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ABSTRACT

STUDY QUESTION: Is exposure to environmental chemicals associated with modifications of placental morphology and function?

SUMMARY ANSWER: Phthalates, a class of ubiquitous chemicals, showed an association with altered placental weight, placental
vascular resistance (PVR), and placental efficiency.

WHAT IS KNOWN ALREADY: Only a few epidemiological studies have assessed the effects of phenols and phthalates on placental
health. Their results were affected by exposure measurement errors linked to the rapid excretion of these compounds and the reli-
ance on a limited number of spot urine samples to assess exposure.

STUDY DESIGN, SIZE, DURATION: A prospective mother—child cohort, with improved exposure assessment for non-persistent
chemicals, recruited participants between 2014 and 2017. Sample size ranged between 355 (placental parameters measured at birth:
placental weight and placental-to-fetal weight ratio (PFR): a proxy for placental efficiency) and 426 (placental parameters measured
during pregnancy: placental thickness and vascular resistance).

PARTICIPANTS/MATERIALS, SETTING, METHODS: Phenols (four parabens, two bisphenols, triclosan, and benzophenone-3), 13
phthalate metabolites, and two non-phthalate plasticizer metabolites were measured in within-subject pools of repeated urine sam-
ples collected during the second and third trimesters of pregnancy (median = 21 samples/trimester/woman). Placental thickness and
PVR were measured during pregnancy. The placenta was weighed at birth and the PFR was computed. Both adjusted linear regres-
sion and Bayesian Kernel Machine Regression were used to evaluate associations between phenols and phthalates (alone or as a mix-
ture) and placental parameters. Effect modification by child sex was also investigated.

MAIN RESULTS AND THE ROLE OF CHANCGE: Several phthalate metabolites were negatively associated with placental outcomes.
Monobenzyl phthalate (MBzP) concentrations, during the second and third trimesters of pregnancy, were associated with a decrease
in both placental weight at birth ( = —20.1g [95% CI: —37.8; —2.5] and = —17.4 g [95% CI: —33.2; —1.6], for second and third trimester,
respectively) and PFR (8 = —0.5 [95% CI: —1, —0.1] and g = —0.5 [95% CI: —0.9, —0.1], for the second and third trimester, respectively).
Additionally, MBzP was negatively associated with PVR during the third trimester (8= —0.9 [95% CI: —1.8; 0.1]). Mono-n-butyl phthal-
ate (MnBP), was negatively associated with PVR in both trimesters (4 = —1.3, 95% CI: [-2.3, —0.2], and g = —1.2, 95% CI: [-2.4, —0.03], for
the second and third trimester, respectively). After stratification for child sex, = diisononyl phthalate (DiNP) (either second or third-
trimester exposures, depending on the outcomes considered) was associated with decreased PVR in the third trimester, as well as de-
creased placental weight and PFR in males. No associations were observed for phenol biomarkers.

LIMITATIONS, REASONS FOR CAUTION: False positives cannot be ruled out. Therefore, chemicals that were associated with multi-
ple outcomes (MnBP and DiNP) or reported in existing literature as associated with placental outcomes (MBzP) should be considered
as the main results.

WIDER IMPLICATIONS OF THE FINDINGS: Our results are consistent with in vitro studies showing that phthalates target peroxisome
proliferator-activated receptor vy, in the family of nuclear receptors involved in key placental development processes such as tropho-
blast proliferation, migration, and invasion. In addition to placental weight at birth, we studied placental parameters during preg-
nancy, which could provide a broader view of how environmental chemicals affect maternal-fetal exchanges over the course of preg-
nancy. Our findings contribute to the increasing evidence indicating adverse impacts of phthalate exposure on placental health.
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WHAT DOES THIS MEAN FOR PATIENTS?

