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ARTICLE INFO ABSTRACT

Keywords: This study assessed cross-sectional associations between urinary metabolites of non-persistent pesticides and
Pesticides pubertal development in boys and girls from urban and rural areas in Spain and examined effect modification by
Puberty body mass index (BMI). Four metabolites of insecticides (TCPy, metabolite of chlorpyrifos; IMPy, metabolite of
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diazinon; DETP, non-specific metabolite of organophosphates; 3-PBA, metabolite of pyrethroids) and the
metabolite of ethylene-bis-dithiocarbamate fungicides (ETU) were quantified in urine collected in 2010-2016
from 7 to 11-year-old children (606 girls, 933 boys) participating in the INMA Project. Pubertal development was
ascertained by Tanner stages and/or parent-reported Pubertal Development Scale (PDS). Associations between
pesticide metabolites and odds of being in stage 2+ for breast development (girls), genital development (boys),
pubic hair growth (girls and boys), and/or overall puberty onset, gonadarche, and adrenarche (PDS for girls and
boys) were examined by mixed-effect logistic regression. Effect modification by BMI was explored by interaction
terms and stratified analysis. In girls, DETP and ETU concentrations>75th percentile (P75) were associated with
higher odds of overall puberty development (OR [95%CI] = 1.86 [1.07-3.24] and 1.71 [1.03-2.83], respectively,
for > P75 vs. undetected concentrations), while ETU > P75 was also associated with higher odds of breast
development (OR [95%CI] = 5.55 [2.83-12.91]), particularly in girls with underweight/normal weight (OR
[95%CI] = 10.08 [2.62-38.76]). In boys, detection of TCPy (40%) and 3-PBA (34%) was associated with higher
odds of genital development (OR [95%CI] = 1.97 [1.08-3.57] and 2.08 [1.15-3.81], respectively), and the
association with 3-PBA was observed in boys with overweight/obesity alone. In addition, ETU > P75 was
associated with higher odds of genital development in boys with underweight/normal weight (OR [95%CI] =
2.89 [1.08-7.74]) but higher DETP with lower odds of puberty in boys with overweight/obesity (OR [95%CI] =

* This paper has been recommended for acceptance by Payam Dadvand.
* Corresponding author. Instituto de Investigacion Biosantaria de Granada (ibs.granada), Av. Madrid, 18012, Granada, Spain.
E-mail address: cfreire@ugr.es (C. Freire).

https://doi.org/10.1016/j.envpol.2022.120571
Received 1 May 2022; Received in revised form 27 October 2022; Accepted 30 October 2022

Available online 7 November 2022
0269-7491/© 2022 Elsevier Ltd. All rights reserved.


mailto:cfreire@ugr.es
www.sciencedirect.com/science/journal/02697491
https://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2022.120571
https://doi.org/10.1016/j.envpol.2022.120571
https://doi.org/10.1016/j.envpol.2022.120571
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2022.120571&domain=pdf

F. Castiello et al.

Environmental Pollution 316 (2023) 120571

0.94 [0.89-0.99] per log-unit increase in concentration). Results suggest an association of childhood exposure to
ETU and certain insecticides with earlier puberty in girls and boys that may be modified by child BMI.

1. Introduction

Contemporary pesticides are widely used in food production as well
as in non-agricultural urban and domestic settings. The main exposure
route for pesticides in the general population is the diet, especially
through the consumption of conventionally grown fruits and vegetables
(Fortes et al., 2013; Lu et al., 2008). Once in the human body, they are
rapidly metabolized and excreted, mainly via urine (Barr, 2008; Egeghy
et al., 2011). Organophosphate (OP) and pyrethroid insecticides and
certain herbicides are the most common pesticides in the European
Union (EU) and worldwide. Dithiocarbamate fungicides are another
extensively employed class of pesticides. Experimental evidence sug-
gests that several currently used and banned non-persistent pesticides
may act as endocrine-disrupting chemicals (EDCs) (Andersen et al.,
2002; Kojima et al., 2004; Orton et al., 2011). For instance, in vitro
studies have shown that OP insecticides such as chlorpyrifos and diaz-
inon interact with the estrogen receptors alpha and beta (ERx, ERp)
and/or the androgen receptor (AR) (Andersen et al., 2002; Chen et al.,
2002; Kojima et al., 2004; Manabe et al., 2006; Orton et al., 2011; Shen
et al., 2021). Chlorpyrifos also inhibits the expression of key sex steroid
synthesizing enzymes, including aromatase (Usmani et al., 2003; Vis-
wanath et al., 2010). Likewise, the pyrethroids deltamethrin, cyper-
methrin, and M-cyhalothrin are known to exert estrogenic and
anti-androgenic effects in vitro (Andersen et al., 2002; Chen et al.,
2002; Fujino et al., 2019; Kjeldsen and Ghisari, 2013; Kojima et al.,
2004; Orton et al., 2011; Sun et al., 2007). Dithiocarbamate fungicides
such as mancozeb have also been shown to antagonize human AR ac-
tivity in vitro (Archer and van Wyk, 2015; Kjeldsen and Ghisari, 2013).

Increasing exposure to EDCs over the past few decades may be one
the factors responsible for the consistent secular trend towards earlier
puberty onset in girls observed in Western countries (Biro and Kiess,
2016; Toppari and Anders, 2010) and for a more recently described shift
towards earlier male puberty onset (Brix et al., 2019; Herman-Giddens
and Marcia, 1997). However, few human studies have addressed the
relationship between exposure to contemporary pesticides and puberty
timing, with conflicting findings (Castiello and Freire, 2021). Specif-
ically, in utero exposure to the herbicide atrazine was associated with
earlier age of menarche in mother-child pairs from urban and rural areas
in the UK (Namulanda et al., 2017), and childhood exposure to OP
pesticides was associated with delayed sexual development in urban and
rural boys and girls in Belgium (Croes et al., 2015). Pyrethroid exposure
in an urban setting was associated with pubertal delay in girls (Ye and
Pan, 2017a) and pubertal acceleration in boys (Ye and Pan, 2017b) in a
Chinese study, and the occupational exposure of pregnant Danish
women to multiple pesticides was linked to earlier breast development
in female offspring (Wohlfahrt-Veje et al., 2012a) and lower testicular
volume and penile length in the males (Wohlfahrt-Veje et al., 2012b).
Other cross-sectional studies found no clear evidence of an association
between residence in an agricultural area and pubertal development in
South African boys (English et al., 2012) or breast development in
Native American girls (Guillette et al., 2006).

Spain is the largest consumer of pesticides in the European Union
(EU), using 74,000 tons of pesticides in 2019, including 34,000 tons of
fungicides, the largest group (EUROSTAT 2022). With this background,
the aim of this study was to investigate the association between con-
centrations of urinary metabolites of various non-persistent pesticides
(OPs, pyrethroids, and dithiocarbamate fungicides) and pubertal
development in girls and boys aged 7-11 years.

2. Material and methods
2.1. Study population

This cross-sectional study was conducted among children partici-
pating in the Environment and Childhood (INMA) multicenter birth
cohort study, designed to investigate the effect of environmental expo-
sures and diet during pregnancy on fetal and child development in
different regions of Spain (Guxens et al., 2012). Five out of seven cohorts
in the INMA study collected urine from the children at age 7-11 years.
These five INMA cohorts enrolled 3238 women during the first prenatal
visit (10-13 weeks of gestation) in Asturias, Gipuzkoa (Basque Country),
Sabadell (Catalonia), and Valencia (2003-2008) but at birth in Granada
(Andalusia) (2000-2002). All cohorts included boys and girls except for
Granada, which recruited boys alone, as the initial aim of this cohort was
to investigate the influence of prenatal exposure to endocrine-disrupting
chemicals on the risk of male urogenital malformations (Fernandez
et al.,, 2007). The Sabadell cohort in Northeastern Spain recruited
mother-child pairs residing in the urban area of Sabadell, a
medium-sized city, while the remaining cohorts recruited children from
both urban and rural areas. INMA-Asturias and Gipuzkoa study areas, in
Northern Spain, are characterized by the presence of urban centers with
important industrial activity and small rural towns. The INMA-Granada
study area, in Southeastern Spain, comprises the metropolitan area of
Granada city and surrounding rural towns and villages. Finally, the
Valencia-cohort is located in an area with intense agricultural activity
surrounding the city of Valencia in Eastern Spain. Further details on the
INMA study areas and recruitment strategies are described elsewhere
(Guxens et al., 2012). A total of 1976 out of 3238 children (61%) born to
women originally included in these cohorts underwent puberty devel-
opment assessment at 7-11 years of age between 2010 and 2016
(Granada in 2010-2012, and Asturias, Gipuzkoa, Sabadell and Valencia
in 2013-2016). Puberty assessment included physical examination of
developmental stage, as described below (section 2.4), and hormonal
measurements in Valencia and Granada. In this study, the association of
pesticide exposure with pubertal stage was examined in 1539 (606 girls
and 933 boys) of the 1976 children from the five cohorts for whom urine
samples were available and were analyzed for metabolites of
non-persistent pesticides (Fig. 1).

