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ABSTRACT: Early-life exposure to plasticizer chemicals can affect child
neurodevelopment. However, accurately characterizing exposure to these
short-lived chemicals remains challenging. To address knowledge gaps, we
examined the association between prenatal and infant exposure to a
plasticizer mixture and child intelligence quotient (IQ) in a cohort with
improved exposure assessment, informing the statistical analysis using the
existing toxicological and epidemiological evidence. This work included 380
mother-infant pairs from the SEPAGES study, a French new-generation
population-based birth cohort recruited between 2014 and 2018. Sixteen
phenols and phthalate metabolites were quantified in pools of multiple urine
samples collected at four time points during pregnancy and infancy (up to
21/week). Children’s IQ was assessed using the Wechsler Preschool and
Primary Scale of Intelligence at age 3. A structured review of the
toxicological and epidemiological evidence was conducted to prioritize the chemicals with the highest weight of evidence (WoE) to
be analyzed as a mixture. Meta-analyses of the retrieved epidemiological studies were performed and used as priors in single-chemical
Bayesian regression models. Of 1189 references screened, we retrieved data from 30 toxicological and 57 epidemiological studies
supporting the prioritization of bisphenol A and S, diethylhexyl phthalate metabolites, monoethyl phthalate (MEP), mono-n-butyl
phthalate (MnBP), and mono-isobutyl phthalate (MiBP). Each quartile increase in maternal third-trimester concentrations of the
high-WoE plasticizer mixture was associated with decreased full-scale (β: -2.86; 95% Credibility Interval, CrI: -5.05, -0.91), visual-
spatial (-2.79; 95% CrI: -5.39, -0.82) and verbal (-1.95; 95% CrI: -3.84, 0.00) child IQ scores. Bayesian single-chemical models
informed by meta-analysis-based priors also found that third-trimester concentrations of four of the six prioritized chemicals
(bisphenol A, MEP, MnBP, and MiBP) were associated with reduced IQ scores. This novel evidence-based framework increased the
biological plausibility and external validity of results, supporting that pregnancy exposure to a mixture of common plasticizers affects
child IQ and represents a public health concern. The findings underscore the need to protect fetuses and children from plastic-
associated chemicals and regulate them by class.

1. INTRODUCTION
Plastic pollution is a major environmental and health challenge.
Hundreds of chemicals are known to leach from plastic,
resulting in widespread human exposure.1,2 Among plastic-
associated chemicals, phthalates and phenols constitute two
major chemical groups used as plasticizers and additives to
improve plastic materials’ flexibility and durability.3 Widely
present in food packaging and cosmetics, phthalates and
phenols are detected in virtually all the population,4,5 and some
of them are known endocrine-disrupting chemicals (EDCs)
capable of altering the neuroendocrine system during critical
windows of development.3,6

Neurobehavioral impairments, including intelligence quo-
tient (IQ) point loss and intellectual disability, affect millions
of children worldwide, resulting in enormous societal burdens.7

Apart from genetic, medical, and lifestyle factors, early-life

exposure to EDCs can play a role, with economic costs
estimated in millions annually.8 While evidence from mother-
child cohorts is mounting,9,10 it remains limited for newer
substitutes such as bisphenol S and di(isononyl)cyclohexane-
1,2-dicarboxylate (DINCH), and for some critical periods such
as early infancy.11 Importantly, some methodological short-
comings in exposure assessment have precluded regulatory
agencies from evaluating epidemiological findings.12 Among
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the limitations of previous studies, most collected few urine
samples (often one) to assess phenols and phthalates, leading
to exposure misclassification issues due to the short half-life
and high within-day variability of these chemicals.13,14 The
current work mitigates this shortcoming by collecting and
pooling multiple urine samples over sensitive exposure
windows.15

Another issue has been the handling of multiple compar-
isons.16,17 In single-chemical models, classical corrections for
multiple comparisons assume an equal weight of evidence
(WoE) for all investigated chemicals, which is often not the
case,18,19 and for high-WoE chemicals, results in a
disproportionately increased risk of type II errors (i.e.,
discarding true associations).16 Additionally, incorporating
numerous chemicals with a low WoE in mixture models may
reduce the precision of estimates.20,21

To overcome these limitations, we combined a structured
literature review with meta-analyses to determine the WoE for
each investigated chemical. This WoE was then used to feed
priors in Bayesian single-chemical models and to prioritize the
most relevant chemicals in the mixture model. Therefore, the
aim of this study was to examine whether early-life life
exposure to a mixture of phenols and phthalates is associated
with children’s IQ, using an improved exposure assessment
protocol and accounting for the previous evidence.

2. METHODS

2.1. Study Population
We used data from the French new-generation SEPAGES mother-
child cohort, which recruited 484 pregnant women from Grenoble
and nearby areas between July 2014 and July 2017.22 Eligibility
criteria included singleton pregnancies up to gestational week 19,
being older than 18 years, being affiliated to the French national
security system, and planning to deliver in one of the four Grenoble
maternity clinics. The current analysis included children with child IQ
assessed at 3 years of age and exposure biomarkers measured in at
least one of the following time windows (Figure S1): early pregnancy
(N = 381), late pregnancy (N = 374), neonates (N = 359) and infants
(N = 343). The study was approved by the corresponding ethic
committees (CPP: Comite ́ de Protection des Personnes Sud-Est V
and CNIL: Comite ́ Nationale Informatique et Liberte)́. Both the
mother and the father of the expected child provided written
informed consent.

2.2. Repeated Urine Collection and Exposure Assessment
Pregnant women collected 3 urine samples each day (morning,
midday and evening), for 7 consecutive days, twice during pregnancy:
in the second trimester (median: 17 gestational weeks), and during
the third trimester (median: 33 gestational weeks). After birth,
parents collected one child’s urine per day for a week by inserting a
piece of cotton gauze into the child’s diaper, during both the neonatal
(median: 8 weeks of age) and infant (median: 13.5 months of age)
periods. Compliance with the protocol was excellent: the median
number of samples collected was 21 per pregnancy trimester, and 7
and 6 for neonates and infants, respectively. Families stored samples
in their home freezer until field workers transported them to a
biobank at the end of each collection week. For each of the four
windows evaluated, within-subject weekly pools were performed by
combining equal volumes of all the urine samples obtained over a
collection week as previously validated (Figure S2).23

Aliquots of weekly urine pools were stored at −80 °C and then
shipped on dry ice, with a temperature sensor, to the Norwegian
Institute of Public Health (Oslo, Norway), a certified laboratory that
has participated in inter-laboratory comparisons.24 The concen-
trations of 12 phenols, 12 phthalates, and 2 non-phthalate plasticizer
metabolites were measured (Table S1) using high-performance liquid

chromatography coupled to mass spectrometry.25,26 The limits of
detection (LOD) and quantification (LOQ) ranged from 0.04 to 0.7
ng/mL and 0.10-2 ng/mL, respectively (Table S1). Due to budget
limitations, phthalate metabolites were only assessed in a subset of
152 neonates at 2 months of age,27 thus, this chemical family at this
time point was not considered in the current analysis.

A previous SEPAGES analysis compared total and free phenol
concentrations, suggesting some degree of external contamination for
bisphenol A in neonates and infants, and methylparaben in infant
samples, but not for any of the remaining chemicals.28 For these
specific chemicals/periods, conjugated concentrations (estimated as
the total minus the free concentration) were used for the main
associations reported.
2.3. Outcome Assessment
Child IQ was assessed by trained neuropsychologists at a median
(IQR) age of 36.9 (36.5, 37.5) months using the French version of
the validated Wechsler Preschool and Primary Scale of Intelligence,
Fourth Edition (WPPSI-IV).29 This scale was translated, culturally
adapted to French norms, and calibrated in a representative sample of
French children aged between 2.5 and 7.25 years by the Editions of
the Center in Applied Psychology.30 Full-scale, verbal, visual-spatial,
and working memory IQ scores were calculated and used in the
analysis. Higher WPPSI-IV scores indicate better cognitive abilities.
2.4. Statistical Analysis and WoE Definition
2.4.1. Exposure Biomarkers. Triclocarban and bisphenols AF, B,

and F were excluded since they were quantified in less than 5% of
samples. Bisphenol S was dichotomized as detected/quantified versus
not detected. The remaining exposure biomarkers were detected in
more than 90% of the urine samples (except ethylparaben, detected in
70% of the samples), and concentrations below the LOD and between
the LOD and LOQ were singly imputed with values randomly
selected from 0 to LOD and from LOD to LOQ, respectively,
considering a log-normal distribution as previously recommended.31