The present study looked at whether exposure to phthalates and synthetic phenols can affect the health and growth of the placenta, a
crucial organ for fetal development. These compounds are notorious for their widespread exposure because of their presence in numer-
ous everyday products, such as food packaging, cosmetic products, and building materials. We relied on innovative methodologies to in-
vestigate the associations between phenols and phthalates (studied individually or as a mixture) and placental morphology and efficiency,
assessed during pregnancy and at birth. Our results suggested that several phthalates, including butyl-benzyl phthalate (BBzP), and Di-n-
butyl phthalate (DnBP) were associated with a decrease in placental weight and efficiency. Furthermore, our study indicated that some
effects were modulated by the sex of the fetus, resulting in stronger associations for males. Given the key roles played by the placenta dur-

ing the whole pregnancy, and the widespread exposure to phthalates, consequences for the fetus and mothers may be substantial.

Introduction

The Developmental Origins of Health and Disease (DOHaD) para-
digm emphasizes the crucial influence of early-life exposures on
future health. The placenta, the main interface between the
mother and the fetus, likely plays a pivotal role in child health
programming. Changes in placental weight and placental-to-
fetal weight ratio (PFR)—a proxy for placental efficiency—have
indeed been associated with adverse health outcomes at birth
(e.g. higher risk of cryptorchidism with lower placental weight
(Arendt et al., 2016), lower Apgar score (Bonds et al., 1984), and in-
creased risk of being small-for-gestational-age (Miwa et al., 2014;
Schwartz et al., 2014)) and later in life such as increased risk of
death owing to cardiovascular diseases (Risnes et al., 2009).
Environmental factors, such as exposure to endocrine disrupt-
ing compounds, may affect the placenta, as demonstrated by
toxicological studies (Zong et al.,, 2015; Mduller et al., 2018; Blake
et al., 2020; Jiang et al., 2020; Profita et al., 2021). Among these are
the synthetic phenol and phthalate families, to which the general
population is ubiquitously exposed (Haug et al., 2018; Rolland
et al., 2020; Philippat et al., 2021). Two epidemiological studies re-
lying on the same large cohort (n ~ 2720), reported positive asso-
ciations between several phthalate metabolites and placental
thickness, breadth, length, and weight, and negative associations
with the PFR (Zhu et al., 2018; Gao et al., 2022). Studies investigat-
ing phenol exposure, despite generally having smaller sample
sizes (N between 91 and 488), successfully identified negative
associations between triclosan (Ferguson et al., 2018; Philippat
et al., 2019), benzophenone-3 (Philippat et al., 2019), and placental
weight. Interestingly, a contrasting result was observed for
bisphenol A, wherein a positive association was reported (Casas
et al., 2016). Unfortunately, these studies were limited by the low
number of urine samples used to assess exposure (from one

(Philippat et al., 2019) to three (Gao et al., 2022)), which may be in-
adequate in capturing pregnancy exposure owing to the high
temporal variability reported for some compounds (Casas et al.,
2018; Rolland et al., 2020; Philippat et al., 2021). This limitation
could potentially lead to measurement errors and biased effect
estimates towards the null (Perrier et al., 2016).

With one exception (Gao et al., 2022), compounds were studied
individually, even though pregnant women are simultaneously
exposed to multiple phenols and phthalates that can share
modes of action. Moreover, the effect of a few replacement com-
pounds, such as bisphenol S and, 1,2-cyclohexane dicarboxylic
acid diisononyl ester (DINCH) (replacements for bisphenol A and
di(2-ethylhexyl) phthalate (DEHP) respectively), have not been
studied despite data showing increased exposure over time
(Gyllenhammar et al, 2017; Kasper-Sonnenberg et al., 2019;
Frederiksen et al., 2020) and toxicological studies suggesting that
they may affect the placenta development (Gingrich et al., 2018;
Profita et al., 2021).

We aimed to investigate the associations between exposure to
phenols and phthalates (including bisphenol S and DINCH), indi-
vidually and as a mixture, and placental health parameters mea-
sured both during pregnancy and at birth. We relied on multiple
urine samples collected throughout pregnancy to enhance expo-
sure assessment.