[ INMA cohorts |

Granada

|3238 children |

I Asturias Gipuzkoa Sabadell  Valencia I

Birth (2000-2008)

|1976 children |—b Puberty assessment
7-11 years (2010-2016)
1539 children

Urinary pesticide metabolites

Fig. 1. Flow-chart of the study population.
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2.2. Ethical aspects

The parents or guardians of all participants signed informed consent,
and the research protocol was approved by the Ethics Committees of
each region: Clinical Research Ethics Committee (CEIC) of the Princi-
pado de Asturias (ref. number 29/2003), CEIC Euskadi in Gipuzkoa (ref.
number 11/2013), Biomedical Research Ethics Committee in Granada
(ref. number 0509-N17), CEIC Parc de Salut MAR in Sabadell (ref.
number 2005,/2106/1), and CEIC DGSP-CSISP in Valencia (ref. number
20131007).

2.3. Measurement of urinary pesticide metabolites

A non-fasting spot urine sample was collected from each participant
in Granada (5-8 p.m.) and Valencia (90% in the morning) on the day of
the follow-up visit. Samples from Asturias were first morning voids, and
samples from Sabadell and Gipuzkoa were pools of first morning and
preceding bedtime voids. Urine samples (approx. 30 mL) were collected
by study participants at their residences using sterile propylene con-
tainers and kept at 4 °C until arrival at the hospital or follow-up site,
where they were stored at —80 °C. Pools of first morning and preceding
bedtime voids were prepared by qualified research staff in Sabadell and
Gipuzkoa following a standardized protocol. Samples were delivered to
the “UNETE Research Unit’’ of the Biomedical Research Center (CIBM),
University of Granada (Spain), where pesticide measurements were
performed. Urine samples were analyzed for concentrations of 3,5,6-tri-
chloro-2-pyridinol (TCPy), a metabolite of chlorpyrifos and
chlorpyrifos-methyl; 2-isopropyl-6-methyl-4-pyrimidinol (IMPy), a
metabolite of diazinon; diethyl thiophosphate (DETP) and diethyl
dithiophosphate (DEDTP), two dialkyl phosphates (DAPs) that are me-
tabolites of various OP insecticides; 3-phenoxybenzoic acid (3-PBA), a
generic metabolite of pyrethroids; and ethylene thiourea (ETU), primary
metabolite of ethylene-bis-dithiocarbamate (EBDC) fungicides such as
mancozeb and maneb.

The metabolites/pesticides analyzed in this study were selected
based on their ubiquity and toxicological/regulatory relevance. TCPy, 3-
PBA, and DAP metabolites are widely used as urinary biomarkers of OP
and pyrethroid insecticides (Barr, 2008; Yusa et al., 2015, 2022).
Importantly, chlorpyrifos and pyrethroids are on the list of priority
chemicals established by the European Human Biomonitoring Initiative
(HBM4EU) (Ougier et al., 2021). Chlorpyrifos, one of the most widely
used pesticides on European crops over the past few years, was banned
in 2020 (Regulation (EU) 2020/17). Although diazinon has not been
authorized in the EU since 2006, IMPy has been detected in urine
samples collected several years after the prohibition of diazinon from
Spanish children (Roca et al., 2014) and pregnant women (Bravo et al.,
2020). Moreover, diazinon residues were detected in fruit, vegetable,
and spices marketed in Spain in 2018 (AESAN 2018). DETP and DEDTP
were selected as biomarkers of exposure to several common OP in-
secticides, including approved and non-approved insecticides such as
chlorpyrifos, diazinon, ethion, parathion, phorate, and terbufos.
Growing concerns about their potential adverse health effects of pyre-
throids has led to the prohibition of some pyrethroids by the EU (PAN
International 2021). Urinary ETU is considered a useful biomarker of
human exposure to EBDC fungicides (Yusa et al., 2015), which are
among the most frequently detected pesticides in food sold in Spain,
including organic food (AESAN 2018). Mancozeb lost its approval in the
EU in January 2021 (Regulation (EU) 2020/2087), but other EBDC
fungicides such as ziram and metiram are still authorized. Notably, ETU
is also used in the manufacture of neoprene, polyacrylate rubbers,
plastic materials, and pharmaceutical compounds and in paper whit-
ening, dry cleaning, and photography, although the main source of
exposure is from agricultural fungicides (Mutic et al., 2017).

Ultra-high-performance liquid chromatography coupled to mass
spectrometry (UHPLC-MS/MS) was used for the analysis of urinary
pesticide metabolites. All metabolites were calibrated and extracted
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according to a previously described methodology (Freire et al., 2021;
Suarez et al., 2021). Limits of detection (LD) were 0.039 pg/L for TCPy,
0.117 pg/L for IMPy and 3-PBA, 0.116 pg/L for DETP, 0.142 pg/L for
DEDTP, 0.117 pg/L for 3-PBA, and 0.072 pg/L for ETU. In order to
correct for urine dilution, urinary creatinine concentrations were
measured in a Roche Cobas C-311 system using a commercial kit
(CREJ2) based on the Jaffe method.

2.4. Puberty development assessment

Puberty development was assessed by clinical Tanner staging
(Marshall and Tanner, 1970) and/or the parent-reported Peterson’s
Pubertal Development Scale (PDS) (Petersen et al., 1988) at a mean age
of 8.8 years (5th-95th percentile: 7.7-10.1 years). Puberty development
was always assessed by individuals who were blinded to the results of
the exposure assessment, eliminating the possibility of bias. Children in
Asturias and Valencia (308 girls and 341 boys) were evaluated for
Tanner stages of genital development (boys), breast development (girls),
and pubic hair development (boys and girls), while boys in Granada (n
= 279) were evaluated for genital development alone. A pediatrician or
trained health care professional assessed genital (G) by visual inspection
and palpation, pubic hair development (PH) by visual inspection, and
breast development (B) by palpation. The development stage was clas-
sified on a scale ranging from 1 (pre-pubertal) to 5 (adult development).
Puberty onset was defined as being in stage 2+ for genital development
(G2+), pubic hair development (PH2+ or pubarche), or breast devel-
opment (B2+ or thelarche).

The PDS was used to assess the children in Gipuzkoa and Sabadell
(297 girls and 304 boys) and both Tanner staging and the PDS for those
in Valencia (184 girls and 191 boys). The PDS is an interview-based
continuous measure of pubertal development. Parents (in most cases
mothers, 97%) in these 3 cohorts rated the pubertal status of their
children using the PDS, which contains items on growth, body hair, and
skin changes for all children, with sex-specific items on facial hair and
voice change for males and on breast development and menarche for
females (Petersen et al., 1988); there are four response options: “not yet
started, barely started, definitely started, seems complete”. The ques-
tionnaire does not contain any pictures or diagrams. The continuous
score was transformed into a five-point ordinal scale (1-pre-puberty,
2-early puberty, 3-midpuberty, 4-late puberty, and 5-post-puberty) in
accordance with Carskadon and Acebo (1993) and Shirtcliff et al.
(2009). The PDS has proven to be a reliable and valid instrument to
assess pubertal development in children (Carskadon and Acebo, 1993;
Koopman-Verhoeff and Elisabeth, 2020), and both self-reported and
parent-reported PDS have shown strong internal consistency and
test-retest reliability (Koopman-Verhoeff and Elisabeth, 2020). The PDS
has been validated in previous studies, including the INMA-Valencia
cohort, and results were in moderate-to-good agreement with the Tan-
ner stages evaluated by physical examination (Koopman-Verhoeff and
Elisabeth, 2020). Although PDS categories cannot be directly translated
into the 5-point Tanner scale, it can adequately differentiate between
pre-, mid-, and post-pubertal stages (Koopman-Verhoeff and Elisabeth,
2020). The algorithm of Carskadon and Acebo (1993) was used to
calculate the pubertal development from three scale items: growth of
body hair and the two sex-specific items. The algorithm of Shirtcliff et al.
(2009) uses all five PDS indicators of sexual development, differentially
gathering gonadal and adrenal signals of physical development. Breast
development, menarche, and growth spurt are associated with gonadal
hormonal signals in females, while testicular enlargement, growth spurt,
voice deepening, and facial hair growth are associated with these signals
in males. Pubic/body hair and skin changes are associated with adrenal
hormonal signals in both females and males (Shirtcliff et al., 2009). In
this way, three distinct pubertal outcomes were derived from PDS re-
sults: overall puberty development, adrenal development (adrenarche),
and gonadal development (gonadarche). As in the case of Tanner stages,
puberty onset was defined as being in stage 2+ (early puberty stage or
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higher).
2.5. Covariates

Data on covariates were obtained from interviewer-based question-
naires administered to the parents by research staff during pregnancy
and at the follow-up visit and from medical records. Maternal variables
included age at delivery (years), schooling (up to primary; secondary;
university), ethnicity (white; non-white), area of residence during
pregnancy (urban; sub-urban; rural), smoking during pregnancy (no;
yes), and weight gain during pregnancy (kg). Maternal ethnicity was not
considered in analyses because only 2% of mothers were non-white.
There were very few mothers that reported any use of pesticides or
working in agricultural activities during pregnancy and this information
was therefore not considered in this study, and maternal urinary pesti-
cide metabolites (i.e., OP insecticides) were only available for Valencia
(Llop et al., 2017). Child-related variables included birth weight (g),
gestational length (weeks), and age (years), urinary creatinine (mg/dL),
height (cm), and weight status (underweight; normal weight; over-
weight; obese) at puberty assessment. Weight status was obtained by
converting their BMI to a z-score for age and sex based on World Health
Organization (WHO) reference curves for children (5-19 years) (WHO
2007) and then classifying the results as underweight (<-1 standard
deviation [SD]), normal weight (+1 SD), overweight (>+1 SD, equiv-
alent to BMI>25 kg/m2 at 19 years), and obese (>+2 SD; equivalent to
BMI>30 kg/m? at 19 years). Weight status was categorized into
underweight/normal weight, overweight, or obese, because only 14
(0.9%) children were underweight.