Factors related to urine collection and processing may affect the
concentration of the measured exposure biomarkers, including (i)
transport time of urine samples from the participant’s home to the
biobank, (ii) time samples remained at 4 °C during the pooling
procedure, and (iii) the analytical batch. We first fitted a multiple
linear regression model for each biomarker, including these factors
and potential confounders (maternal age, education, pre-pregnancy
body mass index, etc.). If processing factors predicted the measured
biomarkers (Wald test, p < 0.20), concentrations were standardized to
reduce between-sample variability as previously reported.32 The
standardized concentrations estimate the concentrations that would
have been obtained if all samples were transported and processed
under the same batch and conditions. High correlations (Spearman
rho >0.90 in most cases) have been observed between these
standardized and non-standardized biomarker concentrations.18

For metabolites belonging to the same parent compound, molar
sums (μmol/L) were computed (i.e., ∑DEHP (sum of MEHP,
MEHHP, MEOHP, and MECPP), ∑DiNP (sum of OH-MiNP, oxo-
MiNP, and cx-MiNP), and ∑DINCH (sum of OH-MiNCH and oxo-
MiNCH). The molar sum of parabens (methyl-, ethyl-, and propyl-
paraben) was also calculated to limit the number of statistical tests.
Butylparaben was not included in this sum due to a low detection
frequency (<30%).

For association analyses, biomarker concentrations were natural-log
transformed to reduce skewness and the influence of extreme values.
2.4.2. Covariates and Confounding Factors. A directed acyclic

graph (DAG) allowed us to identify the most relevant adjustment
variables and confounders (Figure S3). Covariates controlled for
included maternal factors including age (continuous), education
(below vs. Master’s degree or higher), pre-pregnancy BMI
(continuous), parity (nulliparous vs. uniparous/multiparous), anxiety
and depression at third trimester (continuous, assessed using the
“Hospital Anxiety and Depression scale”),33 maternal IQ score
(continuous) estimated with the similitude subscale of the Wechsler
Adult Intelligence Scale (WAIS-IV), and child factors including sex,
age at IQ assessment (months), breastfeeding duration (weeks),
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daycare attendance up to 1 year of age (daycare vs. at home/others),
family environment (continuous Home Observation Measurement of
the Environment (HOME) score) and the psychologist in charge of
the WPSSI assessment (3 categories). A variable combining maternal
active smoking and maternal and infant passive smoking was also
included in the models (exposed vs. non-exposed). Data on covariates
were collected by self-administered questionnaires and questionnaires
administered by a fieldworker during study visits. Missing covariate
values (range 0-16%) were single-imputed using a random forest
algorithm.
2.4.3. Assessment of Linearity. The exposures introduced in the

adjusted models were coded into quantiles, and Wald’s test for
heterogeneity was conducted, with P-trend estimated using the
median of each quantile in the regression models. Because most
associations (98%) did not depart from linearity, the main analyses
were performed using continuous exposure variables.
2.4.4. Literature Search and Criteria for Bayesian Prior

Definition. Before performing the statistical analysis, a structured
literature search was performed in the PubMed/MEDLINE database,
adapting the main points of the Navigation Guide systematic review
methodology for environmental health studies.34 Extended details on
search terms and selection of studies are provided in the Supporting
Information (section Extended Literature Search Methods).

The search aimed to identify epidemiological and rodent
experimental studies that investigated associations between exposure
to the phenols and phthalates examined in this work and cognitive
abilities. Results of these studies were then used to define two types of
priors: 1) Quantitative priors corresponding to the estimates obtained
from meta-analyses of retrieved comparable epidemiological studies
used to inform single-chemical Bayesian models (Table S2); and 2)
Qualitative priors defined based on the WoE of each chemical for a
potential effect on child IQ, derived from both toxicological and
epidemiological studies, and used to prioritize the chemicals to be
considered in mixture models (Table S3).
2.4.5. Bayesian Single-Chemical Models. The priors for the

single-chemical models were derived from observational studies
retrieved through the literature search meeting the following meta-
analysis inclusion criteria: biomarkers for phthalate or phenol
measured in urine during pregnancy or infancy (up to 2 years of
age), exposure analyzed on a continuous scale, and child IQ outcomes
measured by either WPPSI or WISC (Wechsler Intelligence Scale for
Children). A hierarchical approach based on the availability and
robustness of existing evidence was followed:

1. Meta-Analysis-Based Priors: When at least two eligible
studies were retrieved for an exposure-outcome pair, a meta-
analysis was conducted. Effect estimates and 95% confidence
intervals were extracted from eligible studies, excluding those
that reported results in interquartile-range units. Effect
estimates and confidence intervals reported on different
logarithmic scales were transformed to the natural logarithmic
scale using the formula: estln = est/ln(log_base), where
log_base corresponds to the transformation base (e.g., 2 for
log2). A random-effects meta-analysis was then performed.35

The resulting meta-analytic effect size and standard error (SE)
were subsequently used in our Bayesian models to define a
normal prior distribution, with the effect size as the mean and
the SE as the standard deviation (SD).

2. Single-Study-Based Priors: If only one study was available for
an exposure-outcome pair, its effect size and SE served as the
prior. This study had to adhere to the same aforementioned
meta-analysis criteria, with an additional requirement that the
sample size exceed 200.

3. Weakly Informative Priors: In the absence of studies meeting
our criteria, we defaulted to weakly informative priors and used
a normal distribution with a mean of 0 and a scaled SD
calculated as 2.5 times the SD of the outcome over the SD of
the exposure (SD(y) / SD(x)).36

Posterior distributions were examined for effect sizes and 95%
credible intervals (CrI). We used the probability of direction (pd) to

assess the certainty that an effect was positive or negative. This
Bayesian measure is conceptually similar to a one-sided p-value. The
Gelman-Rubin statistic and effective sample sizes were used to
evaluate Markov Chain Monte Carlo convergence, ensuring that
multiple chains had mixed well. Convergence was deemed satisfactory
when the Gelman-Rubin statistic was <1.1 for all parameters of
interest.37 Additionally, residuals from our models were examined for
any patterns that suggested misfit, such as heteroscedasticity or
nonlinearity. Effect estimates (β) represented the adjusted mean
difference in IQ scores for each natural-log-unit increase in
standardized biomarker concentrations (or detected versus non-
detected in the case of bisphenol S).
2.4.6. Bayesian Mixture Models.Mixture models were informed

by a qualitative prior (prioritized/non prioritized chemicals), based
on the WoE defined for each chemical’s considering: 1) the quantity
and quality of in vivo rodent and human evidence for an effect on
child IQ; and 2) additional judgement and consensus between V.M.,
A.P.-C. and C.P, considering the consistency of the evidence,
mechanistic support, structural analogy, and association with other
neurodevelopmental end points (Table S3).

Bayesian Weighted Quantile Sum Regression (BWQS) was then
used to investigate the mixture effect of the prioritized chemicals.
BWQS is a quantile-based approach that combines multiple
independent variables additively into a weighted index, with weights
that estimate each component’s contribution to the mixture.38 BWQS
effect estimates (β) were interpreted as the mean change in child IQ
scores for a simultaneous quartile increase in the concentration of
each chemical included in the mixture.
2.4.7. Secondary Sex Interaction Analysis. Bayesian single-

chemical models were re-run to include exposure-sex interaction
terms. As interaction tests are often underpowered, models were
stratified by sex if the 90% credible interval of the sex interaction term
did not include zero.39

2.4.8. Sensitivity analyses. To evaluate the impact of priors on
results, a classical frequentist single-chemical model was performed.
BWQS models were also re-run, including all the measured chemicals
(prioritized and non-prioritized).

The potential influence of extreme values was assessed by
winsorizing the top and bottom 1% of IQ scores and biomarker
concentrations.
2.4.9. Interpretation Criteria and Software. Results were

interpreted considering the WoE and patterns of associations (e.g.,
across IQ scales and exposure windows), rather than solely
considering statistical significance (CrI not including the null value).40

All analyses were conducted using R version 4.4.1. Bayesian single-
chemical modeling was performed with the rstanarm package,
covariate missing data were imputed using the missForest package,
and meta-analyses were conducted with the meta package. A statistical
plan was pre-registered before running the analysis (https://osf.io/
b3vnw/). The analysis code is publicly available (https://gricad-
gitlab.univ-grenoble-alpes.fr/iab-env-epi/mustieles-bayesian-2025).