Materials and methods

Study population and recruitment

This study relied on a subsample of the French mother—child co-
hort SEPAGES (Lyon-Caen et al., 2019), which recruited 484 preg-
nant women between July 2014 and July 2017. Inclusion criteria
included: being older than 18years old, being under 19 gesta-
tional weeks, singleton pregnancy, living in the study area
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(within 80km of the center of Grenoble), and planning to deliver
in one of the four maternity wards of Grenoble. The majority of
the participants (90%) were recruited in ultrasound clinics.

Among the 484 included women, 479 provided urine samples
during pregnancy, which were measured for phenol and phthal-
ate metabolites. Among them, 426 had at least one ultrasound or
Doppler measurement of placental thickness or placental vascu-
lar resistance (PVR) (second or third trimester), and for 355, infor-
mation on placental weight at birth was available. A flowchart of
the study population is displayed in Supplementary Fig. S1.

Outcomes: placental morphometry and placental
vascular resistance

Doppler ultrasound of the umbilical artery was performed in the
second (N=380) and third (N=388) trimester of the pregnancy,
allowing for the estimation of PVR, also known as the resistance
index. PVR was expressed as a percentage and automatically
computed from the systolic and diastolic umbilical blood flow by
the Doppler instruments using the following formulae:

Systolic velocity — Diastolic velocity
Systolic Velocity

PVR =

An abnormal PVR often reflects atypical blood flow patterns
in fetal circulation and can serve as an indicator of unfavorable
fetal prognosis. Notably, a high PVR may prompt interventions
such as early delivery (Rizzo et al., 2021).

Placental thickness was measured by ultrasonography in the
second trimester (N =392).

At birth, the placenta was weighed by the medical staff. Birth
weight was extracted from the medical record and used to com-
pute the PFR, using the following formula:

Placental weight

PFR = 30 weight

x 100

The PFR offers insights into placental efficiency in relation to
fetal growth. A relatively small placenta compared to the fetus
might suggest that it struggles to adequately support fetal devel-
opment (Salavati et al., 2019).

Urine collection

Women were asked to collect three urine samples per day, over a
period of 1week. This process occurred twice during pregnancy
(gestational age at the second and third trimester collection
weeks (mean + SD): 18 +2 and 34 + 2 weeks, respectively). Samples
were stored in the participants’ freezer until collection by a
SEPAGES field worker. After collection, samples were transported
on dry ice to a certified biobank (ISO-9001 standard, Grenoble
University Hospital, bb-0033-00069). For each subject, weekly
pools were created using an equal volume of all voids collected
over each urine collection week. Research conducted by Philippat
and Calafat in 2021 found that pooling urine samples collected
over a week provided similar accuracy to the results obtained us-
ing methods which considered the volume or dilution of individ-
ual samples. Moreover, pooling allows for estimating biomarker
concentrations in a way that is comparable to analyzing all the
urine produced in that week (Philippat and Calafat, 2021).

Exposures: urinary concentrations of phenol and
phthalate metabolites

Aliquots of each available pool were stored at —80°C in the bio-
bank, before being sent on dry ice to the Norwegian Institute for
Public Health for measurement of eight phenols, 13 phthalate

metabolites, and two non-phthalate plasticizer metabolites.
Phthalates and DINCH biomarkers were analyzed using high-
performance liquid chromatography coupled to mass spectrome-
try (HPLC MS/MS (Sabaredzovic et al., 2015)). Phenols were mea-
sured using ultra-high-performance liquid chromatography
coupled to mass spectrometry (UPLC MS/MS (Sakhi et al., 2018)).
Procedural blanks, in-house quality controls, and standard refer-
ence material (SRM 3673) from the National Institute of
Standards and Technology were analyzed along with the samples
in the aforementioned methods. Accuracy ranged from 70% to
126%, and the precision, given as relative SD, was below 26% for
phenols, phthalates, and DINCH metabolites. The free and conju-
gated forms of phenol biomarkers were measured in samples
from 50 women. Based on the preliminary measurements, exter-
nal contamination was not detected (Rolland et al, 2020).
Therefore, for the remaining women in the study, we conducted
analysis on the total form (free + conjugated).