2.6. Statistical analysis

Urinary concentrations of pesticide metabolites were expressed as
detection frequencies and 50th, 75th, 90th, and 95th percentiles.
Descriptive statistics for pesticide metabolites with and without creati-
nine correction, participants’ characteristics, and pubertal development
were reported separately for the girls and boys. Spearman’s correlation
test was used to examine relationships between pesticide metabolite
pairs. Mixed-effect logistic regression models were constructed to
examine the association between pesticide exposure and puberty onset
(stage 24). The cohort (Asturias; Gipuzkoa; Granada; Sabadell; Valen-
cia) was treated as a random variable (cluster variable) in models to
account for heterogeneity among cohorts. Each urinary pesticide
metabolite was separately modeled with each outcome. IMPy and DETP
were found above the LD in more than 60% of samples and were
modeled as continuous variables. In this case, analytical results below
the method LD were imputed with LD/+/2, and concentrations were
natural log transformed before analysis to obtain a normal distribution
of residuals. ETU, detected in around 50% of samples, was classified as
low (<LD), moderate (LD-75th percentile [P75]), or high (>75th
percentile) exposure. IMPy and DETP and were also classified as low,
moderate, or high, as for ETU, to assess possible non-monotonic re-
lationships. Detection of TCPy and 3-PBA in <40% of samples only
allowed them to be modeled in two broad categories (undetected/
detected). DEDTP was detected in <5% of samples and was therefore not
considered in analyses. The first model (basic model) included child age
and urinary creatinine (log-transformed) as covariates. The second
model (model 2) included child age, creatinine, maternal education, and
child height, and model 3 (fully-adjusted model) also included child BMI
at puberty assessment. The remaining covariates were not included in
the models as they did not confound the association between pesticide
exposure and puberty onset. Unadjusted urinary pesticide metabolite
concentrations and urinary creatinine concentrations were considered
as separate independent variables, reported to be a better approach for
controlling measurement error bias due to variability in urine concen-
trations (Barr et al., 2005; O’Brien et al., 2016). Selection of confounders
was based on biological considerations and previous studies on pesticide
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exposure and puberty timing (Wohlfahrt-Veje et al., 2012a, 2012b; Ye
and Pan, 2017a; 2017b). Results are presented as odds ratios (ORs) with
95% confidence interval (CI) for being in pubertal stage 2+ per log-unit
increase in urinary metabolite concentrations or for detected/moder-
ate/high versus undetected/low concentrations.

Given that the BMI is a strong predictor of puberty onset (Loredana
Marcovecchio and Chiarelli, 2013; Reinehr and Roth, 2019), the po-
tential effect modification by child BMI was further examined through
cross-product terms (metabolite x underweight or normal weight/-
overweight or obese) and stratification (underweight or normal weight
vs. overweight or obese) of logistic models. In addition, the association
between pesticide exposure and puberty status as an ordinal variable
was examined by multinomial logistic regression in all girls and boys,
grouping Tanner/PDS stages into 1, 2, or 3+, because very few girls or
boys were in stage 4 or 5, as described below. Sensitivity analysis was
further conducted by adjusting regression models for co-exposure, as
follows: TCPy and IMPy models were simultaneously adjusted for TCPy,
IMPy, 3-PBA, and ETU, as inclusion of DETP in the models may lead to
over adjustment; and DETP, 3-PBA, and ETU models were simulta-
neously adjusted for DETP, 3-PBA, and ETU. The significance level was
set at 0.05. The statistical programs R v.4.1.0 package “nlme” (The R
Project for Statistical Computing, https://www.r-project.org) and SPSS
v.26 (IBM SPSS Statistics for Windows, Armonk, NY) were used for
statistical analyses.

3. Results
3.1. General characteristics of study participants

No significant differences in general characteristics were found be-
tween participants included in the present study and those with data on
puberty status at age 7-11 years but not on urinary pesticide biomarkers
(n = 437), except for a higher percentage of children from Gipuzkoa,
Granada, and Valencia and a lower percentage of children from Asturias
and Sabadell in the included versus non-included children (Supplemen-
tary material, Table S1). Children from Gipuzkoa and Valencia repre-
sented up to 24.2% and 24.4% of the participants in this study sample,
respectively, followed by Asturias (18.4%), Granada (18.2%), and
Sabadell (14.8%) (Table 1). The mean age of mothers at delivery was 32
years, 24% had primary schooling, 69% resided in urban areas during
pregnancy, 27% reported smoking during pregnancy, 26% were over-
weight or obese before pregnancy, and they gained an average of 13.8 kg
during pregnancy. The mean birth weight of children was 3276 g and the
mean gestational length 39.6 weeks. At puberty assessment, the mean
height was 132 cm for girls and 134 cm for boys, and 41% of girls and
45% of boys were overweight or obese.

3.2. Puberty status of children

Among 308 girls with data on Tanner staging, 38.6% were in stage
B2+ (6.5% in stage B3) and 23.8% in stage PH2+ (6.1% in stage PH3 or
4). Among 620 boys with data on genital development, 22.4% were in
stage G2+ (1.6% in stage G3), and 6.5% of 341 boys with data on pubic
hair growth were in stage PH2 (Table 2). Among 481 girls assessed with
the PDS, 45.9% were classified in pubertal stage 2+ (19.7% in stage 3 or
4), 33.3% in adrenal development stage 2+ (10.5% in stage 3, 4 or 5),
and 45.1% in gonadal development stage 2+ (9.5% in stage 3, 4, or 5)
(Table 3). Among 495 boys assessed with the PDS, 26.3% were in pu-
bertal stage 2+ (1.8% in stage 3), 13.1% in adrenal development stage
2+ (2.2% in stage 3 or 4), and 27.9% in gonadal development stage 2+
(5.6% in stage 3) (Table 3).

3.3. Urinary concentrations of pesticide metabolites

The most prevalent pesticide metabolite was IMPy, detected in
63.0% of urine samples from girls (median = 0.277 pg/L) and 63.6% of
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Table 1
Characteristics of 1539 children in the INMA Project, Spain.
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Table 2
Puberty status of girls and boys based on clinical Tanner stage.