3. RESULTS

3.1. Literature Search and Weight of Evidence (WoE)
Of the 1189 publications identified, 30 in vivo toxicological, 57
epidemiological, and 7 review studies were selected (Figure S4,
Table S3), enabling the prioritization of 6 chemicals (bi-
sphenol A and S, ∑DEHP, MEP, MnBP, and MiBP) based on
their WoE for an effect on child IQ (see Table 1 and Table S3
for details).
3.2. Meta-Analytic Priors Used in Single-Chemical
Bayesian Models
The quality evaluation of the studies included in the meta-
analysis, together with the retrieved estimates, are reported in
the Supplemental Excel file. Meta-analysis-based priors for the
pregnancy time point and full IQ-scale were derived for 8 out
of the 13 measured chemicals (BPA, BPS, DEHP, MnBP,
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MiBP, MEP, MBzP, and triclosan) using 2 to 7 studies,
depending on the chemical (Table S2). While most of the
meta-analytic estimates showed a negative direction, none were
statistically significant, with the exception of pregnancy
∑DEHP exposure, which was associated with lower full-scale
IQ among boys (Table S2). For other chemicals, we relied
either on a single comparable study (e.g., benzophenone-3 and
full-scale IQ) or weakly informative priors when no
comparable study was retrieved (e.g., Σparabens, OH-MPHP,
ΣDiNP, and ΣDINCH). For the infancy exposure period, data
were limited (only one meta-analysis was possible for MBzP
and full-scale IQ), so weakly informative priors were applied in
most cases.
3.3. Study Population Characteristics

Most mothers were Caucasian (97%), held a master’s degree
or more (59%) (Table 2), and presented a normal BMI
(median: 21.3 kg/m2). Median maternal age at delivery was
32.4 years (IQR: 30.1, 35.4), and half (45%) of the mothers
were nulliparous at recruitment. Children were tested for IQ at
a median age of 37 months (IQR: 36.5, 37.6). The mean
children’s Full Scale IQ score was 110 (IQR: 103, 118).
Although differences between included and excluded mothers
were modest, mothers not included in the analysis were
younger, breastfed their infants longer, and presented slightly
higher BMI and anxiety/depression scores (Table 2).
Except for bisphenol S, exposure biomarkers were detected

and quantified in most samples (Table S4). Data on exposure
levels and their predictors have been previously published.27,28

3.4. Bayesian Single-Chemical Associations with Child IQ

Results of Bayesian single-chemical associations using meta-
analytically informed priors are presented following the
prioritized vs. non-prioritized chemical classification (Table 1
and Table S3). Results are reported for both the overall
population (Figure 1 and Table S5) and sex-stratified analyses
(Figure 2 and Table S6).
3.4.1. Prioritized Chemicals: BPA, BPS, MEP, MnBP,

MiBP and DEHP. Bisphenol A exposure in the third
pregnancy trimester was associated with decreased full-scale
IQ scores (β: -0.61; 95% Credible Interval (CrI): -1.21, -0.02).
In 1-year-old infants (M12), bisphenol A was also negatively
associated with full IQ (-1.08; -2.20, 0.08) and visuospatial
scores (-1.43; -2.61, -0.28). No interactions with child sex were
observed. Bisphenol S was not associated with any IQ subscale.
MEP exposure in the third trimester was associated with

lower full IQ (β: -0.57; 95% CrI: -1.00, -0.13) and visual-spatial
scores (-1.82; -2.92, -0.73) in the whole population. The
inverse association with visual-spatial scores was stronger in
girls (-2.53; -4.35, -0.74) than in boys (-1.03; -2.53, 0.50).
MnBP exposure at the third pregnancy trimester was

associated with reduced visual-spatial scores (β: -1.93; 95%
CrI: -3.73, -0.17) and a marginal trend towards lower working
memory (-0.93; -1.96, 0.11). No evident sex-specific
associations were observed.
MiBP exposure in the third pregnancy trimester tended to

be inversely associated with verbal IQ scores (β: -0.87; 95%
CrI: -1.81, 0.03). Sex-stratified analyses showed that this
association was stronger in boys (-2.28; -4.42, -0.19) than in
girls (-0.80; -2.34, 0.71).

∑DEHP exposure was not associated with child IQ scores
in the whole population. However, sex modified this
association (99% probability of posterior distribution mean
being different from zero), with second-trimester ∑DEHPT
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exposure being associated with worse full-scale IQ scores
among boys (-1.15; -2.28, -0.02), while associated with
improved full-scale IQ (β: 1.93; 95% CrI: 0.30, 3.65) and
enhanced visual-spatial scores (β: 3.48; 0.23, 6.73) in girls.
3.4.2. Non-Prioritized Chemicals: Benzophenone-3,

Parabens, Triclosan, MBzP. OH-MPHP, DiNP, and
DINCH. Benzophenone-3 exposure in the third trimester was
inversely associated with working memory (β: -0.77; 95% CrI:
-1.59, -0.00) in the whole population.

ΣParabens exposure in the second trimester was positively
associated with full-scale IQ (β: 0.85; 95% CrI: 0.12, 1.60) and
verbal IQ scores (0.84; 0.10, 1.60). When analyses were sex-
stratified, exposure to ΣParabens in the third trimester was
associated with lower visual-spatial IQ scores in boys (-1.01;
-1.84, -0.14), and higher scores among girls (0.97; 0.11, 1.82).
Triclosan exposure during the second and third trimesters of

pregnancy was associated with higher verbal IQ scores (β:
0.41; 95% CI: 0.04, 0.78; and β: 0.39; 95% CI: -0.01, 0.78,
respectively).
MBzP exposure was not associated with any IQ scale at any

time point.
OH-MPHP exposure in the third trimester was associated

with higher working memory scores (β: 1.98; 95% CI: 0.09,
3.86) across the entire population.

ΣDiNP exposure was not associated with child IQ scores in
either the whole population or sex-stratified analyses.

ΣDINCH exposure was not associated with any IQ scale.
3.5. Mixture Associations

BWQS mixture models showed that, in the third pregnancy
trimester, a simultaneous quartile increase in the concentration
of each prioritized chemical included in the mixture (BPA,
BPS, MEP, MnBP, MiBP and ∑DEHP) was associated with
decreased full scale (β: -2.86; 95% CrI: -5.05, -0.91), visual-
spatial (-2.79; -5.39, -0.82) and verbal (-1.95; -3.84, 0.00) IQ
scores among all children (Figure 3 and Table S7). BPA and
MEP showed the highest relative contribution to the mixture
association, together accounting for approximately 50% of the
mixture weight (Figures S5 and S6). Although these mixture
associations were observed in both boys and girls, the inverse
associations with full and verbal IQ scores were more evident
in boys. No association was observed for the other time points
when boys and girls were studied together. However, the sex-
stratified analysis suggested that second-trimester exposure to
the prioritized mixture was associated with higher child verbal
IQ scores, but only among girls (2.53; 0.04, 5.75) and not
boys. ∑Parabens, triclosan, and bisphenol S showed higher
weights for this latter association (Figures S7 and S8).
When the full mixture was tested in a sensitivity analysis, the

negative mixture associations observed in the third trimester

Table 2. Characteristics of Included and Excluded Participants in the SEPAGES Cohort (France, 2014−2017)a

