys or girls, in line
with the previous INMA study on phthalates (Freire et al., 2022). The
mechanisms of action of phthalates, synthetic phenols, and many other
EDCs are complex and may involve anti-androgenic and estrogenic ac-
tion and other mechanisms, complicating interpretation of their mixture
effects. The present results highlight the need for further investigation of
interactions among these chemicals and their overall impact on pubertal
development.

The study has certain limitations. Phthalates and synthetic phenols
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Fig. 5. Title: Chemical mixture effect on pubertal development in girls and boys using BKMR (posterior mean and 95% credible interval). N = 579 girls, 644 boys.

Legend:

Mixture components: MEP, MiBP, MnBP, MBzP, MEHP, MEHHP, MEOHP, MECPP, BuPB, PrPB, BPA, BP-3. All models are adjusted for mother’s urinary creatinine,

cohort, maternal education and pre-pregnancy BMI, and child age.

are non-persistent chemicals, and maternal urine measurements at one
or two time points may not accurately reflect exposure throughout
pregnancy. In fact, only poor to fair between-trimester reliability was
found for urinary measurements of BPA, phthalate metabolites, para-
bens, BP-3, and TCS in pregnant women from the INMA study, partic-
ularly for BPA (intraclass correlation coefficient = 0.01 (Sarzo et al.,
2022) and 0.24 (Casas et al., 2018)), indicating dietary or other lifestyle
changes. As already noted, the integration of DiNP metabolites differed
between INMA and EDEN/MoBa, further limiting the interpretation of
DiNP results. Developmental epidemiological studies are needed to
comprehensively characterize in utero exposure and consider particular
windows of susceptibility. A further potential study limitation is the
utilization of the PDS for puberty assessment rather than Tanner stages,
considered the gold standard. Phthalate metabolite and phenol con-
centrations were comparable between the present and previous cohort
studies, and difference in outcome measures may at least partially
explain inconsistencies in results. PDS does not provide a complete
estimation of Tanner stages and does not include direct questions on
pubic hair, but it has been validated in previous studies (e.g, in the
INMA-Valencia subcohort) and has demonstrated moderate to good
agreement with physician-assessed Tanner stages (Beneito et al., 2017;
Bond et al., 2006; Koopman-Verhoeff et al., 2020). It has also been re-
ported that both self-reported and parent-reported PDS have strong in-
ternal consistency and test-retest reliability and can adequately
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differentiate between pre-, mid-, and post-pubertal stages (Koopman--
Verhoeff et al., 2020). At any rate, possible errors in the PDS assessment
of pubertal stage are likely to be non-differential. Finally, the lack of
information on the maternal diet quality during pregnancy or on post-
natal exposure to phthalates, phenols, and other EDCs may be respon-
sible for some degree of residual confounding.

Study strengths include the relatively large sample size, the inclusion
of children from different geographical locations in Europe, the evalu-
ation of trimester-specific associations, and the assessment of the
mixture effect of 17 phthalate metabolites and synthetic phenols. In
addition, utilization of the PDS permitted the assessment of secondary
sexual characteristics that are not captured by Tanner stages, including
growth spurt, voice deepening, facial and body hair growth, and skin
changes, providing an overall score for pubertal development and
additional outcomes related to the maturation of adrenal and gonadal
axes. Moreover, most research on the link between EDCs and pubertal
timing has focused on childhood exposure, whereas the longitudinal
design of this study allowed the impact of in utero exposure to be
evaluated.

5. Conclusions

This study examined the association of prenatal exposure to phtha-
lates and synthetic phenols with pubertal development in boys and girls
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aged 7-12 years, considering the effect of these compounds both indi-
vidually and as a mixture. Maternal urinary concentrations of certain
phthalate metabolites (DEHP, DiNP) and synthetic phenols, including
BPA, were associated with altered pubertal development in boys, spe-
cifically earlier puberty for phthalates and delayed puberty for phenols,
and this effect was modified by their weight status and the pregnancy
exposure window. Among girls, in utero BPA exposure may also delay
the pubertal development while other phenols such as TCS may accel-
erate puberty, and BMI and trimester-specific associations were also
observed. However, effects of the chemical mixture on either boys or
girls remain uncertain. Given the limited and conflicting data on the
effects of prenatal exposure to these environmental chemicals on pu-
berty and the widespread exposure of the general population, further
research is warranted to elucidate their role on changes in pubertal
timing.

Funding source

The HELIX Project has received funding from the European Com-
munity’s Seventh Framework Programme (FP7/2007-2013) under
grant agreement no 308333. This study was also supported in part by
European Union grant agreement number 874583 (ATHLETE) and
research grants from the Spanish Consortium for Research on Epide-
miology and Public Health (CIBERESP) and Instituto de Salud Carlos III
(ISCIII) supported by European Development Fund (FEDER) (grant no.
PI13/1944, PI14/00891, PI117/01194), and from RecerCaixa (Register
number: 2010ACUP 00349) and CIBER-ISCIII (Mobility Actions, 2024),
MICIU-FEDER.