Characteristics N (%) or mean + SD Tanner stage: AST + GRA + Girls (N = 308) Boys (N = 620)
All Girls (N = Boys (N = VAL mean N (%) mean N (%)
606) 933) age age
Cohort (age range) Breast development (B)
Asturias (7.7-9.6 yrs) 284 125 (20.6) 159 (17.0) Bl 8.6 189 - -
(18.4) (61.4)
Gipuzkoa (7.6-8.6 yrs) 373 185 (30.5) 188 (20.1) B2 9.0 99 (32.1) - -
(24.2) B3 9.0 20 (6.5) - -
Granada (8.8-11.3 yrs) 279 0 (0) 279 (29.9) Breast development onset (B2 8.7 119 - -
(18.2) +) (38.6)
Sabadell (8.0-10.7 yrs) 228 112 (18.5) 116 (12.4) AST 8.4 16 (13.0) - -
(14.8) VAL 9.1 103 - -
Valencia (8.2-9.8 yrs) 375 184 (30.4) 191 (20.5) (56.3)
(24.4) Genital development (G)
Mother’s age at delivery (years) 31.8 + 32.1 + 4.0 31.6 + 4.4 Gl - - 9.2 481
4.3 (77.6)
Mother’s educational attainment during pregnancy G2 - - 9.4 129
Up to primary 365 109 (18.0) 256 (27.4) (20.8)
(23.7) G3 - - 9.1 10 (1.6)
Secondary 626 254 (41.9) 372 (39.9) Genital development onset - - 9.4 139
(40.7) (G2 +) (22.4)
University 548 243 (40.1) 305 (32.7) AST - - 8.3 2(1.3)
(35.6) GRA - - 9.9 57 (20.4)
Mother’s ethnicity VAL - - 9.1 80 (44.0)
White 1509 598 (98.7) 911 (97.6) Pubic hair growth (PH)
(98.1) PH1 8.7 235 8.7 598
Non-white 30 (1.9) 8(1.3) 22 (2.4) (76.3) (96.4)
Mother’s area of residence during pregnancy PH2 8.9 54 (17.5) 9.1 22(3.6)
Urban 1059 474 (78.2) 569 (61.0) PH3 9.0 17 (5.5) - 0(0)
(68.8) PH4 8.8 2(0.6) - 0(0)
Sub-urban 370 109 (18.0) 273(29.2) Pubic hair growth onset (PH2 8.5 73(23.8) 8.9 22 (6.5)
(24.0) +)°
Rural 110 (7.1) 23 (3.8) 91 (9.7) AST 8.3 22 (17.6) 8.5 4(2.5)
Mother’s smoking during pregnancy VAL 9.1 51(28.0) 9.1 18 (9.9)
Yes 410 183 (30.2) 227 (24.3) , ,
27.2) AST: Asturias; GRA: Granada; VAL: Valencia.
No 1099 412 (68.0) 687 (73.6) 3 VAL: 182 bOyS and 183 girlS with data on Tanner stage.
(72.8) ® No data on pubic hair growth for boys in Granada (N = 341 boys with data
Maternal pre-pregnancy BMI on pubic hair growth).
Underweight/normal weight 1135 437 (72.1) 698 (74.8)
Overweight/obese 5‘703:"7) 169 (27.9) 235 (25.2) and Granada. All metabolites except 3-PBA were detected in at least two-
(26.3) thirds of the children from the Valencia cohort (IMPy: 84%, ETU: 75%,
Weight gain during pregnancy 13.8 + 13.5 + 5.0 141 +£5.2 DETP: 60%) (Table S2). In the total sample of girls and boys, all pesticide
(kg) 51 metabolite pairs except 3-PBA-ETU (tho = 0.09, p = 0.01) showed sig-
Birth weight (g) 3276 + 3195 + 458 3335 + 468 o . .
169 nificant and weak or moderate correlations (rho ranging from 0.14 for 3-
Gestational length (weeks) 39.6 + 39.6 + 1.6 395+ 1.5 PBA-DETP to 0.49 for TCPy-DETP, p < 0.001).
1.6
Child urinary creatinine (mg/dL) 95.9 + 86.1 + 36.8 102.3 £ 81.7
68.1 3.4. Association between pesticide exposure and pubertal development in
Child age at puberty assessment 8.76 + 8.52 + 0.72 8.92 + 0.88 girls
(years) 0.85
C]:;:ezs]:;i]:t(i;guberty ;?33'4 * ;?6'86 * ;_324(;36 * Results for the association between urinary pesticide metabolites and
Child’s weight status at puberty assessment” pubertal development in girls were similar between basic and fully-
Underweight or normal weight 868 356 (58.7) 512 (54.9) adjusted models, although ORs were generally higher in the latter
oh (56.4) 163 990 (2 (Table 5 and Table S3). In models that included all the girls, ETU and
Overweight ?gj_g) 63 (26.9) 0(23.6) DETP were associated with significantly higher odds of having started
Obese 288 87 (14.4) 201 (21.5) puberty. Specifically, higher ETU concentrations were associated with
18.7) higher odds of being in Tanner stage B2+ (fully-adjusted OR [95% CI] =

SD: standard deviation; BMI: Body mass index.
# Obtained by converting BMI to z-score for age and sex based on WHO
reference curves for children (5-19 years).

those from boys (median = 0.299 pg/L), followed by DETP in 60.6%
(median = 0.315 pg/L) and 65.4% (median = 0.401 pg/L), ETU in
53.5% (median = 0.095 pg/L) and 50.0% (median = 0.067 pg/L), TCPy
in 34.8% (P75 = 0.085 pg/L) and 40.2% (median = 0.096 pg/L), and 3-
PBA in 39.6% (P75 = 0.288 pg/L) and 34.3% (median = 0.184 pg/L),
respectively (Table 4). Urinary concentrations of pesticide metabolites
were higher in children from Valencia and lower in those from Sabadell

4.27 [1.84-9.93] and 5.55 [2.83-12.91] for concentrations below and
above the P75, respectively, vs. undetected concentrations) and PDS
stage 2+ of overall puberty development (OR [95% CI] = 1.71
[1.03-2.83] for concentrations > P75). The odds significantly increased
for being in stage B2 vs. Bl and for being in PDS stage 3+ vs. 1
(Table S5). DETP concentrations > P75 were also associated with higher
odds of PDS stage 2+ (OR [95% CI] = 1.86 [1.07-3.24]) and increasing
DETP was associated with slightly higher odds of being in stage B2+ and
PDS stage 2+ of adrenal development (OR [95% CI] =1.04 [1.00-1.11]
and 1.02 [1.00-1.07], respectively, per log-unit increase in concentra-
tion), particularly when comparing stage 3+ vs. 1 (Table S5). In addi-
tion, the presence of detectable concentrations of TCPy was modestly
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Table 3
Puberty status of girls and boys based on parent-reported PDS.

PDS: GIP + SAB + VAL Girls (N = 481) Boys (N = 495)

Mean N (%) Mean N (%)
age age
PDS stage: overall puberty
1 (Pre-puberty) 8.4 260 85 365
(54.1) (73.7)
2 (Early puberty) 8.8 126 8.6 121
(26.2) (24.9)
3 (Midpuberty) 9.0 90 (18.7) 8.5 9(1.8)
4 (Late puberty) 8.7 5(1.0) - 0 (0)
Puberty onset (PDS stage 2 8.9 221 8.7 130
+) (45.9) (26.3)
GIP 7.7 47 (25.4) 7.7 45 (23.9)
SAB 9.3 63 (56.3) 9.2 32 (27.6)
VAL 9.1 111 9.1 53 (27.7)
(60.3)
PDS stage: adrenal development
1 (Pre-puberty) 8.5 321 8.6 430
(66.7) (86.9)
2 (Early puberty) 8.8 109 8.6 54 (10.9)
(22.7)
3 (Midpuberty) 8.6 44 (9.1) 8.4 9(1.8)
4 (Late puberty) 9.2 6 (1.2) 8.9 2 (0.4)
5 (Post-puberty) 9.7 1(0.2) - 0 (0)
Adrenarche (PDS adrenal 2 8.7 160 8.5 65 (13.1)
+) (33.3)
GIP 7.7 42 (22.7) 7.4 21 (11.2)
SAB 9.3 50 (44.6) 9.1 14 (12.1)
VAL 9.1 68 (37.0) 9.0 30(15.7)
PDS stage: gonadal development
1 (Pre-puberty) 8.6 264 8.6 357
(54.9) (72.1)
2 (Early puberty) 8.5 171 8.3 110
(35.5) (22.2)
3 (Midpuberty) 8.9 43 (8.9) 8.6 28 (5.6)
4 (Late puberty) 9.3 1(0.2) - 0 (0)
5 (Post-puberty) 9.4 2(0.4) - 0 (0)
PDS gonadal 2 + 8.7 217 8.7 138
(gonadarche) (45.1) (27.9)
GIP 7.7 83 (44.9) 7.7 77 (41.0)
SAB 9.4 48 (42.9) 9.3 20 (17.2)
VAL 9.1 86 (46.7) 9.0 41 (21.5)

GIP: Gipuzkoa; SAB: Sabadell; VAL: Valencia.
PDS: Pubertal Development Scale.

associated with higher odds of being in stage B2+ (OR [95% CI] = 1.84
[0.97-3.52]).

Table 6 shows that the association between ETU and earlier breast
development was stronger in girls with underweight/normal weight. In
this way, the odds of being in stage B2+ was two-fold higher in girls with
underweight/normal weight versus overweight/obesity (i.e., ETU > P75:
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OR [95%CI] = 10.08 [2.62-38.76] vs. 4.56 [1.10-18.92]). Although not
significant, there was a marginal association between DETP and earlier
breast development in girls with underweight/normal weight (ie.,
DETP > P75: OR = 3.01 [0.85-10.68] vs. 1.24 [0.30-5.09] in girls with
overweight/obesity). In addition, the detection of TCPy was only
modestly associated with higher odds of adrenarche in girls with un-
derweight/normal weight alone (OR [95% CI] = 1.50 [0.93-3.78]).
However, interaction terms were not statistically significant, i.e., Pjyer-
action = 0.75 (ETU), 0.70 (DETP), and 0.13 (TCPy).

Adjustment for co-exposure led to a slightly weaker but significant
association between ETU and higher odds of being in stage B2+ (OR
[95%CI] = 4.08 [2.10-12.03] and 5.03 [2.39-12.59] for moderate and
higher ETU concentrations, respectively), while associations of ETU and
DETP with being in PDS stage 2+ did not remain significant (Table S7).
Stratification of co-exposure models by weight status revealed a non-
significant association between TCPy and higher odds of stage B2+ in
girls with underweight/normal weight (OR [95%CI] = 2.55
[0.90-7.24]). The remaining BMI-stratified associations were not sub-
stantially different than those from single exposure models (data not
shown).