Characteristic N Included N = 380b Not included N = 104 P-valuec

Maternal age at conception, years 380 32.4 (30.1, 35.4) 31.2 (28.8, 34.1) 0.003
Maternal BMI before pregnancy (kg/m2) 379 21.3 (19.7, 23.7) 22.0 (20.0, 24.4) 0.044
Maternal IQd 319 12.0 (10.0, 14.0) 13.0 (9.0, 19.0) 0.698
Breastfeeding (weeks) until week 48 372 26 (17, 43) 18 (6, 26) <0.001
Mother’s anxiety/depression symptoms (HAD) 367 10.0 (7.0, 13.0) 11.0 (8.0, 16.0) 0.006
HOME total score (Family environment) 370 25.0 (23.0, 26.0) 22.0 (21.0, 24.0) 0.059
Parity 380 0.340
Nulliparous 170 (45%) 52 (50%)
Multiparous 210 (55%) 52 (50%)
Maternal education 378 0.052
≥Master 222 (59%) 50 (48%)
<Master 156 (41%) 54 (52%)
Early-life tobacco exposuree 376 120 (32%) 28 (32%) 0.986
Mode of child day care by 1 year of age 331 0.269
Collective day care 117 (35%) 11 (28%)
Nursery assistant 162 (49%) 18 (46%)
Other 52 (16%) 10 (26%)
Child sex 380 0.955
Boys 204 (54%) 54 (54%)
Girls 176 (46%) 46 (46%)
Child age at IQ assessment (months) 380 36.9 (36.5, 37.6) - -
Neuropsychologist who evaluated the WPPSI 380 -
Neuropsychologist 1 163 (43%) - -
Neuropsychologist 2 81 (21%) - -
Other Neuropsychologists 136 (36%) - -
Full-scale IQ - WPPSI 380 110 (103, 118) - -
Verbal IQ - WPPSI 380 113 (104, 120) - -
Visual-spatial IQ - WPPSI 380 106 (100, 115) - -
Working memory IQ - WPPSI 380 106 (100, 112) - -

aAbbreviations: BMI: Body Mass Index; HAD: Hospital Anxiety and Depression Scale, assessed in mothers during the third trimester visit;
HOME: Home Observation for Measurement of the Environment Scale; SEPAGES: Assessment of Air Pollution Exposure during Pregnancy and
Effects on Health Cohort; WPPSI: Wechsler Preschool and Primary Scale of Intelligence. bn (%); Median (p25, p75). cPearson’s Chi-squared test;
Wilcoxon rank sum test; Fisher’s exact test. dIntelligence Quotient measured by the Wechsler Adult Intelligence Scale - Fourth Edition (WAIS-IV).
eCombined active and passive smoking during pregnancy, and child passive smoking at 1 year of age.
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were shrunken towards the null value, while the second-
trimester positive association with verbal IQ scores observed in
girls was strengthened (Figure 3, Table S7).
3.6. Sensitivity Analyses of Single-Chemical Models

3.6.1. Bayesian Single-Chemical Winsorized Models.
When the top and bottom 1st-percentile exposure concen-
trations and IQ scores were winsorized, most previous
Bayesian single-chemical associations observed in the whole
population (Figure S9 and Table S8) and sex-specific analyses
(Figure S10 and Table S9) were qualitatively unchanged.
While the previously observed isolated protective association
for OH-MPHP was attenuated to marginal significance, the
deleterious association for benzophenone-3 was strengthened
(Table S8).
3.6.2. Bayesian vs. Frequentist Single-Chemical

Analyses. Frequentist and Bayesian models provided similar
conclusions. However, the meta-analysis-informed priors
moderately influenced associations in diverse directions for
the whole population (Figure S11 and Table 10) and sex-
specific models (Figure S12 and Table 11), especially for those
associations that were closer to the null value in frequentist
models.

4. DISCUSSION
Our literature search identified two bisphenols (A and S) and
four phthalate metabolites (∑DEHP, MEP, MnBP, and
MiBP) as the plasticizer compounds with the highest WoE
for effects on child IQ, based on both human and animal
toxicological studies. When studied as a mixture, maternal
third-trimester exposure to these six chemicals was associated
with lower full-scale, visual-spatial, and verbal IQ scores in 3-
year-old children. When the non-prioritized chemicals were
also included in the mixture, these associations were weakened
and became marginally significant. Bayesian single-chemical
models also identified prenatal third-trimester exposure to four
out of the six prioritized chemicals (BPA, MEP, MnBP, and
MiBP) as potential risk factors for reduced IQ scores in
children.
Our results showed that each quartile increase in the mixture

of prioritized chemicals in the third trimester of pregnancy was
associated with an average loss of almost 3 IQ points in
offspring. This effect magnitude appears substantial, since the
contribution of the plasticizer mixture could be comparable to
that of early-life lead exposure.109,110 At a public health level,
and as learned from known neurotoxicants such as lead and
methylmercury, even moderate shifts in the population
distribution of IQ scores can lead to a significant increase in

Figure 1. Bayesian single-chemical models accounting for meta-
analytic-informed priors. T2: second pregnancy trimester; T3: third
pregnancy trimester; M2: month 2 or neonatal exposure window;
M12: month 12 or infant exposure window at 1 year of age. a and b
shows associations for chemicals coded as binary.

Figure 2. Bayesian single-chemical models incorporating meta-
analytic-informed priors, sex-stratified only if the 90% credible
interval for the sex interaction term did not include zero. T2: second
pregnancy trimester; T3: third pregnancy trimester; M2: month 2 or
neonatal exposure window; M12: month 12 or infant exposure
window at 1 year of age.
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the incidence of intellectual disability cases.111,112 The fact that
exposure to phenols and phthalates is widespread but
modifiable, highlights a great opportunity for primary
prevention. Interestingly, our recent work showed that
exposure to a very similar evidence-based mixture of plasticizer
chemicals (BPA, MEP, MnBP, MiBP, and DEHP metabolites)
was prospectively associated with a higher risk of all-cause
mortality among U.S. adults.113 The combined results support
that these plasticizer chemicals should be regulated as a
mixture rather than as individual chemicals.
4.1. Biological Plausibility

Among synthetic phenols, the evidence was highly supportive
for bisphenol A, possibly acting through estrogenic, thyroid,
and/or glutamatergic pathways (Table 1).47 Our results
showed that third-trimester bisphenol A exposure was
associated with lower full-scale IQ (in both single-chemical
and mixture models). Additionally, we showed for the first
time that bisphenol A exposure at one year of age was also
associated with lower full-scale and visual-spatial IQ, high-
lighting the need for studies exploring this sensitive but
understudied period. These findings further support the
European Commission’s ban on bisphenol A in food contact
materials.12,114,115

Bisphenol S had scarce data available, but was prioritized
based on its structural analogy to bisphenol A, similar in vitro
biological effects to bisphenol A, and emerging neuro-
toxicological evidence in rodents (Table 1). Although our
study population was exposed to relatively low prenatal urinary
BPS concentrations, and we did not observe meaningful
associations, expected increases in its use warrant further
investigation on the potential neurobehavioral health effects of
this replacement.
Among phthalates, the WoE was high for MnBP and DEHP,

which may act through anti-androgenic, thyroid, and other
pathways (Table 1).116,117 Third-trimester MnBP exposure
was associated with poorer visual-spatial IQ scores in the whole
population, without observing sex-specific associations. Re-
garding DEHP, we found results that may be consistent with

an anti-androgenic mode of action. Maternal exposure in the
second trimester, near the male fetal-derived testosterone
peak,118 was associated with reduced full-scale IQ scores only
among boys, whereas girls showed improved scores. The
toxicological literature (Table S3) also showed adverse DEHP
neurological effects in males but not in females.43,119

While the WoE was more limited/heterogeneous, we also
prioritized MiBP, as it has shown anti-androgenic activity
similar to that of MnBP.66 Indeed, our data showed that
prenatal MiBP exposure was associated with reduced verbal
IQ, especially among boys. MEP can act as an indirect estrogen
receptor modulator and alter developmental programming.90,92

In Bayesian models, prenatal MEP exposure was associated
with reduced full-scale and visual-spatial IQ scores in the
overall population. Interestingly, a previous study found that
prenatal MEP exposure was associated with lower offspring IQ
scores, and that this effect was mediated by a reduction in
brain gray matter volume, adding another level of biological
plausibility.75

Regarding the remaining non-prioritized chemicals, incon-
sistent and isolated associations were found, including
protective trends (triclosan and OH-MPHP), deleterious
trends (benzophenone-3), and for parabens, both protective
and deleterious associations depending on the exposure
window. Together with the limited or mixed WoE available
for these chemicals (Table 1), no meaningful conclusions
could be drawn, suggesting that additional studies are needed
to clarify potential associations.
Concerning the associations observed with higher IQ scores,

they tended to cluster within the second-trimester exposure
window, including ∑Parabens, triclosan, and ∑DEHP.
Indeed, sex-stratified models suggested that second-trimester
exposure to the mixture was associated with higher child verbal
IQ scores only among girls, and this association was driven by
non-prioritized chemicals such as ∑Parabens and triclosan.
Although these findings should be interpreted with caution,
alterations in the estrogen-androgen balance can differentially
affect sexually dimorphic brain development in males and
females.120 Since human female fetuses tend to exhibit earlier