CRediT authorship contribution statement

Carmen Freire: Writing — review & editing, Writing — original draft,
Methodology, Formal analysis, Conceptualization. Francesca Castiello:
Methodology, Formal analysis. Izaro Babarro: Writing — review &
editing, Resources, Data curation. Augusto Anguita-Ruiz: Resources,
Methodology, Formal analysis. Maribel Casas: Writing — review &
editing, Supervision, Investigation, Funding acquisition. Martine Vrij-
heid: Project administration, Investigation, Funding acquisition. Blanca
Sarzo: Formal analysis, Software, Writing — review & editing. Andrea
Beneito: Methodology, Data curation. Manik Kadawathagedara:
Writing — review & editing, Data curation. Claire Philippat: Writing —
review & editing, Supervision, Data curation. Cathrine Thomsen: Re-
sources, Formal analysis. Amrit Kaur Sakhi: Validation, Formal anal-
ysis, Data curation. Maria-Jose Lopez-Espinosa: Writing — review &
editing, Supervision, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

INMA: This research would not have been achieved without the
selfless collaboration of the INMA families who took part in the study.
INMA-Gipuzkoa cohort was funded by grants from ISCIII (P106/0867,
PI09/00090, PI13/02187, PI18/01142 incl. FEDER funds), CIBERESP,
Department of Health of the Basque Government (2005111093,
2009111069, 2013111089, and 2015111065), and the Provincial Gov-
ernment of Gipuzkoa (DFG06,/002, DFG08/001 and DFG15/221) and
annual agreements with the municipalities of the study area (Zumar-
raga, Urretxu, Legazpi, Azkoitia y Azpeitia y Beasain). INMA-Sabadell
cohort was funded by grants from ISCIII (Red INMA G03/176; CB06/
02/0041; P1041436; PI081151 incl. FEDER funds; PI12/01890 incl.
FEDER funds; CP13/00054 incl. FEDER funds), CIBERESP, Generalitat

11

International Journal of Hygiene and Environmental Health 261 (2024) 114418

de Catalunya-CIRIT 1999SGR 00241, grant CEX 2018-000806-S funded
by MCIN/AEI/10.13039/501100011033, Generalitat de Catalunya-
AGAUR (2009 SGR 501, 2014 SGR 822), Fundacié La marat6 de TV3
(090430), Spanish Ministry of Economy and Competitiveness (SAF
2012-32991 incl. FEDER funds), Agence Nationale de Securite Sanitaire
de I’Alimentation de I’Environnement et du Travail (1262C0010), and
EU Commission (grant no. 261357, 603794, and 634453). INMA-
Valencia was funded by grants from ISCIII (PI11/02591, PI13/1944,
PI14/00891, P117/00663 and PI17/01526; Miguel Servet-FEDER
(CP11/00178, CP15/00025, and CP20/0006) and Generalitat Valenci-
ana (UGP-15-249).

EDEN: The EDEN study was supported by Foundation for Medical
Research (FRM), National Agency for Research (ANR), National Institute
for Research in Public health (IRESP: TGIR cohorte santé 2008 pro-
gram), French Ministry of Health (DGS), French Ministry of Research,
INSERM Bone and Joint Diseases National Research (PRO-A), and
Human Nutrition National Research Programs, Paris-Sud University,
Nestlé, French National Institute for Population Health Surveillance
(InVS), French National Institute for Health Education (INPES), the
European 635 Union FP7 Programs (FP7/2007-2013, HELIX, ESCAPE,
ENRIECO, Medall projects), Diabetes National Research Program
(through a collaboration with the French Association of Diabetic Pa-
tients (AFD)), French Agency for Environmental Health Safety (now
ANSES), Mutuelle Générale de I’Education Nationale a complementary
health insurance (MGEN), French national agency for food security,
French-speaking association for the study of diabetes and metabolism
(ALFEDIAM).

MoBa: The Norwegian Mother, Father and Child Cohort Study is
supported by the Norwegian Ministry of Health and Care Services and
the Ministry of Education and Research. We are grateful to all the
participating families in Norway who take part in this on-going cohort
study.

The authors are also grateful to Richard Davies for editorial assis-
tance and to the ISCIII and the “Fondo Europeo de Desarrollo Regional”
(ISCIII/FEDER) for the Miguel Servet Type II Program granted to C.
Freire (grant no. CPII21/00014) and M.J. Lopez-Espinosa (grant no.
CPII16/00051) and the Sara Borrell postdoctoral Program granted to B.
Sarzo (CD23/00090). The authors thank the doctoral student E.
Shirtcliff for providing us the syntax to calculate her adrenal and
gonadal scores. The funders had no role in the study design, data
collection or analysis, decision to publish, or preparation of the
manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.ijheh.2024.114418.

References

Agier, L., Basagana, X., Maitre, L., et al., 2019. Early-life exposome and lung function in
children in Europe: an analysis of data from the longitudinal, population-based
HELIX cohort. Lancet Planet. Health 3 (2), e81-€92. https://doi.org/10.1016/
§$2542-5196(19)30010-5.

Alonso-Magdalena, P., Ropero, A.B., Soriano, S., et al., 2012. Bisphenol-A acts as a potent
estrogen via non-classical estrogen triggered pathways. Mol. Cell. Endocrinol. 355
(2), 201-207. https://doi.org/10.1016/j.mce.2011.12.012.

Beneito, A., Gonzalez, L., Cases, A., et al., 2017. [Estadios de Tanner, escala del
desarrollo puberal y hormonas sexuales a los 9 anos. Proyecto INMA]. Gac. Sanit. 31
(Esp Cong), 331.

Berger, K., Eskenazi, B., Kogut, K., et al., 2018. Association of prenatal urinary
concentrations of phthalates and bisphenol and pubertal timing in boys and girls.
Environ. Health Perspect. 126 (9), 97004 https://doi.org/10.1289/EHP3424.

Berman, Y.E., Doherty, D.A., Main, K.M., et al., 2021. Associations between prenatal
exposure to phthalates and timing of menarche and growth and adiposity into
adulthood: a twenty-years birth cohort study. Int. J. Environ. Res. Publ. Health 18
(9), 4725. https://doi.org/10.3390/ijerph18094725.