3.5. Association between pesticide exposure and pubertal development in
boys

Results for boys were again similar between basic and fully-adjusted
models, although some associations were strengthened by the inclusion
of child BMI (Table 7 and Table S4). In fully-adjusted models that
included all the boys, detected vs. undetected TCPy and 3-PBA were
associated with significantly higher odds of being in Tanner stage G2+
(OR [95% CI] = 1.97 [1.08-3.57] and 2.08 [1.15-3.81], respectively);
these odds were higher although not significant when comparing stage
G3 vs. G1 (Table S6). BMI-stratified models (Table 8) showed a stronger
but non-significant association between TCPy and genital development
in boys with normal weight (Pipteraction = 0.52), and a stronger associa-
tion between 3-PBA and genital development that was significant in
boys with overweight/obesity alone (Piperaction = 0.03). A higher ETU
(>P75) was associated with higher odds of genital development in boys
with normal weight alone (OR [95%CI] = 2.89 [1.08-7.741) (Pinteraction
= 0.07) and DETP with slightly lower odds of being in PDS stage 2+ in
boys with overweight/obesity alone (OR [95%CI] = 0.94 [0.89-0.99]
per log-unit increase in concentration) (Piperaction = 0.03).

Adjustment for co-exposure led to a stronger association between 3-
PBA and higher odds of being in stage G2+ (OR [95%CI] = 2.41
[1.26-4.62]) and a significant association between higher DETP and
lower odds of being stage G2+ (OR [95%CI] = 0.93 [0.88-0.99]) and
adrenarche (OR [95%CI] = 0.95 [0.91-1.00]) (Table S8). BMI-stratified
co-exposure models revealed stronger associations between ETU and

Table 4
Distribution of child urinary concentrations of pesticide metabolites.
Metabolites % > LD Percentiles
Unadjusted (pg/L) Creatinine adjusted (ug/g)
50 75 920 95 50 75 920 95
Girls (N = 606)
TCPy 34.8 <LD 0.085 0.301 0.511 <LD 0.110 0.371 0.588
IMPy 63.0 0.277 1.079 2.742 3.763 0.354 1.380 3.029 4.096
DETP 60.6 0.315 2.633 9.901 20.706 0.439 3.284 12.498 24.632
3-PBA 39.6 <LD 0.288 0.935 2.047 <LD 0.378 1.328 3.019
ETU 53.5 0.095 0.367 0.964 1.981 0.114 0.501 1.469 2.559
Boys (N = 933)
TCPy 40.2 <LD 0.096 0.332 0.513 <LD 0.118 0.359 0.639
IMPy 63.6 0.299 1.118 2.417 4.003 0.363 1.282 2.761 4.195
DETP 65.4 0.401 2.877 8.042 13.986 0.519 2.907 9.099 17.582
3-PBA 34.3 <LD 0.184 0.760 1.470 <LD 0.251 0.819 1.699
ETU 50.0 0.067 0.286 0.798 1.212 0.081 0.349 1.054 1.778

LD: Limit of detection (TCPy: 0.039 pg/L; IMPy: 0.117 pg/L; DETP: 0.116 pg/L; 3-PBA: 0.117 pg/L; ETU: 0.072 pg/L).
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Table 5

Environmental Pollution 316 (2023) 120571

Associations between urinary pesticide metabolites and puberty development in girls.

Pesticide metabolites Tanner stage 2 + (N = 308)

PDS stage 2 + (N = 481)

Breast development

OR (95%CI)

Pubic hair growth

OR (95%CI)

Overall puberty

OR (95%CI)

Adrenarche

OR (95%CI)

Gonadarche

OR (95%CI)

TCPy: > vs. < LD
IMPy (log)

IMPy: > LD-P75 vs. < LD
IMPy: > P75 vs. < LD

DETP (log)

DETP: > LD-P75 ys. < LD
DETP: > P75 vs. < LD

3-PBA: > vs. < LD

1.84 (0.97-3.52)
0.99 (0.92-1.06)
1.17 (0.56-2.47)
1.70 (0.71-4.06)
1.05 (1.00-1.11)
1.99 (0.97-4.12)
1.88 (0.79-4.47)
1.16 (0.62-2.15)

0.77 (0.42-1.45)
0.97 (0.92-1.04)
0.77 (0.39-1.54)
0.69 (0.30-1.55)
1.04 (0.98-1.09)
1.30 (0.68-2.51)
1.12 (0.50-2.50)
0.76 (0.43-1.36)

1.42 (0.83-2.23)
1.00 (0.94-1.04)
0.91 (0.55-1.49)
1.36 (0.78-2.40)
1.04 (1.00-1.11)*
1.31 (0.80-2.14)
1.86 (1.07-3.24)*
1.19 (0.72-1.76)

0.99 (0.71-1.87)
0.98 (0.94-1.03)
0.74 (0.46-1.21)
0.94 (0.55-1.63)
1.02 (1.00-1.07)*
1.21 (0.75-1.95)
1.45 (0.85-2.47)
9.94 (0.64-1.55)

0.95 (0.62-1.57)
1.01 (0.96-1.06)
0.77 (0.48-1.22)
1.25 (0.73-2.12)
1.01 (0.98-1.04)
0.97 (0.61-1.52)
1.14 (0.68-1.91)
1.00 (0.67-1.55)

ETU: > LD-P75 vs. < LD
ETU: > P75 vs. <LD

4.27 (1.84-9.93)**
5.55 (2.83-12.91)**

1.16 (0.54-2.46)
1.33 (0.64-2.74)

1.47 (0.89-2.44)
1.71 (1.03-2.83)*

1.24 (0.76-2.05)
1.31 (0.80-2.13)

1.18 (0.73-1.89)
1.30 (0.81-2.09)

LD: Limit of detection.

All models are adjusted for cohort (random effect), urinary creatinine (log-transformed), child age, maternal education, child height, and child weight status (normal

weight, overweight, or obese) at 7-11 yrs.
*p < 0.05; **p < 0.001.

Table 6

Associations between urinary pesticide metabolites and puberty development in girls according to their weight status.”.

Pesticide Normal weight Overweight/obese
metabolites
Tanner stage 2 + (N = 176) PDS stage 2 + (N = 284) Tanner stage 2 + (N = 130) PDS stage 2 + (N = 197)
Breast Pubic hair Overall Adrenarche Gonadarche Breast Pubic hair Overall Adrenarche Gonadarche
development growth n puberty n n stage 2 + n stage 2 + development growth n puberty n n stage 2 + n stage 2 +
nB2 + =37 PH2 + =40 stage2 + = =74 =97 nB2+ =120 PH2+ =86 stage2+ = =79 =36
96 125
OR (95%CI) OR (95%CI)  OR (95%CI)  OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI)  OR (95%CI)  OR (95%CI) OR (95%CI)
TCPy: > vs. 1.72 1.33 1.55 1.50 0.99 1.83 0.51 1.37 0.72 0.92
<LD (0.71-4.24) (0.55-3.20) (0.89-3.73) (0.93-3.78) (0.65-2.29) (0.61-5.45) (0.20-1.27) (0.54-2.38) (0.39-1.53) (0.39-1.57)
IMPy (log) 1.00 1.03 1.01 1.02 1.00 0.98 0.91 1.00 0.96 1.02
(0.91-1.09) (0.93-1.14) (0.94-1.09) (0.95-1.11) (0.95-1.09) (0.87-1.10) (0.83-1.00) (0.90-1.05) (0.90-2.25) (0.94-1.08)
IMPy: > 0.96 0.94 0.89 0.91 (0.45; 0.68 1.04 0.53 1.04 0.67 0.99
LD-P75 (0.35-2.61) (0.36-2.48) (0.46-1.73) 1.85) (0.36-1.27) (0.29-3.68) (0.19-1.48) (0.49-2.19) (0.34-1.34) (0.45-1.78)
vs. < LD
IMPy: > 1.71 1.31 1.54 1.39 1.06 2.16 0.37 1.31 0.77 1.35
P75 vs. < (0.54-5.41) (0.42-4.09) (0.73-3.23) (0.63-3.07) (0.53-2.15) (0.49-9.48) (0.11-1.26) (0.55-3.12) (0.35-1.69) (0.68-3.52)
LD
DETP (log) 1.08 1.04 1.03 1.04 1.00 1.04 1.04 1.05 1.02 1.02
(1.00-1.17) (0.97-1.12) (0.98-1.08) (0.99-1.10) (0.96-1.05) (0.95-1.14) (0.96-1.12) (0.98-1.09) (0.98-1.08) (0.97-1.07)
DETP: > 2.69 1.28 1.23 1.38 0.91 1.74 1.40 1.36 1.18 0.99
LD-P75 (0.94-7.64) (0.49-3.33) (0.64-2.36) (0.68-2.76) (0.50-1.67) (0.52-5.85) (0.56-3.53) (0.63-2.92) (0.59-2.37) (0.49-2.00)
ys. < LD
DETP: > 3.01 1.73 1.93 1.79 1.01 1.24 0.79 1.94 1.33 1.35
P75 vs. < (0.85-10.68) (0.54-5.56) (0.92-4.03) (0.81-3.92) (0.51-2.03) (0.30-5.09) (0.26-2.45) (0.85-4.45) (0.64-2.79) (0.63-2.89)
LD
3-PBA: > 0.75 0.67 1.05 1.08 0.85 1.26 0.93 1.49 0.95 1.18
vs. < LD (0.32-1.75) (0.29-1.55) (0.57-1.84) (0.59-2.07) (0.52-1.60) (0.44-3.62) (0.41-2.13) (0.66-2.67) (0.54-1.91) (0.59-2.14)
ETU: > LD-  9.55 1.51 1.34 1.66 1.14 3.13 0.88 1.56 0.93 1.22
P75vs. < (2.27-40.08) (0.49-4.67) (0.68-2.65) (0.79-3.46) (0.60-2.14) (0.94-10.46) (0.31-2.45) (0.72-3.35) (0.46-1.90) (0.60-2.50)
LD k¥
ETU: > P75  10.08 1.66 1.61 1.73 1.13 4.56 1.04 1.91 1.09 1.58
vs. < LD (2.62-38.76) (0.60-4.61) (0.84-3.07) (0.87-3.47) (0.61-2.12) (1.10-18.9)* (0.36-3.03) (0.84-4.34) (0.53-2.24) (0.75-3.35)

*k

All models are adjusted for cohort (random effect), urinary creatinine (log-transformed), child age, cohort, maternal education, and child height.