Statistical analysis

Urinary concentrations

When the detection rate was lower than 30%, urinary concentra-
tions were dichotomized (below versus above the limit of detec-
tion (LOD)). For compounds with higher detection rates, we
individually imputed values below LOD and between LOD and
the limit of quantification (LOQ) by randomly selecting values
randomly picked up between 0 and LOD, and LOD and LOQ, re-
spectively, based on the estimated distribution of the metabolite
(Lubin et al., 2004).

After imputation, urinary concentrations were corrected for
the following technical variables: transport time of the urine be-
tween participants’ house and biobank, and time spent unfrozen
during pooling procedure and analytical batches. This step was
performed if the above-mentioned conditions were associated
with the concentration of the biomarker. To determine the need
for correction, we first studied the associations between the con-
ditions mentioned above and each biomarker concentration us-
ing adjusted linear regression models. We then used the effect
estimate of each sampling condition associated with the given
biomarker urinary concentration (P-value < 0.2) and the mea-
sured concentrations to predict the concentrations that would
have been obtained if all women had their urine samples proc-
essed under the same conditions (Mortamais et al., 2012; Guilbert
etal., 2021) (Supplementary Table S1).

The molar sums of all the metabolites that belonged to the
same parent compound (DEHP, DINCH, and diisononyl phthalate
(DINP)) were computed (Supplementary Table S2).

Covariates selection, imputation, and coding

Confounders shown in the directed acyclic graph (DAG) were se-
lected a priori (Supplementary Fig. S2). Variables identified as
confounders or predictors of the outcome were included as ad-
justment factors in our final model, resulting in the following list
of covariates: maternal parity (nulliparous vs uni/multiparous),
maternal age at conception, a maternal education level (up to
2years after high school/between 3 and 4 years/S years or more),
maternal active smoking during any trimester of pregnancy (No/
Yes), maternal passive smoking during any trimester of preg-
nancy (exposed to <1 cigarette per week/exposed to one cigarette
per week or more), maternal pre-pregnancy BMI, gestational age
at birth or at the ultrasound measurement depending on the out-
comes and infant'’s sex (female/male). We also adjusted for place
of delivery for outcomes measured at birth (i.e. placental weight
and PFR).
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Missing values for covariates were generally low (<10%,
Supplementary Table S3) and we singly imputed them using the
median in the study population (continuous variables) or the
most prevalent level (categorical variables).

Adjusted association with placental parameters:
single-chemical models

We first constructed one model per exposure/outcome pair,
encompassing all combinations between our exposures and five
outcomes (two in the second trimester, one in the third trimester,
and two at birth). Models were adjusted on the relevant covari-
ates based on the timing of the outcome.

Owing to the reporting of non-linear associations (Gao et al.,
2022), each phenol and phthalate concentration was first broken
down into terciles, before being placed in an adjusted regression
model against placental weight.

This allowed us to compute the P-value for heterogeneity be-
tween the terciles with Wald’s test. To estimate a P-trend, repre-
senting a trend across all the terciles, the median of each terciles
was taken and used in the regression models against placental
weight. A low Wald’s test P-value and a high P-trend was consid-
ered as a non-linear response. For compounds that did not sug-
gest a non-linear relationship in our above-mentioned analysis,
we relied on the continuous biomarker concentrations (In-trans-
formed) in our model.

Since previous studies have reported a possible effect modifi-
cation by the infant’s sex (Matsuda et al., 2015; Casas et al., 2016;
Ogawa et al., 2016), an interaction term between biomarker uri-
nary concentration and the infant’s sex was added in the third
set of models. For interaction, P-values equal to or lower than
0.1, an additional sex stratification analysis was performed.