Binder, A.M., Corvalan, C., Calafat, A.M., et al., 2018. Childhood and adolescent phenol
and phthalate exposure and the age of menarche in Latina girls. Environ. Health 17
(1), 32. https://doi.org/10.1186/5s12940-018-0376-z.


https://doi.org/10.1016/j.ijheh.2024.114418
https://doi.org/10.1016/j.ijheh.2024.114418
https://doi.org/10.1016/S2542-5196(19)30010-5
https://doi.org/10.1016/S2542-5196(19)30010-5
https://doi.org/10.1016/j.mce.2011.12.012
http://refhub.elsevier.com/S1438-4639(24)00099-3/sref3
http://refhub.elsevier.com/S1438-4639(24)00099-3/sref3
http://refhub.elsevier.com/S1438-4639(24)00099-3/sref3
https://doi.org/10.1289/EHP3424
https://doi.org/10.3390/ijerph18094725
https://doi.org/10.1186/s12940-018-0376-z

C. Freire et al.

Bobb, J.F., Valeri, L., Claus, Henn B., et al., 2015. Bayesian kernel machine regression for
estimating the health effects of multipollutant mixtures. Biostatistics 16 (3),
493-508. https://doi.org/10.1093/biostatistics/kxu058.

Boberg, J., Taxvig, C., Christiansen, S., et al., 2010. Possible endocrine disrupting effects
of parabens and their metabolites. Reprod. Toxicol. 30, 301-312. https://doi.org/
10.1016/j.reprotox.2010.03.011.

Bond, L., Clements, J., Bertalli, N., et al., 2006. A comparison of self-reported puberty
using the Pubertal Development Scale and the Sexual Maturation Scale in a school-
based epidemiologic survey. J. Adolesc. 29 (5), 709-720. https://doi.org/10.1016/j.
adolescence.2005.10.001.

Brauner, E.V., Uldbjerg, C.S., Lim, Y.H., et al., 2022. Presence of parabens, phenols and
phthalates in paired maternal serum, urine and amniotic fluid. Environ. Int. 158,
106987 https://doi.org/10.1016/j.envint.2021.106987.

Buck Louis, G.M., Gray Jr., L.E., Marcus, M., et al., 2008. Environmental factors and
puberty timing: expert panel research needs. Pediatrics 121, $192-5207. https://doi.
org/10.1542/peds.1813E.

Carskadon, M.A., Acebo, C., 1993. A self-administered rating scale for pubertal
development. J. Adolesc. Health 14 (3), 190-195. https://doi.org/10.1016/1054-
139x(93)90004-9.

Casas, M., Chevrier, C., Hond, E.D., et al., 2013. Exposure to brominated flame
retardants, perfluorinated compounds, phthalates, and phenols in European birth
cohorts: ENRIECO evaluation, first human biomonitoring results, and
recommendations. Int. J. Hyg Environ. Health 216 (3), 230-242. https://doi.org/
10.1016/j.ijheh.2012.05.009.

Casas, M., Basagana, X., Sakhi, A.K., et al., 2018. Variability of urinary concentrations of
non-persistent chemicals in pregnant women and school-aged children. Environ. Int.
121 (Pt 1), 561-573. https://doi.org/10.1016/j.envint.2018.09.046.

Cathey, A., Watkins, D.J., Sdnchez, B.N., et al., 2020. Onset and tempo of sexual
maturation is differentially associated with gestational phthalate exposure between
boys and girls in a Mexico City birth cohort. Environ. Int. 136, 105469 https://doi.
org/10.1016/j.envint.2020.105469.

Dann, A.B., Hontela, A., 2011. Triclosan: environmental exposure, toxicity and
mechanisms of action. J. Appl. Toxicol. 31, 285-311. https://doi.org/10.1002/
jat.1660.

Dong, W., He, J., Wang, J., et al., 2022. Bisphenol A exposure advances puberty onset by
changing Kiss1 expression firstly in arcuate nucleus at juvenile period in female rats.
Reprod. Toxicol. 110, 141-149. https://doi.org/10.1016/j.reprotox.2022.04.005.

Duh-Leong, C., Maffini, M.V., Kassotis, C.D., et al., 2023. The regulation of endocrine-
disrupting chemicals to minimize their impact on health. Nat. Rev. Endocrinol. 19
(10), 600-614. https://doi.org/10.1038/541574-023-00872-x.

Eckert-Lind, C., Busch, A.S., Petersen, J.H., et al., 2020. Worldwide secular trends in age
at pubertal onset assessed by breast development among girls: a systematic review
and meta-analysis. JAMA Pediatr. 174 (4), e195881 https://doi.org/10.1001/
jamapediatrics.2019.5881.

European Food Safety Authority (EFSA), https://www.efsa.europa.eu/en/topics/topic/
bisphenol. (Accessed on January 22nd 2024).

Engel, A., Buhrke, T., Imber, F., et al., 2017. Agonistic and antagonistic effects of
phthalates and their urinary metabolites on the steroid hormone receptors ERa, ERf,
and AR. Toxicol. Lett. 277, 54-63. https://doi.org/10.1016/j.toxlet.2017.05.028.

Euling, S.Y., Herman-Giddens, M.E., Lee, P.A., et al., 2008. Examination of US puberty-
timing data from 1940 to 1994 for secular trends: panel findings. Pediatrics 121,
$172-S191. https://doi.org/10.1542/peds.2007-1813D.