*p < 0.05; **p < 0.001.
@ Weight status according to BMI z-score for age and sex.

higher odds of being in stage G2+ in boys with underweight/normal
weight (OR [95%CI] = 4.11 [1.36-12.4] for higher ETU concentra-
tions), between 3-PBA and higher odds of being in stage G2+ in boys
with overweight/obesity (OR [95%CI] = 4.37 [1.60-11.96]), and be-
tween higher DETP and lower odds of adrenarche in boys with over-
weight/obesity (OR [95%CI] = 0.93 [0.88-0.99]). The remaining
results were essentially unchanged (data not shown).

4. Discussion

In this large sample of Spanish children, higher urinary concentra-
tions of ETU and DETP, and possibly TCPy, were associated with earlier
puberty development in girls, especially with earlier breast development
in those with underweight/normal weight exposed to higher ETU. In
boys, higher urinary TCPy and ETU concentrations were associated with
earlier genital development in boys with underweight/normal weight,
higher 3-PBA with earlier genital development in boys with overweight/
obesity, and higher DETP with delayed overall puberty development and
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Table 7
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Associations between urinary pesticide metabolites and puberty development in boys.

Pesticide metabolites Tanner stage 2 + (N = 620)

Genital development

OR (95%CI) OR (95%CI)

Pubic hair growth

PDS stage 2 + (N = 495)

Overall puberty Adrenarche Gonadarche

OR (95%CI) OR (95%CI) OR (95%CI)

TCPy: > vs. < LD

IMPy (log)

IMPy: > LD-P75 vs. < LD
IMPy: > P75 vs. < LD
DETP (log)

DETP: > LD-P75 vs. < LD
DETP: > P75 vs. < LD
3-PBA: > vs. < LD

ETU: > LD-P75 vs. < LD
ETU: > P75vs. <LD

1.97 (1.08-3.57)*
1.07 (0.96-1.19)
2.08 (0.94-4.71)
1.68 (0.70-4.13)
0.97 (0.92-1.02)
0.58 (0.29-1.15)
0.79 (0.37-1.69)
2.08 (1.15-3.81)*
1.58 (0.74-4.34)
1.79 (0.89-3.53)

0.77 (0.31-1.90)
0.97 (0.86-1.09)
1.14 (0.35-3.75)
0.94 (0.25-3.52)
0.96 (0.89-1.04)
0.62 (0.21-1.81)
0.96 (0.31-2.97)
1.22 (0.49-3.06)
0.74 (0.23-2.43)
0.72 (0.25-2.11)

0.93 (0.60-1.47)
0.98 (0.93-1.03)
1.07 (0.66-1.75)
1.02 (0.59-1.76)
0.98 (0.94-1.07)
0.88 (0.54-1.43)
1.02 (0.61-1.72)
0.79 (0.50-1.27)
0.79 (0.47-1.31)
0.74 (0.44-1.22)

0.98 (0.71-2.35)
0.99 (0.96-1.08)
1.00 (0.52-1.92)
1.15 (0.57-2.34)
0.96 (0.90-1.04)
0.61 (0.32-1.14)
0.76 (0.39-1.49)
1.01 (0.73-1.81)
0.67 (0.33-1.38)
1.10 (0.59-2.07)

1.39 (0.81-1.64)
1.01 (0.91-1.05)
0.93 (0.56-1.53)
1.03 (0.60-1.78)
1.00 (0.95-1.04)
1.32 (0.82-2.15)
0.88 (0.51-1.52)
1.12 (0.54-1.77)
0.81 (0.49-1.35)
0.71 (0.42-1.20)

LD: Limit of detection.

All models are adjusted for cohort (random effect), urinary creatinine (log-transformed), child age, maternal education, child height, and child weight status (normal

weight, overweight, or obese) at 7-11 yrs.

*p < 0.05.
Table 8
Associations between urinary pesticide metabolites and puberty development in boys according to their weight status.”.
Pesticide Normal weight Overweight/obese
metabolites
Tanner stage 2 + (N = 183) PDS stage 2 + (N = 282) Tanner stage 2 + (N = 158) PDS stage 2 + (N = 213)
Genital Pubic hair Overall Adrenarche Gonadarche Genital Pubic hair Overall Adrenarche Gonadarche
development growth n puberty n n stage 2 + n stage 2 + development growth n puberty n n stage 2 + n stage 2 +
nG2 +=75 PH2 + =10 stage2 + = =29 =72 n G2 + =64 PH2 + =12  stage2 + = =36 =66
64 66
OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI)

TCPy: > vs. 2.18 0.70 0.94 1.06 1.26 1.56 0.68 0.87 1.08 1.43
< LD (0.91-5.17) (0.18-2.78) (0.49-1.73) (0.43-2.35) (0.66-2.27) (0.68-3.60) (0.20-2.32) (0.47-1.71) (0.41-2.05) (0.92-3.50)

IMPy (log) 1.03 0.92 0.96 0.98 1.00 1.10 1.04 1.01 0.99 1.02

(0.90-1.17) (0.79-1.07) (0.89-1.02) (0.88-1.07) (0.93-1.07) (0.92-1.31) (0.83-1.30) (0.93-1.12) (0.86-1.07) (0.95-1.17)

IMPy: > 2.50 0.78 1.05 1.24 0.93 1.39 1.65 1.15 0.88 0.98
LD-P75 (0.79-7.95) (0.14-4.28) (0.54-2.04) (0.48-3.25) (0.47-1.83) (0.44-4.35) (0.29-9.22) (0.55-2.39) (0.36-2.17) (0.47-2.06)
vs. < LD

IMPy: > 1.27 0.78 0.87 1.42 1.12 1.56 1.03 1.18 1.00 0.94
P75vs. < (0.34-4.73) (0.12-5.06) (0.41-1.87) (0.50-4.00) (0.53-2.35) (0.47-5.14) (0.15-7.11) (0.53-2.63) (0.37-2.65) (0.42-2.10)
LD

DETP (log) 0.96 0.98 1.02 0.97 1.00 0.98 0.94 0.94 0.96 1.00

(0.89-1.03) (0.87-1.10) (0.97-1.07) (0.91-1.04) (0.95-1.05) (0.91-1.05) (0.85-1.04) (0.89-0.99) (0.90-1.01) (0.93-1.06)
*

DETP: > 0.65 0.90 0.95 0.40 1.26 0.45 0.39 0.84 0.85 1.37
LD-P75 (0.16-1.21) (0.18-5.54) (0.47-1.91) (0.14-1.13) (0.64-2.47) (0.16-1.21) (0.09-1.78) (0.43-1.67) (0.37-1.97) (0.68-2.76)
vs. < LD

DETP: > 0.42 0.97 1.72 1.10 1.07 1.28 0.94 0.57 0.62 0.71
P75vs. < (0.13-1.37) (0.16-5.94) (0.84-3.53) (0.43-2.83) (0.50-2.29) (0.45-3.65) (0.21-4.26) (0.26-1.26) (0.23-1.65) (0.31-1.61)
LD

3-PBA: > 1.22 0.81 0.65 0.71 1.16 3.64 1.57 0.95 1.65 0.96
vs. < LD (0.52-2.84) (0.21-3.08) (0.32-1.99) (0.27-1.63) (0.61-2.06) (1.51-8.79)* (0.44-5.55) (0.49-1.92) (0.67-3.55) (0.52-2.18)

ETU: > LD- 1.48 0.29 0.84 0.39 0.94 1.59 1.29 0.75 1.11 0.69
P75 vs. < (0.49-4.53) (0.03-2.79) (0.40-1.75) (0.11-1.39) (0.46-1.95) (0.55-4.56) (0.28-5.89) (0.37-1.55) (0.44-2.80) (0.33-1.42)
LD

ETU: > P75 2.89 0.83 0.83 1.07 0.85 1.06 0.59 0.58 1.49 0.50
vs. < LD (1.08-7.74)* (0.19-3.67) (0.42-1.67) (0.43-2.68) (0.42-1.75) (0.38-2.95) (0.12-2.87) (0.27-1.25) (0.60-3.69) (0.22-1.10)

All models adjusted for cohort (random effect), urinary creatinine (log-transformed), child age, cohort, maternal education, and child height.