Figure 3. Bayesian weighted quantile sum (BWQS) mixture models considering prioritized chemicals vs. all compounds. T2: second pregnancy
trimester; T3: third pregnancy trimester; M12: month 12 or infant exposure window at 1 year of age. Note: Exposure to the mixture at M2 was not
performed because, at this period, only phenols, but not phthalates, were available across the entire sample size.
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structural maturation of language-related brain areas than
males starting in the second trimester,121,122 estrogens increase
verbal fluency,123 and parabens and triclosan are estrogenic
chemicals (Table 1), this association could be interpreted as an
exacerbation of sexually dimorphic verbal abilities among girls.
Although this potential explanation warrants further validation,
rodent toxicological studies have shown that EDCs and EDC
mixtures can increase or decrease sexually dimorphic brain
areas and behaviors in a chemical-, sex-, and timing-dependent
manner.120,124

4.2. Implications of the Prioritization and
Meta-Analytic-Informed Approaches

Relying on prior knowledge to inform statistical analyses offers
several advantages. First, selecting the chemicals to include in a
mixture model based on their WoE may reduce noise and
strengthen the signal compared to an agnostic approach that
includes all measured chemicals. This was supported by our
findings, which showed stronger associations for the prioritized
mixture when associations were in the expected direction.
Results from single-chemical models were also consistent

with the defined WoE prioritization. We observed adverse
associations for five out of the six prioritized chemicals, while
associations for non-prioritized chemicals were generally null,
mixed or not in the expected direction. Compared to classical
agnostic correction for multiple comparisons, which dispro-
portionately increases type 2 over type 1 errors for high-WoE
chemicals, our WoE-based approach may decrease type 1 error
(i.e., false positives) without affecting sensitivity.125 Although
we could have applied a multiple-comparison correction to
non-prioritized chemicals,18 from our point of view, the
gathered WoE made such a correction unnecessary, as it
showed that the evidence was limited and inconsistent.
The impact of the Bayesian modeling using meta-analytic

priors was variable. In some cases, it strengthened negative
associations (e.g., bisphenol A and full-scale IQ), while in
others it tended to pull estimates towards the null (e.g., MEP
and full-scale IQ). Overall, this approach increased the external
validity of our results. Although our evidence-based approaches
offered numerous advantages, we also encountered some
shortcomings related to natural disparities in data availability
across chemicals. Meta-analytic priors were available for the 8
chemicals more frequently investigated in previous epidemio-
logical studies. For the remaining 5 chemicals, we relied on
single-study or weakly informative priors. Another limitation of
the WoE definition is that novel chemicals are more likely to
be non-prioritized simply due to limited data availability. This
issue was considered when evaluating the evidence, as
exemplified by bisphenol S (limited evidence but prioritized
based on emerging toxicological data and structural analogy to
bisphenol A). In any case, this limitation will tend to self-
correct over time in parallel with the generation of new
evidence.
4.3. Strengths and Limitations

To our knowledge, this is the first study to implement a meta-
analytically informed Bayesian approach in environmental
epidemiology. This approach increased the confidence and
external validity of the results. The WoE prioritization also
increased the biological plausibility of our analysis and helped
to interpret the findings. The SEPAGES cohort is one of the
first to pool multiple repeated urine samples, resulting in
substantially improved exposure estimates. The intensive
biospecimen collection comes at the cost of a modest sample

size. However, our improved exposure characterization is
expected to provide substantially greater statistical power than
in previous similarly sized cohorts that relied on a single or a
few spot urine samples. Apart from pregnancy, we investigated
exposure during the neonatal and infancy periods, two sensitive
windows of exposure that have rarely been investigated before.
It should be noted that phthalate metabolites could not be
measured in the entire neonatal sample due to budget
limitations; consequently, we may have missed potential
associations during this period. Although we accounted for
the most important known covariates based on causal
knowledge, unmeasured confounding cannot be fully ruled
out. However, the fact that our Bayesian models accounted for
meta-analyses of previous studies with different confounding
structures argues against this concern. Although children’s
intelligence was assessed at 3 years of age using a valid and
internally consistent instrument, younger children show greater
individual variability in IQ scores over time.126 While relevant
at the individual level, this concern is expected to be less
pronounced in population-based studies that assess average
changes in IQ scores. Additionally, cognitive abilities exhibit
the highest reproducibility over time compared with other
neurobehavioral domains.52 Notwithstanding, future cognitive
re-evaluations in SEPAGES’s children will help examine the
long-term effects of chemical plasticizers.

■ CONCLUSIONS
Relying on an improved exposure assessment protocol and a
novel statistical approach integrating a priori knowledge,
maternal third-trimester exposure to a mixture of prioritized
chemicals frequently used as plasticizers (BPA, BPS, MEP,
MnBP, MiBP, and ∑DEHP) was associated with reduced IQ
scores at 3 years of age. Our literature review provided a higher
WoE for the effect of these prioritized chemicals on IQ,
reinforcing the biological plausibility of these findings.
Associations were also observed with exposure to individual
chemicals in the third pregnancy trimester (BPA, MEP, MnBP,
and MiBP). These findings provide compelling evidence that
early-life exposure to specific synthetic phenols and phthalate
metabolites, as well as their mixture, represents a public health
concern for children’s cognitive development. There is a need
to keep exposure levels as low as practicable and develop
policies and interventions to protect children’s neurodevelop-
ment from the effects of plasticizer mixtures.
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Wikström, S.; Lindh, C.; Rüegg, J.; Tanner, E.; Gennings, C. Prenatal
Exposure to Bisphenols and Cognitive Function in Children at 7
Years of Age in the Swedish SELMA Study. Environ. Int. 2021, 150,
106433.
(51) Stacy, S. L.; Papandonatos, G. D.; Calafat, A. M.; Chen, A.;
Yolton, K.; Lanphear, B. P.; Braun, J. M. Early Life Bisphenol A
Exposure and Neurobehavior at 8 Years of Age: Identifying Windows
of Heightened Vulnerability. Environ. Int. 2017, 107, 258−265.
(52) Braun, J. M.; Yolton, K.; Stacy, S. L.; Erar, B.; Papandonatos, G.
D.; Bellinger, D. C.; Lanphear, B. P.; Chen, A. Prenatal Environmental
Chemical Exposures and Longitudinal Patterns of Child Neuro-
behavior. Neurotoxicology 2017, 62, 192−199.
(53) Nakiwala, D.; Peyre, H.; Heude, B.; Bernard, J. Y.; Béranger, R.;
Slama, R.; Philippat, C. EDEN mother-child study group. In-Utero
Exposure to Phenols and Phthalates and the Intelligence Quotient of
Boys at 5 Years. Environ. Health 2018, 17 (1), 17.
(54) Guo, J.; Wu, C.; Zhang, J.; Qi, X.; Lv, S.; Jiang, S.; Zhou, T.; Lu,
D.; Feng, C.; Chang, X.; Zhang, Y.; Cao, Y.; Wang, G.; Zhou, Z.
Prenatal Exposure to Mixture of Heavy Metals, Pesticides and Phenols
and IQ in Children at 7 Years of Age: The SMBCS Study. Environ. Int.
2020, 139, 105692.
(55) Tiwari, S.; Phoolmala; Goyal, S.; Yadav, R. K.; Chaturvedi, R.
K. Bisphenol-F and Bisphenol-S (BPF and BPS) Impair the Stemness
of Neural Stem Cells and Neuronal Fate Decision in the
Hippocampus Leading to Cognitive Dysfunctions. Mol. Neurobiol.
2024, 61 (11), 9347.
(56) Ugwor, E. I.; Dosumu, O. A.; Eteng, O. E.; Moses, C. A.;
Ogbonna, C. U.; James, A. S.; Adeleye, A. O.; Ilavbarhe, M. E.; Ajasa,
F.; Olawuyi, O.; Ugbaja, R. N. Morin Attenuates Neurobehavioural
Deficits, Hippocampal Oxidative Stress, Inflammation, and Apoptosis
in Rats Co-Exposed to Bisphenol S and Diethyl Phthalate. Brain Res.
2022, 1794, 148068.
(57) McDonough, C. M.; Xu, J.; Guo, T. L. Behavioral Changes and
Hyperglycemia in NODEF Mice Following Bisphenol S Exposure Are
Affected by Diets. Neurotoxicology 2021, 85, 209−221.
(58) Rochester, J. R.; Bolden, A. L. Bisphenol S and F: A Systematic
Review and Comparison of the Hormonal Activity of Bisphenol A
Substitutes. Environ. Health Perspect. 2015, 123 (7), 643−650.
(59) Sun, G. C.; Lee, Y. J.; Lee, Y. C.; Yu, H. F.; Wang, D. C.
Exercise Prevents the Impairment of Learning and Memory in
Prenatally Phthalate-Exposed Male Rats by Improving the Expression
of Plasticity-Related Proteins. Behav. Brain Res. 2021, 413, 113444.
(60) Yang, G.; Gong, C.; Zheng, X.; Hu, F.; Liu, J.; Wang, T.; Chen,
X.; Li, M.; Zhu, Z.; Zhang, L.; Li, R. Early Clues and Molecular