Ferguson, K.K., Peterson, K.E., Lee, J.M., et al., 2014. Prenatal and peripubertal
phthalates and bisphenol A in relation to sex hormones and puberty in boys. Reprod.
Toxicol. 47, 70-76. https://doi.org/10.1016/j.reprotox.2014.06.002.

Freire, C., Castiello, F., Lopez-Espinosa, M.J., et al., 2022. Association of prenatal
phthalate exposure with pubertal development in Spanish boys and girls. Environ.
Res. 213, 113606 https://doi.org/10.1016/j.envres.2022.113606.

Ge, R.S., Chen, G.R., Dong, Q., et al., 2007. Biphasic effects of postnatal exposure to
diethylhexyl phthalate on the timing of puberty in male rats. J. Androl. 28 (4),
513-520. https://doi.org/10.2164/jandrol.106.001909.

Geens, T., Aerts, D., Berthot, C., et al., 2012. A review of dietary and non-dietary
exposure to bisphenol-A. Food Chem. Toxicol. 50 (10), 3725-3740. https://doi.org/
10.1016/j.fct.2012.07.059.

Giannini, C.M., Huang, B., Chandler, D.W., et al., 2022. The association between sex
hormones, pubertal milestones and benzophenone-3 exposure, measured by urinary
biomarker or questionnaire. Int. J. Environ. Health Res. 32 (10), 2135-2148.
https://doi.org/10.1080/09603123.2021.1947990.

Golub, M.S., Collman, G.W., Foster, P.M., et al., 2008. Public health implications of
altered puberty timing. Pediatrics 121 (Suppl. 3), S$218-5230. https://doi.org/
10.1542/peds.2007-1813G.

Guerra, M.T., Erthal, R.P., Punhagui-Umbelino, A.P.F., et al., 2023. Reproductive toxicity
of maternal exposure to di(2-ethylhexyl)phthalate and butyl paraben (alone or in
association) on both male and female Wistar offspring. J. Appl. Toxicol. 43 (2),
242-261. https://doi.org/10.1002/jat.4377.

Giiil-Oumrait, N., Cano-Sancho, G., Montazeri, P., et al., 2022. Prenatal exposure to
mixtures of phthalates and phenols and body mass index and blood pressure in
Spanish preadolescents. Environ. Int. 169, 107527 https://doi.org/10.1016/j.
envint.2022.107527.

Guxens, M., Ballester, F., Espada, M., et al., 2012. INMA project. Cohort profile: the
INMA-INfancia y medio ambiente-(environment and childhood) project. Int. J.
Epidemiol. 41 (4), 930-940. https://doi.org/10.1093/ije/dyr054.

Han, C., Lim, Y.-H., Hong, Y.-C., 2016. Ten-year trends in urinary concentrations of
triclosan and benzophenone-3 in the general US population from 2003 to 2012.
Environ. Pollut. 208, 803-810. https://doi.org/10.1016/j.envpol.2015.11.002.

12

International Journal of Hygiene and Environmental Health 261 (2024) 114418

Harley, K.G., Berger, K., Rauch, S., et al., 2017. Association of prenatal urinary phthalate
metabolite concentrations and childhood BMI and obesity. Pediatr. Res. 82 (3),
405-415. https://doi.org/10.1038/pr.2017.112.

Harley, K.G., Berger, K.P., Kogut, K., et al., 2019. Association of phthalates, parabens and
phenols found in personal care products with pubertal timing in girls and boys. Hum.
Reprod. (Oxf.) 34 (1), 109-117. https://doi.org/10.1093/humrep/dey337.

Hart, R., 2020. The impact of prenatal exposure to bisphenol A on male reproductive
function. Front. Endocrinol. 11, 320. https://doi.org/10.3389/fendo.2020.00320.

Hart, R., Doherty, D., Frederiksen, H., et al., 2014. The influence of antenatal exposure to
phthalates on subsequent female reproductive development in adolescence: a pilot
study. Reproduction 147 (4), 379-390. https://doi.org/10.1530/REP-13-0331.

Haug, L.S., Sakhi, A.K., Cequier, E., et al., 2018. In-utero and 744 childhood chemical
exposome in six European mother-child cohorts. Environ. Int. 745 (121), 751-763.
https://doi:10.1016/j.envint.2018.09.056.

Hauser, R., Calafat, A.M., 2005. Phthalates and human health. Occup. Environ. Med. 62,
806-818. https://doi.org/10.1136/0em.2004.017590.

Heude, B., Forhan, A., Slama, R., et al., 2016. Cohort Profile: the EDEN mother-child
cohort on the prenatal and early postnatal determinants of child health and
development. Int. J. Epidemiol. 45 (2), 353-363. https://doi.org/10.1093/ije/
dyv151.

Howdeshell, K.L., Furr, J., Lambright, C., et al., 2007. Cumulative effects of diethyl
phthalate and diethylhexyl phthalate on male rat reproductive tract development:
altered fetal steroid hormones and genes. Toxicol. Sci. 99, 190-202. https://doi.org/
10.1093/toxsci/kfm069.

Howdeshell, K.L., Rider, C.V., Wilson, V.S., et al., 2008a. Mechanisms of action of
phthalate esters, individually and in combination, to induce abnormal reproductive
development in male laboratory rats. Environ. Res. 108, 168-176. https://doi.org/
10.1016/j.envres.2008.08.009.

Howdeshell, K.L., Wilson, V.S., Furr, J., et al., 2008b. A mixture of five phthalate esters
inhibits fetal testicular testosterone production in the Sprague Dawley rat in a
cumulative, dose additive manner. Toxicol. Sci. 105, 153-165. https://doi.org/
10.1093/toxsci/kfn077.