*p < 0.05.
@ Weight status according to BMI z-score for age and sex.

adrenarche in those with overweight/obesity. Most of these novel
findings need to be verified in other population-based longitudinal
studies; however, the data suggest an association of peri-pubertal
exposure to ETU and certain insecticides (OPs, pyrethroids) with
earlier puberty in girls and in boys, which may be modified by their BMI.

Exposure to mixtures of different pesticide residues is ubiquitous
among the general population, and human biomonitoring studies have
shown that children are exposed, mainly via their diet, at comparable
levels throughout the world (Fernandez et al., 2020; Li et al., 2019a,
2019b; Papadopoulou et al., 2019). However, limited biomonitoring

studies are available on the pesticide exposure of Spanish children. The
detection of TCPy in the present sample of children (35%) is similar to
that in pregnant women from the INMA-Valencia cohort (detection
frequency [DF], geometric mean [GM] = 39%, 0.49 pg/L) (Llop et al.,
2017) and lower than that reported for 5 to 12-year-old participants in
the BIOVAL study in the same region (DF, median = 74%, 1.13 pg/L and
86%, 3.40 pg/g, respectively) (Fernandez et al., 2020; Roca et al., 2014).
However, in the present study, TCPy was detected in the urine of up to
66% of the children from Valencia, an intense area of agricultural pro-
duction including vegetables, fruits (e.g., citrus), and rice. Detection of
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IMPy in two-thirds of the present samples indicates ongoing exposure to
diazinon or its residue some years after its prohibition in the EU, most
likely from food imported from non-EU countries (AESAN 2018). IMPy
concentrations were similar to those reported for children in the BIOVAL
study (DF = 57%, median = 5.16 pg/g) (Roca et al., 2014) but higher
than those in pregnant women from the INMA-Valencia cohort (DF, GM
=12%, 0.03 pg/L) (Llop et al., 2017). DETP detection was similar to that
found in mothers from the INMA-Valencia cohort (DF = 75%, GM =
0.22 pg/L) and more frequent than previously reported in children from
Valencia (DF = 21% and 36%, respectively) (Fernandez et al., 2020;
Roca et al., 2014) and from the Andalusian province of Almeria (DF =
18%) (Gonzalez-Alzaga et al., 2020), whereas 3-PBA detection was less
frequent than in children in the BIOVAL study (DF, median = 79%, 1.63
pg/L) (Fernandez et al., 2020).

Regarding ETU, urinary concentrations in the present children,
particularly those from Valencia, are higher than concentrations in 6- to
18-year-old children participating in the U.S. 2003-2008 National
Health and Nutrition Examination Survey (DF, GM = 10.6%, 0.12 pg/L)
(NHANES) (Stadler et al., 2022), within the range of urinary concen-
trations found in 3- to 10 year-old French children living near vineyards
frequently treated with dithiocarbamates (median = 0.43 pg/g, range =
0.01-4.45 pg/g) (Raherison et al., 2019), but lower than those in 6- to
9-year-old children from agricultural communities in Costa Rica (GM =
1.2 pg/L) (van Wendel de Joode et al. 2016). Overall, the extent to
which children from the general population is exposed to these fungi-
cides or their transformation products remains largely unknown (Stadler
et al., 2022).

4.1. Fungicides: ETU

One of the most relevant study findings is the association between
urinary ETU and earlier breast development in girls, given that girls with
higher urinary ETU concentrations had 5-fold higher odds of being in
Tanner stage B2+ (up to 10-fold higher odds in girls with underweight/
normal weight) in comparison to those with undetected ETU. To our best
knowledge, only one previous study in Denmark reported an association
between exposure to non-persistent pesticides and earlier breast devel-
opment, in a cohort of 83 girls whose mothers worked in greenhouses
during pregnancy (Wohlfahrt-Veje et al., 2012a). The authors observed
earlier breast development in 6- to 11-year-old girls prenatally exposed
to multiple pesticides in comparison to non-exposed girls (mean breast
development onset = 8.9 versus 10.4 years, p = 0.05). In the present
study, the association between ETU and breast development was
markedly stronger among girls with underweight/normal weight, likely
because overweight may hamper the assessment of early breast stages
(Wolff et al., 2014). On the other hand, estrogens synthesized by adipose
tissue of girls with overweight/obesity (e.g., in mammary fat) may
contribute to breast development independently of the
hypothalamic-pituitary-gonadal (HPG) axis. In this study, 21% of girls
with underweight/normal weight were classified in stage B2+ versus
92% of those with overweight/obesity. In parallel, a higher ETU con-
centration was associated with increased odds of being in Tanner stage
G2+ in boys with underweight/normal weight. In the aforementioned
Danish study, however, prenatal exposure to pesticides was related to
lower testicular volume and penile length rather than increased genital
size (i.e., boys in the high exposure group had 24.7% smaller testes [95%
CI = —62.2; —10.1] and 9.4% shorter penile length [95%CI = —16.8;
—1.1] than the unexposed) (Wohlfahrt-Veje et al., 2012b). In contrast to
the consistent evidence of a strong association between higher child-
hood BMI and earlier female puberty, data on the association between
BMI and male puberty timing have been controversial (Busch et al.,
2020). Hence, the effect modification of BMI on the association between
ETU and genital development suggested by the present results is less
clear. However, it may be explained by a greater predisposition to earlier
puberty in boys with normal weight (Kleber et al., 2011; Lee et al.,
2016), although there was a similar percentage of boys in stage G2+ in
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the underweight/normal weight (41%) and overweight/obesity (40%)
groups.

ETU is an anti-thyroid compound and has been found to interfere
with iodide uptake by inhibiting thyroid peroxidase activity (Hurley
et al., 1998; Marinovich et al., 1997). In rodent studies, mancozeb was
reported to reduce serum thyroxine (T4) levels and increase
thyroid-stimulating hormone (TSH) production (Axelstad et al., 2011;
Hurley et al., 1998; Kackar et al., 1997). In human studies, occupational
exposure to mancozeb and other EBDC fungicides was associated with
hypothyroid-like hormone imbalance (increased TSH and decreased T4)
and other thyroid disorders in both men (Medda et al., 2017; Pan-
ganiban et al., 2004; Piccoli et al., 2016; Steenland et al., 1997) and
women (Goldner et al., 2010). This is of interest because of the known
cross-talk between thyroid hormones, estradiol, androgens, and go-
nadotropins (luteinizing hormone [LH] and follicle stimulating hormone
[FSH]) (Ren and Zhu, 2022). Indeed, elevated TSH is one of the factors
thought to contribute to central precocious puberty in girls (Jung et al.,
2019). The specific mechanism underlying this relationship remains
unclear, but thyroid hormones may affect the levels of
gonadotropin-releasing hormone (GnRH) that are released by the hy-
pothalamus (Ren and Zhu, 2022) and that stimulate the pituitary
secretion of LH and FSH, thereby activating the production of gonadal
hormones and the progression of secondary sex characteristics.

Rodents exposed to either ETU or mancozeb have evidenced not only
thyrotoxic but also reproductive effects, including disrupted estrus cy-
cles, impaired embryo development, and altered reproductive hormone
levels (Cecconi et al., 2007; Maranghi et al., 2013; Runkle et al., 2017).
The mechanism(s) by which ETU, mancozeb, or other EBDC fungicides
may specifically act on the reproductive system are poorly understood;
however, the present results suggest that peri-pubertal exposure to ETU
or its parent compound(s) may induce the estrogen surge that triggers
the initiation of puberty, particularly breast growth onset, either in a
direct manner or by affecting mechanisms that directly or indirectly
regulate this surge. This is the first report of an association between ETU
and earlier puberty development and, given the cross-sectional design of
the study, these findings should be interpreted with caution.

4.2. OP insecticides

The suggestive association between TCPy and higher odds of being in
Tanner stage G2+ in boys is consistent with the estrogenic action
exerted by chlorpyrifos in vitro (Andersen et al., 2002; Yu et al., 2015)
but is not supported by experimental evidence on the anti-androgenic
effects of chlorpyrifos and TCPy (Gao et al., 2021; Hazarika, 2022;
Viswanath et al., 2010). However, after adjusting for co-exposure, TCPy
was not associated with male genital development but was modestly
associated with higher odds of being in Tanner stage B2+ in girls with
underweight/normal weight, again suggesting an estrogenic effect.
Other proposed mechanisms on how chlorpyrifos could accelerate pu-
berty development are activation of the HPG axis through hypothalamic
inflammation (Valsamakis et al., 2021) and immunotoxic effects (Bou-
man et al., 2005), as it has been shown to influence the activity of
pro-inflammatory molecules (Camacho-Pérez et al., 2022) and interfere
with the immune function (Lee and Choi, 2020).