Environmental Health Perspectives pubs.acs.org/EnvHealthPerspectives Article

https://doi.org/10.1021/EHP.6c00297
Environ. Health Perspect. XXXX, XXX, XXX−XXX

L

D
ow

nloaded from
 pubs.​acs.​org/​evhpaz/​article-pdf/​doi/​10.​1021/​EH

P.​6c00297/​68908977/​ehp.​6c00297.​pdf by guest on 20 O
ctober 2026

https://doi.org/10.1016/j.envint.2018.02.037
https://doi.org/10.1016/j.jchromb.2015.08.040
https://doi.org/10.1016/j.jchromb.2015.08.040
https://doi.org/10.1016/j.jchromb.2015.08.040
https://doi.org/10.1016/j.jchromb.2015.08.040
https://doi.org/10.1016/j.envpol.2021.117650
https://doi.org/10.1016/j.envpol.2021.117650
https://doi.org/10.1016/j.envpol.2021.117650
https://doi.org/10.1016/j.envint.2020.105678
https://doi.org/10.1016/j.envint.2020.105678
https://doi.org/10.1016/j.envint.2020.105678
https://psycnet.apa.org/record/2010-04803-007
https://www.pearsonclinical.fr/wppsi-iv?srsltid=AfmBOorvOB1mr0LquiYdIKn8gD8fRT2sCRFwdxPmMxs2clNv2O9MOzoI
https://www.pearsonclinical.fr/wppsi-iv?srsltid=AfmBOorvOB1mr0LquiYdIKn8gD8fRT2sCRFwdxPmMxs2clNv2O9MOzoI
https://www.pearsonclinical.fr/wppsi-iv?srsltid=AfmBOorvOB1mr0LquiYdIKn8gD8fRT2sCRFwdxPmMxs2clNv2O9MOzoI
https://www.pearsonclinical.fr/wppsi-iv?srsltid=AfmBOorvOB1mr0LquiYdIKn8gD8fRT2sCRFwdxPmMxs2clNv2O9MOzoI
https://doi.org/10.1289/ehp.7199
https://doi.org/10.1289/ehp.7199
https://doi.org/10.1016/j.envint.2021.106697
https://doi.org/10.1016/j.envint.2021.106697
https://doi.org/10.1016/j.envint.2021.106697
https://doi.org/10.1016/j.envint.2021.106697
https://doi.org/10.1111/j.1600-0447.1983.tb09716.x
https://doi.org/10.1111/j.1600-0447.1983.tb09716.x
https://doi.org/10.1289/ehp.1307175
https://doi.org/10.1289/ehp.1307175
https://doi.org/10.1289/ehp.1307175
https://doi.org/10.1289/ehp.1307175
https://doi.org/10.1016/0197-2456(86)90046-2
https://doi.org/10.1214/08-AOAS191
https://doi.org/10.1214/08-AOAS191
https://doi.org/10.1214/08-AOAS191
https://doi.org/10.1214/ss/1177011136
https://doi.org/10.1214/ss/1177011136
https://doi.org/10.1097/EE9.0000000000000092
https://doi.org/10.1097/EE9.0000000000000092
https://doi.org/10.1097/EE9.0000000000000092
https://doi.org/10.1007/s10654-016-0149-3
https://doi.org/10.1007/s10654-016-0149-3
https://doi.org/10.1038/d41586-019-00857-9
https://doi.org/10.1038/d41586-019-00857-9
https://doi.org/10.1016/j.neubiorev.2022.104939
https://doi.org/10.1016/j.neubiorev.2022.104939
https://doi.org/10.1016/j.neubiorev.2022.104939
https://doi.org/10.1016/j.envpol.2023.122582
https://doi.org/10.1016/j.envpol.2023.122582
https://doi.org/10.1016/j.envpol.2023.122582
https://doi.org/10.1016/j.beem.2021.101517
https://doi.org/10.1016/j.beem.2021.101517
https://doi.org/10.1016/j.mce.2018.02.002
https://doi.org/10.1016/j.mce.2018.02.002
https://doi.org/10.7150/ijms.13267
https://doi.org/10.7150/ijms.13267
https://doi.org/10.1016/j.jhazmat.2023.132074
https://doi.org/10.1016/j.jhazmat.2023.132074
https://doi.org/10.1016/j.jhazmat.2023.132074
https://doi.org/10.1016/j.envint.2020.105811
https://doi.org/10.1016/j.envint.2020.105811
https://doi.org/10.1016/j.envint.2020.105811
https://doi.org/10.1016/j.pedneo.2023.04.011
https://doi.org/10.1016/j.pedneo.2023.04.011
https://doi.org/10.1016/j.chemosphere.2023.139023
https://doi.org/10.1016/j.chemosphere.2023.139023
https://doi.org/10.1016/j.envint.2021.106433
https://doi.org/10.1016/j.envint.2021.106433
https://doi.org/10.1016/j.envint.2021.106433
https://doi.org/10.1016/j.envint.2017.07.021
https://doi.org/10.1016/j.envint.2017.07.021
https://doi.org/10.1016/j.envint.2017.07.021
https://doi.org/10.1016/j.neuro.2017.07.027
https://doi.org/10.1016/j.neuro.2017.07.027
https://doi.org/10.1016/j.neuro.2017.07.027
https://doi.org/10.1186/s12940-018-0359-0
https://doi.org/10.1186/s12940-018-0359-0
https://doi.org/10.1186/s12940-018-0359-0
https://doi.org/10.1016/j.envint.2020.105692
https://doi.org/10.1016/j.envint.2020.105692
https://doi.org/10.1007/s12035-024-04160-1
https://doi.org/10.1007/s12035-024-04160-1
https://doi.org/10.1007/s12035-024-04160-1
https://doi.org/10.1016/j.brainres.2022.148068
https://doi.org/10.1016/j.brainres.2022.148068
https://doi.org/10.1016/j.brainres.2022.148068
https://doi.org/10.1016/j.neuro.2021.06.001
https://doi.org/10.1016/j.neuro.2021.06.001
https://doi.org/10.1016/j.neuro.2021.06.001
https://doi.org/10.1289/ehp.1408989
https://doi.org/10.1289/ehp.1408989
https://doi.org/10.1289/ehp.1408989
https://doi.org/10.1016/j.bbr.2021.113444
https://doi.org/10.1016/j.bbr.2021.113444
https://doi.org/10.1016/j.bbr.2021.113444
https://doi.org/10.1016/j.envpol.2023.122406
pubs.acs.org/EnvHealthPerspectives?ref=pdf
https://doi.org/10.1021/EHP.6c00297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Mechanism Involved in Neurodegenerative Diseases Induced in
Immature Mice by Combined Exposure to Polypropylene Micro-
plastics and DEHP. Environ. Pollut. 2023, 336, 122406.
(61) Wang, D. C.; Lin, H. T.; Lee, Y. J.; Yu, H. F.; Wu, S. R.; Qamar,
M. U. Recovery of BDNF and CB1R in the Prefrontal Cortex
Underlying Improvement of Working Memory in Prenatal DEHP-
Exposed Male Rats after Aerobic Exercise. Int. J. Mol. Sci. 2020, 21
(11), 3867.
(62) Lin, H.; Yuan, K.; Li, L.; Liu, S.; Li, S.; Hu, G.; Lian, Q. Q.; Ge,
R. S. In Utero Exposure to Diethylhexyl Phthalate Affects Rat Brain
Development: A Behavioral and Genomic Approach. Int. J. Environ.
Res. Public Health 2015, 12 (11), 13696−13710.
(63) Dai, Y.; Yang, Y.; Xu, X.; Hu, Y. Effects of Uterine and
Lactational Exposure to Di-(2-Ethylhexyl) Phthalate on Spatial
Memory and NMDA Receptor of Hippocampus in Mice. Horm.
Behav. 2015, 71, 41−48.
(64) Safarpour, S.; Zabihi, E.; Ghasemi-Kasman, M.; Nosratiyan, N.;
Feizi, F. Prenatal and Breastfeeding Exposure to Low Dose of
Diethylhexyl Phthalate Induces Behavioral Deficits and Exacerbates
Oxidative Stress in Rat Hippocampus. Food Chem. Toxicol. 2021, 154,
112322.
(65) Zhao, L. L.; Shen, R.; Sun, C. C.; Zhang, S. Y.; Wang, B.; Sun,
M. F.; Xu, D. X. Prenatal Di-(2-Ethylhexyl) Phthalate Maternal
Exposure Impairs the Spatial Memory of Adult Mouse Offspring in a
Phase- and Gender-Dependent Manner. Environ. Sci. Pollut. Res. Int.
2020, 27 (22), 28267−28275.
(66) Varshavsky, J. R.; Zota, A. R.; Woodruff, T. J. A Novel Method
for Calculating Potency-Weighted Cumulative Phthalates Exposure
with Implications for Identifying Racial/Ethnic Disparities among
U.S. Reproductive-Aged Women in NHANES 2001-2012. Environ.
Sci. Technol. 2016, 50 (19), 10616−10624.
(67) Zhang, X.; Qi, W.; Xu, Q.; Li, X.; Zhou, L.; Ye, L. Di(2-
Ethylhexyl) Phthalate (DEHP) and Thyroid: Biological Mechanisms
of Interference and Possible Clinical Implications. Environ. Sci. Pollut.
Res. Int. 2022, 29 (2), 1634−1644.
(68) Dong, J.; Fu, H.; Fu, Y.; You, M.; Li, X.; Wang, C.; Leng, K.;
Wang, Y.; Chen, J. Maternal Exposure to Di-(2-Ethylhexyl) Phthalate
Impairs Hippocampal Synaptic Plasticity in Male Offspring:
Involvement of Damage to Dendritic Spine Development. ACS
Chem. Neurosci. 2021, 12 (2), 311−322.
(69) Komada, M.; Nagao, T.; Kagawa, N. Postnatal Di-2-Ethylhexyl
Phthalate Exposure Affects Hippocampal Dentate Gyrus Morpho-
genesis. J. Appl. Toxicol. 2020, 40 (12), 1673−1682.
(70) Vilmand, M.; Beck, I. H.; Bilenberg, N.; Andersson, A. M.; Juul,
A.; Schoeters, G.; Boye, H.; Frederiksen, H.; Jensen, T. K. Prenatal
and Current Phthalate Exposure and Cognitive Development in 7-
Year-Old Children from the Odense Child Cohort. Neurotoxicol.
Teratol. 2023, 96, 107161.
(71) Tanner, E. M.; Hallerbäck, M. U.; Wikström, S.; Lindh, C.;
Kiviranta, H.; Gennings, C.; Bornehag, C. G. Early Prenatal Exposure
to Suspected Endocrine Disruptor Mixtures Is Associated with Lower
IQ at Age Seven. Environ. Int. 2020, 134, 105185.
(72) Li, N.; Papandonatos, G. D.; Calafat, A. M.; Yolton, K.;
Lanphear, B. P.; Chen, A.; Braun, J. M. Identifying Periods of
Susceptibility to the Impact of Phthalates on Children’s Cognitive
Abilities. Environ. Res. 2019, 172, 604−614.
(73) Kim, J. I.; Hong, Y. C.; Shin, C. H.; Lee, Y. A.; Lim, Y. H.; Kim,
B. N. The Effects of Maternal and Children Phthalate Exposure on the
Neurocognitive Function of 6-Year-Old Children. Environ. Res. 2017,
156, 519−525.
(74) Factor-Litvak, P.; Insel, B.; Calafat, A. M.; Liu, X.; Perera, F.;
Rauh, V. A.; Whyatt, R. M. Persistent Associations between Maternal
Prenatal Exposure to Phthalates on Child IQ at Age 7 Years. PLoS
One 2014, 9 (12), e114003.
(75) Ghassabian, A.; van den Dries, M.; Trasande, L.; Lamballais, S.;
Spaan, S.; Martinez-Moral, M. P.; Kannan, K.; Jaddoe, V. W. V.;
Engel, S. M.; Pronk, A.; White, T.; Tiemeier, H.; Guxens, M. Prenatal
Exposure to Common Plasticizers: A Longitudinal Study on