Kaplowitz, P.B., 2008. Link between body fat and the timing of puberty. Pediatrics 121
(Suppl. 3), S208-S217. https://doi.org/10.1542/peds.2007-1813F.

Keil, A.P., Buckley, J.P., O’Brien, K.M., et al., 2020. A Quantile-based g-computation
approach to addressing the effects of exposure mixtures. Environ. Health Perspect.
128 (4), 47004 https://doi.org/10.1289/EHP5838.

Koopman-Verhoeff, M.E., Gredvig-Ardito, C., Barker, D.H., Saletin, J.M., Carskadon, M.
A., 2020. Classifying pubertal development using child and parent report: comparing
the pubertal development scales to tanner staging. J. Adolesc. Health 66 (5),
597-602. https://doi.org/10.1016/j.jadohealth.2019.11.308.

Lopez-Rodriguez, D., Franssen, D., Heger, S., et al., 2021. Endocrine-disrupting chemicals
and their effects on puberty. Best Pract. Res. Clin. Endocrinol. Metabol. 35 (5),
101579 https://doi.org/10.1016/j.beem.2021.101579.

Losa-Ward, S.M., Todd, K.L., McCaffrey, K.A., et al., 2012. Disrupted organization of
RFamide pathways in the hypothalamus is associated with advanced puberty in
female rats neonatally exposed to bisphenol A. Biol. Reprod. 87 (2), 28. https://doi.
org/10.1095/biolreprod.112.100826.

Ma, M., Kondo, T., Ban, S., et al., 2006. Exposure of prepubertal female rats to inhaled di
(2-ethylhexyl)phthalate affects the onset of puberty and postpubertal reproductive
functions. Toxicol. Sci. 93 (1), 164-171. https://doi.org/10.1093/toxsci/kfl036.

Magnus, P., Birke, C., Vejrup, K., 2016. Cohort profile update: the Norwegian mother and
child cohort study (MoBa). Int. J. Epidemiol. 45 (2), 382-388. https://doi.org/
10.1093/ije/dyw029.

Maitre, L., de Bont, J., Casas, M., et al., 2018. Human Early Life Exposome (HELIX) study:
a European population-based exposome cohort. BMJ Open 8 (9), €021311. https://
doi.org/10.1136/bmjopen-2017-021311.

Maske, P., Dighe, V., Mote, C., et al., 2020. n-Butylparaben exposure through gestation
and lactation impairs spermatogenesis and steroidogenesis causing reduced fertility
in the F1 generation male rats. Environ. Pollut. 256, 112957 https://doi.org/
10.1016/j.envpol.2019.112957.

Molina-Molina, J.M., Amaya, E., Grimaldi, M., et al., 2013. In vitro study on the agonistic
and antagonistic activities of bisphenol-S and other bisphenol-A congeners and
derivatives via nuclear receptors. Toxicol. Appl. Pharmacol. 272, 127-136. https://
doi.org/10.1016/j.taap.2013.05.015.

Nakiwala, D., Vernet, C., Lyon-Caen, S., et al., 2020. SEPAGES study group. Use of
personal care products during pregnancy in relation to urinary concentrations of
select phenols: a longitudinal analysis from the SEPAGES feasibility study. Int. J. Hyg
Environ. Health 227, 113518. https://doi.org/10.1016/].ijheh.2020.113518.

Noriega, N.C., Howdeshell, K.L., Furr, J., et al., 2009. Pubertal administration of DEHP
delays puberty, suppresses testosterone production, and inhibits reproductive tract
development in male Sprague-Dawley and Long-Evans rats. Toxicol. Sci. 111 (1),
163-178. https://doi.org/10.1093/toxsci/kfp129.

O’Brien, K.M., Upson, K.C., Cook, N.R., et al., 2016. Environmental chemicals in urine
and blood: improving methods for creatinine and lipid adjustment. Environ. Health
Perspect. 124 (2), 220-227. https://doi.org/10.1289/ehp.1509693.

Okubo, T., Yokoyama, Y., Kano, K., et al., 2001. ER-dependent estrogenic activity of
parabens assessed by proliferation of human breast cancer MCF-7 cells and
expression of ER alpha and PR. Food Chem. Toxicol. 39, 1225-1232. https://doi.
org/10.1016/s0278-6915(01)00073-4.

Papadimitriou, A., 2016. Timing of puberty and secular trend in human maturation. In:
Kumanov, P., Agarwal, A. (Eds.), Puberty. Springer, New York, NY, pp. 121-136.

Petersen, A.C., Crockett, L., Richard, M., et al., 1988. A self-report measure of pubertal
status: reliability, validity, and initial norms. J. Youth Adolesc. 17 (2), 117-133.
https://doi.org/10.1007/BF01537962.