To the best of our knowledge, there are no published human data on
TCPy/chlorpyrifos exposure and puberty development, and epidemio-
logical studies in males have reported associations of urinary TCPy with
reduced estradiol in adults (Meeker et al., 2008) and with reduced
estradiol and FSH in adolescents (Suarez et al., 2021) rather than with
increased levels. Animal studies have also found a reduction in estradiol,
testosterone, LH, and FSH, and an induction of hypothyroidism after
exposure to chlorpyrifos/chlorpyrifos-methyl in males and females
(Abd-Elhakim and Yasmina, 2021; Jeong et al., 2006; Li et al., 2019a,
2019b; Peiris and Dhanushka, 2017; Ventura et al., 2016), in disagree-
ment with the present findings.

DETP is a metabolite of several OP insecticides, including
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chlorpyrifos and diazinon. In animal models, early-life exposure to some
of these insecticides produced toxic effects on the HPG axis (Jayachan-
dra and UrbanD’Souza, 2014; Maitra and Mitra, 2008). In partial
agreement with the findings for TCPy, a higher DETP concentration was
associated with earlier overall puberty development (higher odds of PDS
stage 2+) in girls, but with delayed genital (lower odds of Tanner stage
G2+) and adrenarche (lower odds of PDS adrenal stage 2+) in boys,
although the former effect was not evident in co-exposure models. In
partial agreement with the associations observed for DETP in the present
boys, a study in Belgium reported that the sum of dimethyl phosphate
metabolites () DMPs) and diethyl phosphate metabolites (> DEPs) were
associated with lower odds of having completed genital development
(OR [95%CI] = 0.46 [0.22-0.96] and 0.53 [0.29-0.96], respectively) or
having reached adult phase of estradiol and testosterone levels in
14-15-year-old adolescent males (Croes et al., 2015), suggesting an
anti-androgenic action of OP exposure. However, > DEPs was associated
with lower odds of complete breast development (OR [95%CI] = 0.78
[0.61-1.00]) in Belgium adolescent females (Croes et al., 2015). Unlike
observed for ETU, the association between DETP and delayed overall
puberty development (lower odds of PDS stage 2+) was stronger in the
boys with overweight/obesity. Overall, these results suggest that post-
natal exposure to OP insecticides or metabolites may impact on pubertal
development centrally by activating the HPG axis and thereby triggering
puberty initiation or exerting an anti-androgenic action; however, the
possible mechanism(s) underlying the associations observed with TCPy
and DETP, and the role of BMI in these associations, remain to be
elucidated.

4.3. Pyrethroids

3-PBA was only detected in one-third of the urine samples; never-
theless, boys with detected 3-PBA had increased odds of being in Tanner
stage G2+, and this association was stronger in the boys with over-
weight/obesity. In the same line, a Chinese study found that urinary 3-
PBA in boys aged 9-16 years (n = 463), although at several-fold higher
concentrations than in the present boys (P75: 2.98 vs. 0.288 ng/mL), was
associated with earlier genital development (i.e., the odds of being in
stage G3 and G4 increased by 275 and 280%, respectively, per one-unit
increase in log-transformed urinary 3-PBA) and higher FSH and LH
levels (Ye and Pan, 2017b). However, Tanner stages were self-assessed
in their study, and 3-PBA was associated with delayed breast develop-
ment and pubic hair growth and with lower odds of having reached
menarche in Chinese girls aged 9-17 years (Ye and Pan, 2017a). Ob-
servations in boys are supported by the finding of accelerated puberty
onset in male mice after postnatal exposure to pyrethroids (Ye and Li,
2017). In addition, two epidemiological studies found an association
between urinary 3-PBA and elevated LH and FSH in men occupationally
exposed (Han et al., 2008) and non-occupationally exposed (Meeker
et al., 2009) to pyrethroids, consistent with an acceleration of puberty
onset. With this background, although no direct evidence is available, it
can be hypothesized that exposure to pyrethroids or their metabolites
may lead to early puberty in boys through gonadotropin stimulation,
possibly via oxidative stress and inflammation (Zhang et al., 2017). It
remains unclear whether this association is limited to boys with
overweight/obesity.

4.4. Limitations and strengths

One of the major limitations of this study is its cross-sectional design,
preventing the inference of causality. Moreover, the determination of
non-persistent pesticide metabolites in spot urine samples or pools of
two urine samples is limited to reflecting long-term exposure, because
urinary metabolites have a short biological half-life. In fact, once in the
human body, pesticides such as OPs and pyrethroids are typically
metabolized and excreted in urine within 4-48 h after exposure,
depending on the compound (Egeghy et al., 2011), and several studies
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have indicated moderate temporal reliability for urinary metabolites.
Thus, the intra-class correlation coefficient (ICC) for urinary DETP in
7-year-old European children was 0.37 for between-day variability and
0.35 for between-season variability (Casas et al., 2018). In pregnant
Spanish women, the ICC for IMPy was in the range 0.40-0.50 (Bravo
et al., 2020). A study of Costa Rican children aged 6-9 years exposed to
agricultural pesticides found fair reliability for urinary ETU (ICC = 0.67)
and TCPy (ICC = 0.52) but moderate reliability (ICC = 0.32) for 3-PBA
(van Wendel de Joode e al. 2016). However, in populations that are
mainly exposed through their diet, it can be assumed that their exposure
to pesticides is relatively continuous (Coté et al., 2014). In this regard,
non-specific urinary metabolites such as 3-PBA or ETU may be valid
biomarkers of chronic or sub-chronic exposure to dietary mixtures of
pyrethroids or EBDC fungicide residues, while the specific metabolites
(TCPy, IMPy) are dependent on recent exposure to the parent compound
and may therefore show higher intra-individual variation. Another
limitation is the variation in the timing of spot urine sample collection
among cohorts in Granada (afternoon), Asturias (morning), and Valen-
cia (morning), and it is not known whether concentrations differ be-
tween afternoon and morning urine samples, and this issue should be
addressed in future studies by measuring repeated urine samples. The
boys in the Granada cohort were only assessed for genital development
using Tanner; hence, the results for genital development should be
interpreted with greater caution. In addition, we cannot rule out that
concentrations may have changed as a result of storage time, particu-
larly for samples from Granada (collected in 2010-2012). However, any
change in concentrations over time would produce an underestimation
rather than overestimation of associations with pubertal development,
given that misclassification is expected to be non-differential.

It is also possible that urinary 3-PBA concentrations were substan-
tively underestimated, given that pyrethroid metabolites such as 3-PBA
are largely present as phase II conjugates (glucuronide and/or sulfate) in
urine (up to 85%) (Baker et al., 2004), and this deconjugation step was
omitted, although misclassification is again likely to be non-differential.
The relatively low detection frequency of 3-PBA, TCPy, and ETU pre-
vented assessment of the potential effect of the pesticide mixture, and a
confounding effect of prenatal or postnatal exposure to other pesticides
or EDCs cannot be ruled out. Moreover, diethyl phosphate (DEP) and
DMP metabolites could not be measured due to the non-availability of
reference standards, and measurement of total DAP concentration
would have yielded information on exposure to a wider range of OP
pesticides. Additionally, the use of two different instruments for the
assessment of puberty development may represent a study limitation.
However, Tanner and PDS outcomes were analyzed separately because
these different measures of pubertal development are not entirely
comparable as they yield different outcomes. The PDS assesses second-
ary 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 puberty development
and additional outcomes related to the maturation of the HPG and
hypothalamic-pituitary-adrenal (HPA) axes (gonadarche and adre-
narche). Hence, Tanner and the PDS may be considered complementary
instruments to assess pubertal development. Finally, the small number
of boys who had reached pubarche or adrenarche limited the possibility
of detecting associations with male adrenal development.

Study strengths include the contribution of data from a large sample
of children on the association of ETU, TCPy, and DETP exposure with
earlier puberty, adding to the scant information available on the rela-
tionship between pesticides and puberty timing. Furthermore, the
sample derived from five different geographical locations and contained
a sufficient proportion of children with overweight/obesity to permit
evaluation of effect modification by BMI. It cannot be ruled out that
some of the significant or suggestive results in the present study were
due to chance, given the performance of multiple comparisons (5
exposure biomarkers x outcomes = 25 comparisons in either girls or
boys; 50 comparisons in BMI-stratified analysis). Nevertheless, these
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findings represent a potential cause of concern, due to the widespread
exposure of children in the general population to pesticides and the
possibility that altered pubertal timing may increase the risks of
behavioral disorders during adolescence and of obesity, cardiovascular
disease, and endocrine-related cancers in later life (Golub et al., 2008;
Lakshman et al., 2008, 2009).

5. Conclusions

This study provides evidence that peri-pubertal exposure to ETU and
certain insecticides might be associated with pubertal outcomes, espe-
cially earlier breast development in girls and earlier genital develop-
ment in boys. These results suggest that interference with the HPG axis
by certain contemporary pesticides during childhood may potentially
impact pubertal timing. To our best knowledge, this is the first study to
report that exposure to ETU and TCPy, respectively, is associated with
puberty timing in girls and boys, and it is the first to investigate effect
modification by BMI on this association. Population-based longitudinal
studies of large samples of children are needed to fully elucidate the role
of exposure to pesticides in the population trend toward earlier puberty.
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