Phthalates, Brain Volumetric Measures, and IQ in Youth. Mol.
Psychiatry 2023, 28 (11), 4814−4822.
(76) Hyland, C.; Mora, A. M.; Kogut, K.; Calafat, A. M.; Harley, K.;
Deardorff, J.; Holland, N.; Eskenazi, B.; Sagiv, S. K. Prenatal Exposure
to Phthalates and Neurodevelopment in the CHAMACOS Cohort.
Environ. Health Perspect. 2019, 127 (10), 1.
(77) Lee, S. M.; Jeon, S.; Jeong, H. J.; Kim, B. N.; Kim, Y. Dibutyl
Phthalate Exposure during Gestation and Lactation in C57BL/6
Mice: Maternal Behavior and Neurodevelopment in Pups. Environ.
Res. 2020, 182, 109025.
(78) Mahaboob Basha, P.; Radha, M.J. Gestational and Lactational
Exposition to Di- n-Butyl Phthalate Increases Neurobehavioral
Perturbations in Rats: A Three Generational Comparative Study.
Toxicol. reports 2020, 7, 480−491.
(79) Li, Y.; Zhuang, M.; Li, T.; Shi, N. Neurobehavioral Toxicity
Study of Dibutyl Phthalate on Rats Following in Utero and
Lactational Exposure. J. Appl. Toxicol. 2009, 29 (7), 603−611.
(80) Li, Y.; Li, T.; Zhuang, M.; Wang, K.; Zhang, J.; Shi, N. High-
Dose Dibutyl Phthalate Improves Performance of F1 Generation
Male Rats in Spatial Learning and Increases Hippocampal BDNF
Expression Independent on p-CREB Immunocontent. Environ.
Toxicol. Pharmacol. 2010, 29 (1), 32−38.
(81) Mao, G.; Zhou, Z.; Chen, Y.; Wang, W.; Wu, X.; Feng, W.;
Cobbina, S. J.; Huang, J.; Zhang, Z.; Xu, H.; Yang, L.; Wu, X.
Neurological Toxicity of Individual and Mixtures of Low Dose
Arsenic, Mono and Di (n-Butyl) Phthalates on Sub-Chronic Exposure
to Mice. Biol. Trace Elem. Res. 2016, 170 (1), 183−193.
(82) Yan, B.; Ma, P.; Chen, S.; Cheng, H.; Tang, M.; Sun, Y.; Yang,
X.; Wu, Y.; Cheng, M. Nimodipine Attenuates Dibutyl Phthalate-
Induced Learning and Memory Impairment in Kun Ming Mice: An in
Vivo Study Based on Bioinformatics Analysis. Environ. Toxicol. 2021,
36 (5), 821−830.
(83) Mao, G.; Liu, H.; Ding, Y.; Zhang, W.; Chen, H.; Zhao, T.;
Feng, W.; Wu, X.; Yang, L. Evaluation of Combined Developmental
Neurological Toxicity of Di (n-Butyl) Phthalates and Lead Using
Immature Mice. Environ. Sci. Pollut. Res. Int. 2020, 27 (9), 9318−
9326.
(84) Lee, W.; Cho, J. H.; Lee, Y.; Lee, S.; Kim, D. H.; Ha, S.; Kondo,
Y.; Ishigami, A.; Chung, H. Y.; Lee, J. Dibutyl Phthalate Impairs
Neural Progenitor Cell Proliferation and Hippocampal Neurogenesis.
Food Chem. Toxicol. 2019, 129, 239−248.
(85) Yan, B.; Sun, Y.; Zeng, J.; Chen, Y.; Li, C.; Song, P.; Zhang, L.;
Yang, X.; Wu, Y.; Ma, P. Combined Use of Vitamin E and
Nimodipine Ameliorates Dibutyl Phthalate-Induced Memory Deficit
and Apoptosis in Mice by Inhibiting the ERK 1/2 Pathway. Toxicol.
Appl. Pharmacol. 2019, 368, 1−17.
(86) Ding, Y.; Lu, L.; Xuan, C.; Han, J.; Ye, S.; Cao, T.; Chen, W.;
Li, A.; Zhang, X. Di-n-Butyl Phthalate Exposure Negatively Influences
Structural and Functional Neuroplasticity via Rho-GTPase Signaling
Pathways. Food Chem. Toxicol. 2017, 105, 34−43.
(87) Farzanehfar, V.; Naderi, N.; Kobarfard, F.; Faizi, M.
Determination of Dibutyl Phthalate Neurobehavioral Toxicity in
Mice. Food Chem. Toxicol. 2016, 94, 221−226.
(88) Zhou, T.; He, S.; Ye, X.; Wei, Z.; Wan, J.; Zhang, H.; Ding, S.
Exposure to Dibutyl Phthalate Adsorbed to Multi-Walled Carbon
Nanotubes Causes Neurotoxicity in Mice by Inducing the Release of
BDNF. Sci. Total Environ. 2022, 852, 158319.
(89) Ishido, M.; Suzuki, J. Classification of Phthalates Based on an in
Vitro Neurosphere Assay Using Rat Mesencephalic Neural Stem
Cells. J. Toxicol. Sci. 2014, 39 (1), 25−32.
(90) Weaver, J. A.; Beverly, B. E. J.; Keshava, N.; Mudipalli, A.;
Arzuaga, X.; Cai, C.; Hotchkiss, A. K.; Makris, S. L.; Yost, E. E.
Hazards of Diethyl Phthalate (DEP) Exposure: A Systematic Review
of Animal Toxicology Studies. Environ. Int. 2020, 145, 105848.
(91) Radke, E. G.; Braun, J. M.; Meeker, J. D.; Cooper, G. S.
Phthalate Exposure and Male Reproductive Outcomes: A Systematic
Review of the Human Epidemiological Evidence. Environ. Int. 2018,
121, 764−793.