https://doi.org/10.1093/biostatistics/kxu058
https://doi.org/10.1016/j.reprotox.2010.03.011
https://doi.org/10.1016/j.reprotox.2010.03.011
https://doi.org/10.1016/j.adolescence.2005.10.001
https://doi.org/10.1016/j.adolescence.2005.10.001
https://doi.org/10.1016/j.envint.2021.106987
https://doi.org/10.1542/peds.1813E
https://doi.org/10.1542/peds.1813E
https://doi.org/10.1016/1054-139x(93)90004-9
https://doi.org/10.1016/1054-139x(93)90004-9
https://doi.org/10.1016/j.ijheh.2012.05.009
https://doi.org/10.1016/j.ijheh.2012.05.009
https://doi.org/10.1016/j.envint.2018.09.046
https://doi.org/10.1016/j.envint.2020.105469
https://doi.org/10.1016/j.envint.2020.105469
https://doi.org/10.1002/jat.1660
https://doi.org/10.1002/jat.1660
https://doi.org/10.1016/j.reprotox.2022.04.005
https://doi.org/10.1038/s41574-023-00872-x
https://doi.org/10.1001/jamapediatrics.2019.5881
https://doi.org/10.1001/jamapediatrics.2019.5881
https://www.efsa.europa.eu/en/topics/topic/bisphenol
https://www.efsa.europa.eu/en/topics/topic/bisphenol
https://doi.org/10.1016/j.toxlet.2017.05.028
https://doi.org/10.1542/peds.2007-1813D
https://doi.org/10.1016/j.reprotox.2014.06.002
https://doi.org/10.1016/j.envres.2022.113606
https://doi.org/10.2164/jandrol.106.001909
https://doi.org/10.1016/j.fct.2012.07.059
https://doi.org/10.1016/j.fct.2012.07.059
https://doi.org/10.1080/09603123.2021.1947990
https://doi.org/10.1542/peds.2007-1813G
https://doi.org/10.1542/peds.2007-1813G
https://doi.org/10.1002/jat.4377
https://doi.org/10.1016/j.envint.2022.107527
https://doi.org/10.1016/j.envint.2022.107527
https://doi.org/10.1093/ije/dyr054
https://doi.org/10.1016/j.envpol.2015.11.002
https://doi.org/10.1038/pr.2017.112
https://doi.org/10.1093/humrep/dey337
https://doi.org/10.3389/fendo.2020.00320
https://doi.org/10.1530/REP-13-0331
https://doi:10.1016/j.envint.2018.09.056
https://doi.org/10.1136/oem.2004.017590
https://doi.org/10.1093/ije/dyv151
https://doi.org/10.1093/ije/dyv151
https://doi.org/10.1093/toxsci/kfm069
https://doi.org/10.1093/toxsci/kfm069
https://doi.org/10.1016/j.envres.2008.08.009
https://doi.org/10.1016/j.envres.2008.08.009
https://doi.org/10.1093/toxsci/kfn077
https://doi.org/10.1093/toxsci/kfn077
https://doi.org/10.1542/peds.2007-1813F
https://doi.org/10.1289/EHP5838
https://doi.org/10.1016/j.jadohealth.2019.11.308
https://doi.org/10.1016/j.beem.2021.101579
https://doi.org/10.1095/biolreprod.112.100826
https://doi.org/10.1095/biolreprod.112.100826
https://doi.org/10.1093/toxsci/kfl036
https://doi.org/10.1093/ije/dyw029
https://doi.org/10.1093/ije/dyw029
https://doi.org/10.1136/bmjopen-2017-021311
https://doi.org/10.1136/bmjopen-2017-021311
https://doi.org/10.1016/j.envpol.2019.112957
https://doi.org/10.1016/j.envpol.2019.112957
https://doi.org/10.1016/j.taap.2013.05.015
https://doi.org/10.1016/j.taap.2013.05.015
https://doi.org/10.1016/j.ijheh.2020.113518
https://doi.org/10.1093/toxsci/kfp129
https://doi.org/10.1289/ehp.1509693
https://doi.org/10.1016/s0278-6915(01)00073-4
https://doi.org/10.1016/s0278-6915(01)00073-4
http://refhub.elsevier.com/S1438-4639(24)00099-3/sref67
http://refhub.elsevier.com/S1438-4639(24)00099-3/sref67
https://doi.org/10.1007/BF01537962

C. Freire et al.

Philippat, C., Mortamais, M., Chevrier, C., et al., 2012. Exposure to phthalates and
phenols during pregnancy and offspring size at birth. Environ. Health Perspect. 120
(3), 464-470. https://doi.org/10.1289/ehp.1103634.

Quanjer, P.H., Stanojevic, S., Cole, T.J., et al., 2012. Multi-ethnic reference values for
spirometry for the 3-95-yr age range: the global lung function 2012 equations. Eur.
Respir. J. 40 (6), 1324-1343. https://doi.org/10.1183/09031936.00080312.

Reinehr, T., Roth, C.L., 2019. Is there a causal relationship between obesity and puberty?
Lancet Child Adolesc. Health 3 (1), 44-54. https://doi.org/10.1016/52352-4642
(18)30306-7.

Rodriguez, P.E., Sanchez, M.S., 2010. Maternal exposure to triclosan impairs thyroid
homeostasis and female pubertal development in Wistar rat offspring. J. Toxicol.
Environ. Health 73, 1678-1688. https://doi.org/10.1080/15287394.2010.516241.

Rolland, M., Lyon-Caen, S., Sakhi, A.K., et al., 2020. Exposure to phenols during
pregnancy and the first year of life in a new type of couple-child cohort relying on
repeated urine biospecimens. Environ. Int. 139, 105678 https://doi.org/10.1016/j.
envint.2020.105678.

Sabaredzovic, A., Sakhi, A.K., Brantsater, A.L., et al., 2015. Determination of 12 urinary
phthalate metabolites in Norwegian pregnant women by core-shell high
performance liquid chromatography with on-line solid-phase extraction, column
switching, and tandem mass spectrometry. J. Chromatogr., B: Anal. Technol.
Biomed. Life Sci. 1002, 343-352. https://doi.org/10.1016/j.jchromb.2015.08.040.

Sakhi, A.K., Sabaredzovic, A., Papadopoulou, E., et al., 2018. Levels, variability, and
determinants of environmental phenols in pairs of Norwegian mothers and children.
Environ. Int. 114, 242-251. https://doi.org/10.1016/j.envint.2018.02.037.

Sanchis, Y., Coscolla, C., Corpas-Burgos, F., et al., 2020. Bettermilk project.
Biomonitoring of bisphenols A, F, S and parabens in urine of breastfeeding mothers:
exposure and risk assessment. Environ. Res. 185, 109481 https://doi.org/10.1016/].
envres.2020.109481.

Sarzo, B., Abumallouh, R., Marin, N., et al., 2022. Association between phenols and
thyroid hormones: the role of iodothyronine deiodinase genes. Environ. Pollut. 311,
119926 https://doi.org/10.1016/j.envpol.2022.119926.

Schlumpf, M., Cotton, B., Conscience, M., et al., 2001. In vitro and in vivo estrogenicity
of UV screens. Environ. Health Perspect. 109, 239-244. https://doi.org/10.1289/
ehp.01109239.

Shirtcliff, E.A., Dahl, R.E., Pollak, S.D., 2009. Pubertal development: correspondence
between hormonal and physical development. Child Dev. 80 (2), 327-337. https://
doi.org/10.1111/j.1467-8624.2009.01263.x.

Sgrensen, K., Mouritsen, A., Aksglaede, L., et al., 2012. Recent secular trends in pubertal
timing: implications for evaluation and diagnosis of precocious puberty. Horm.
Horm. Res. Paediatr. 77 (3), 137-145. https://doi.org/10.1159/000336325.

Stoker, T.E., Gibson, E.K., Zorrilla, L.M., 2010. Triclosan exposure modulates estrogen-
dependent responses in the female wistar rat. Toxicol. Sci. 117, 45-53. https://doi.
org/10.1093/toxsci/kfq180.

Tamayo-Uria, 1., Maitre, L., Thomsen, C., et al., 2019. The early-life exposome:
description and patterns in six European countries. Environ. Int. 123, 189-200.
https://doi.org/10.1016/j.envint.2018.11.067.

Tan, B.L., Kassim, N.M., Mohd, M.A., 2003. Assessment of pubertal development in
juvenile male rats after sub-acute exposure to bisphenol A and nonylphenol. Toxicol.
Lett. 143 (3), 261-270. https://doi.org/10.1016/50378-4274(03)00172-3.

Tyl, R.W., Myers, C.B., Marr, M.C,, et al., 2002. Three-generation reproductive toxicity
study of dietary bisphenol A in CD Sprague-Dawley rats. Toxicol. Sci. 68 (1),
121-146. https://doi.org/10.1093/toxsci/68.1.121.

Uldbjerg, C.S., Koch, T., Lim, Y.H., et al., 2022. Prenatal and postnatal exposures to
endocrine disrupting chemicals and timing of pubertal onset in girls and boys: a
systematic review and meta-analysis. Hum. Reprod. Update 28 (5), 687-716.
https://doi.org/10.1093/humupd/dmac013.

Valvi, D., Monfort, N., Ventura, R., et al., 2015. Variability and predictors of urinary
phthalate metabolites in Spanish pregnant women. Int. J. Hyg Environ. Health 218
(2), 220-231. https://doi.org/10.1016/j.ijheh.2014.11.003.

13

International Journal of Hygiene and Environmental Health 261 (2024) 114418

Vela-Soria, F., Ballesteros, O., Zafra-Gémez, A., et al., 2014. UHPLC-MS/MS method for
the determination of bisphenol A and its chlorinated derivatives, bisphenol S,
parabens, and benzophenones in human urine samples. Anal. Bioanal. Chem. 406
(15), 3773-3785. https://doi.org/10.1007/500216-014-7785-9.

Vo, T.T., Yoo, Y.M., Choi, K.C., et al., 2010. Potential estrogenic effect(s) of parabens at
the prepubertal stage of a postnatal female rat model. Reprod. Toxicol. 29, 306-316.
https://doi.org/10.1016/j.reprotox.2010.01.013.

Vogel, N., Schmidt, P., Lange, R., et al., 2023. Current exposure to phthalates and DINCH
in European children and adolescents - results from the HBM4EU Aligned Studies
2014 to 2021. Int. J. Hyg Environ. Health 249, 114101. https://doi.org/10.1016/j.
ijheh.2022.114101.

Wang, C.F., Tian, Y., 2015. Reproductive endocrine-disrupting effects of triclosan:
population exposure, present evidence, and potential mechanisms. Environ. Pollut.
206, 195-201. https://doi.org/10.1016/j.envpol.2015.07.001.

Wang, Y., Yang, Q., Liu, W., et al., 2016. DEHP exposure in utero disturbs sex
determination and is potentially linked with precocious puberty in female mice.
Toxicol. Appl. Pharmacol. 307, 123-129. https://doi.org/10.1016/j.
taap.2016.08.001.

Wang, H., Ding, Z., Shi, Q.M., et al., 2017. Anti-androgenic mechanisms of Bisphenol A
involve androgen receptor signaling pathway. Toxicology 387, 10-16. https://doi.
org/10.1016/j.tox.2017.06.007.

Wang, G., Xu, G., Zhang, C., et al., 2023. Gestational bisphenol A exposure advances
puberty onset in female offspring: critical time window identification. Ecotoxicol.
Environ. Saf. 249, 114387 https://doi.org/10.1016/j.ecoenv.2022.114387.

Watkins, D.J., Téllez-Rojo, M.M., Ferguson, M., et al., 2014. In utero and peripubertal
exposure to phthalates and BPA in relation to female sexual maturation. Environ.
Res. 134, 233-241. https://doi.org/10.1016/j.envres.2014.08.010.