Environmental Health Perspectives pubs.acs.org/EnvHealthPerspectives Article

https://doi.org/10.1021/EHP.6c00297
Environ. Health Perspect. XXXX, XXX, XXX−XXX

M

D
ow

nloaded from
 pubs.​acs.​org/​evhpaz/​article-pdf/​doi/​10.​1021/​EH

P.​6c00297/​68908977/​ehp.​6c00297.​pdf by guest on 20 O
ctober 2026

https://doi.org/10.1016/j.envpol.2023.122406
https://doi.org/10.1016/j.envpol.2023.122406
https://doi.org/10.1016/j.envpol.2023.122406
https://doi.org/10.3390/ijms21113867
https://doi.org/10.3390/ijms21113867
https://doi.org/10.3390/ijms21113867
https://doi.org/10.3390/ijerph121113696
https://doi.org/10.3390/ijerph121113696
https://doi.org/10.1016/j.yhbeh.2015.03.008
https://doi.org/10.1016/j.yhbeh.2015.03.008
https://doi.org/10.1016/j.yhbeh.2015.03.008
https://doi.org/10.1016/j.fct.2021.112322
https://doi.org/10.1016/j.fct.2021.112322
https://doi.org/10.1016/j.fct.2021.112322
https://doi.org/10.1007/s11356-020-09181-6
https://doi.org/10.1007/s11356-020-09181-6
https://doi.org/10.1007/s11356-020-09181-6
https://doi.org/10.1021/acs.est.6b00522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b00522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b00522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b00522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11356-021-17027-y
https://doi.org/10.1007/s11356-021-17027-y
https://doi.org/10.1007/s11356-021-17027-y
https://doi.org/10.1021/acschemneuro.0c00612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.0c00612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.0c00612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jat.4027
https://doi.org/10.1002/jat.4027
https://doi.org/10.1002/jat.4027
https://doi.org/10.1016/j.ntt.2023.107161
https://doi.org/10.1016/j.ntt.2023.107161
https://doi.org/10.1016/j.ntt.2023.107161
https://doi.org/10.1016/j.envint.2019.105185
https://doi.org/10.1016/j.envint.2019.105185
https://doi.org/10.1016/j.envint.2019.105185
https://doi.org/10.1016/j.envres.2019.03.009
https://doi.org/10.1016/j.envres.2019.03.009
https://doi.org/10.1016/j.envres.2019.03.009
https://doi.org/10.1016/j.envres.2017.04.003
https://doi.org/10.1016/j.envres.2017.04.003
https://doi.org/10.1371/journal.pone.0114003
https://doi.org/10.1371/journal.pone.0114003
https://doi.org/10.1038/s41380-023-02225-6
https://doi.org/10.1038/s41380-023-02225-6
https://doi.org/10.1038/s41380-023-02225-6
https://doi.org/10.1289/EHP5165
https://doi.org/10.1289/EHP5165
https://doi.org/10.1016/j.envres.2019.109025
https://doi.org/10.1016/j.envres.2019.109025
https://doi.org/10.1016/j.envres.2019.109025
https://doi.org/10.1016/J.TOXREP.2020.03.006
https://doi.org/10.1016/J.TOXREP.2020.03.006
https://doi.org/10.1016/J.TOXREP.2020.03.006
https://doi.org/10.1002/jat.1447
https://doi.org/10.1002/jat.1447
https://doi.org/10.1002/jat.1447
https://doi.org/10.1016/j.etap.2009.09.003
https://doi.org/10.1016/j.etap.2009.09.003
https://doi.org/10.1016/j.etap.2009.09.003
https://doi.org/10.1016/j.etap.2009.09.003
https://doi.org/10.1007/s12011-015-0457-6
https://doi.org/10.1007/s12011-015-0457-6
https://doi.org/10.1007/s12011-015-0457-6
https://doi.org/10.1002/tox.23084
https://doi.org/10.1002/tox.23084
https://doi.org/10.1002/tox.23084
https://doi.org/10.1007/s11356-019-06692-9
https://doi.org/10.1007/s11356-019-06692-9
https://doi.org/10.1007/s11356-019-06692-9
https://doi.org/10.1016/j.fct.2019.04.040
https://doi.org/10.1016/j.fct.2019.04.040
https://doi.org/10.1016/j.taap.2019.02.008
https://doi.org/10.1016/j.taap.2019.02.008
https://doi.org/10.1016/j.taap.2019.02.008
https://doi.org/10.1016/j.fct.2017.03.057
https://doi.org/10.1016/j.fct.2017.03.057
https://doi.org/10.1016/j.fct.2017.03.057
https://doi.org/10.1016/j.fct.2016.05.006
https://doi.org/10.1016/j.fct.2016.05.006
https://doi.org/10.1016/j.scitotenv.2022.158319
https://doi.org/10.1016/j.scitotenv.2022.158319
https://doi.org/10.1016/j.scitotenv.2022.158319
https://doi.org/10.2131/jts.39.25
https://doi.org/10.2131/jts.39.25
https://doi.org/10.2131/jts.39.25
https://doi.org/10.1016/j.envint.2020.105848
https://doi.org/10.1016/j.envint.2020.105848
https://doi.org/10.1016/J.ENVINT.2018.07.029
https://doi.org/10.1016/J.ENVINT.2018.07.029
pubs.acs.org/EnvHealthPerspectives?ref=pdf
https://doi.org/10.1021/EHP.6c00297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(92) Fiocchetti, M.; Bastari, G.; Cipolletti, M.; Leone, S.; Acconcia,
F.; Marino, M. The Peculiar Estrogenicity of Diethyl Phthalate:
Modulation of Estrogen Receptor α Activities in the Proliferation of
Breast Cancer Cells. Toxics 2021, 9 (10), 237.
(93) Skórkowska, A.; Maciejska, A.; Pomierny, B.; Krzyżanowska,
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