Watkins, D.J., Sanchez, B.N., Téllez-Rojo, M.M., 2017a. Phthalate and bisphenol A
exposure during in utero windows of susceptibility in relation to reproductive
hormones and pubertal development in girls. Environ. Res. 159, 143-151. https://
doi.org/10.1016/j.envres.2017.07.051.

Watkins, D.J., Sanchez, B.N., Téllez-Rojo, M.M., et al., 2017b. Impact of phthalate and
BPA exposure during in utero windows of susceptibility on reproductive hormones
and sexual maturation in peripubertal males. Environ. Health 16 (1), 69. https://doi.
org/10.1186/512940-017-0278-5.

Welsh, M., Suzuki, H., Yamada, G., 2014. The masculinization programming window.
Endocr. Dev. 27, 17-27. https://doi.org/10.1159/000363609.

WHO Reference, 2023. Growth Reference Data for 5-19 Years. https://www.who.int/
toolkits/growth-reference-data-for-5to19-years/indicators/bmi-for-age. (Accessed
30 August 2023).

Wolff, M.S., Teitelbaum, S.L., Pinney, S.M., et al., 2010. Investigation of relationships
between urinary biomarkers of phytoestrogens, phthalates, and phenols and pubertal
stages in girls. Environ. Health Perspect. 118 (7), 1039-1046. https://doi.org/
10.1289/ehp.0901690.

Wolff, M.S., Teitelbaum, S.L., McGovern, K., 2014. Phthalate exposure and pubertal
development in a longitudinal study of US girls. Hum. Reprod. (Oxf.) 29 (7),
1558-1566. https://doi.org/10.1093/humrep/deu081.

Wolff, M.S., Pajak, A., Pinney, S.M., et al., 2017. Breast Cancer and Environment
Research Program. Associations of urinary phthalate and phenol biomarkers with
menarche in a multiethnic cohort of young girls. Reprod. Toxicol. 67, 56-64.
https://doi.org/10.1016/j.reprotox.2016.11.009.

Zhou, Y., Wang, P., Li, J., et al., 2023. Mixed exposure to phthalates and organic UV
filters affects children’s pubertal development in a gender-specific manner.
Chemosphere 320, 138073. https://doi.org/10.1016/j.chemosphere.2023.138073.

Zou, G., 2004. A modified Poisson regression approach to prospective studies with binary
data. Am. J. Epidemiol. 159 (7), 702-706. https://doi.org/10.1093/aje/kwh090.


https://doi.org/10.1289/ehp.1103634
https://doi.org/10.1183/09031936.00080312
https://doi.org/10.1016/S2352-4642(18)30306-7
https://doi.org/10.1016/S2352-4642(18)30306-7
https://doi.org/10.1080/15287394.2010.516241
https://doi.org/10.1016/j.envint.2020.105678
https://doi.org/10.1016/j.envint.2020.105678
https://doi.org/10.1016/j.jchromb.2015.08.040
https://doi.org/10.1016/j.envint.2018.02.037
https://doi.org/10.1016/j.envres.2020.109481
https://doi.org/10.1016/j.envres.2020.109481
https://doi.org/10.1016/j.envpol.2022.119926
https://doi.org/10.1289/ehp.01109239
https://doi.org/10.1289/ehp.01109239
https://doi.org/10.1111/j.1467-8624.2009.01263.x
https://doi.org/10.1111/j.1467-8624.2009.01263.x
https://doi.org/10.1159/000336325
https://doi.org/10.1093/toxsci/kfq180
https://doi.org/10.1093/toxsci/kfq180
https://doi.org/10.1016/j.envint.2018.11.067
https://doi.org/10.1016/s0378-4274(03)00172-3
https://doi.org/10.1093/toxsci/68.1.121
https://doi.org/10.1093/humupd/dmac013
https://doi.org/10.1016/j.ijheh.2014.11.003
https://doi.org/10.1007/s00216-014-7785-9
https://doi.org/10.1016/j.reprotox.2010.01.013
https://doi.org/10.1016/j.ijheh.2022.114101
https://doi.org/10.1016/j.ijheh.2022.114101
https://doi.org/10.1016/j.envpol.2015.07.001
https://doi.org/10.1016/j.taap.2016.08.001
https://doi.org/10.1016/j.taap.2016.08.001
https://doi.org/10.1016/j.tox.2017.06.007
https://doi.org/10.1016/j.tox.2017.06.007
https://doi.org/10.1016/j.ecoenv.2022.114387
https://doi.org/10.1016/j.envres.2014.08.010
https://doi.org/10.1016/j.envres.2017.07.051
https://doi.org/10.1016/j.envres.2017.07.051
https://doi.org/10.1186/s12940-017-0278-5
https://doi.org/10.1186/s12940-017-0278-5
https://doi.org/10.1159/000363609
https://www.who.int/toolkits/growth-reference-data-for-5to19-years/indicators/bmi-for-age
https://www.who.int/toolkits/growth-reference-data-for-5to19-years/indicators/bmi-for-age
https://doi.org/10.1289/ehp.0901690
https://doi.org/10.1289/ehp.0901690
https://doi.org/10.1093/humrep/deu081
https://doi.org/10.1016/j.reprotox.2016.11.009
https://doi.org/10.1016/j.chemosphere.2023.138073
https://doi.org/10.1093/aje/kwh090

	Association of prenatal exposure to phthalates and synthetic phenols with pubertal development in three European cohorts
	1 Introduction
	2 Material and methods
	2.1 Study population
	2.2 Exposure assessment
	2.3 Puberty assessment
	2.4 Statistical analysis

	3 Results
	4 Discussion
	5 Conclusions
	Funding source
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