Additional sensitivity analysis (single-chemical models)
To evaluate the robustness of our single-chemical analysis, sev-
eral sensitivity analyses were performed.

Women with missing placental weight at birth were observed
to have a higher likelihood of delivering in maternity ward 1 and
undergoing a C-section (Supplementary Table S3). Hence, to miti-
gate potential selection bias, we conducted an additional analy-
sis, using inverse probability weighting (IPW) (Herndn and
Robins, 2020). For each participant, we assigned a weight equal to
the inverse of the probability of having a placental weight, and
thus of being integrated in the main analysis.

To compute this weight, we ran a logistic regression model to
predict the probability that a woman had a placental weight
measurement. The covariates included in this model were all the
main model’s covariates, plus the mode of delivery. The inverse
of this probability was then utilized as a weight for the individual
chemical models investigating associations with placental weight
and PFR.

We evaluated the impact of influential values by estimating
studentized residuals and excluding participants whose residual
values were outside the —3, 3 range (N of excluded values ranged
between 0 and 5 depending on the exposure-outcome pair).

A previous study suggested that, for bisphenol A, accounting
for urine dilution when using equal volume pools was not suit-
able (Philippat and Calafat, 2021), hence biomarker urinary con-
centrations were not corrected for specific gravity in our main
analysis. However, since the aforementioned study focused on
only two substances (bisphenol A and triclosan), we performed
an additional sensitivity analysis using biomarker concentration
corrected for specific gravity, a marker of urine dilution.

Finally, because gestational age at birth could be on the causal
pathway (DAG, Supplementary Fig. S2), we also ran new models
without gestational age as a covariate.

Adjusted association with placental parameters:
mixture models

We used Bayesian Kernel Model Regression (BKMR, R package:
{bkmr}, (Bobb et al.,, 2015)) to assess the effect of the chemical
mixtures on placental outcomes. Chemicals were grouped per
trimester and each model was run for 50,000 iterations. BKMR
only accepts numerical variables, thereby bisphenol S and butyl
paraben were not considered for this analysis. Results were eval-
uated graphically. We plotted the expected change in each pla-
cental outcome with a concomitant increase in quantiles of all
exposure biomarkers included in the mixture, relative to when
they are fixed at the 10th percentile. This analysis was performed
in the whole population as well as after stratification for
child sex.

We established statistical significance at a P-value below 0.05.
A P-value ranging from 0.05 to 0.10 was viewed as potentially in-
dicative of a relationship if it followed a pattern of associations (i.
e. a non-isolated association). For the discussion and conclusion
sections, we have only considered chemicals that were either as-
sociated with several outcomes and/or have shown an associa-
tion with placental outcomes in the existing literature.

Analyses were performed using R 4.2.1 (R Foundation, Vienna,
Austria). Packages used included targets for analysis pipeline
management, dplyr for dataframe manipulation, future for par-
allelization, tibble for dataframe manipulation, gtsummary for
publication-ready table production, corrplot for correlation
plots, mice for handling multiple imputations, stringr for strings
(character chains) manipulation, bkmr for running BKMR model
and tidymodels for model creation. The code is available at
https://gricad-gitlab.univ-grenoble-alpes.fr/iab-env-epi/jovanovic_
exploring 2023.

Ethics approval

Ethical agreements were obtained from the CPP (Comité de
Protection des Personnes Sud-Est V) and the Commission
Nationale de l'Informatique et des Libertés (CNIL), the French
data privacy institution. All participants provided written in-
formed consent before enrollment.

Results
Study population description

Most of the participants had a high level of education, with 56%
having a Master’'s degree or higher (Supplementary Table S3).
Tobacco exposure was limited, with 93% non-smokers and 81%
not exposed to passive smoke during the pregnancy. The mean
age at conception was 32 years, with the majority (55%) of partici-
pants having already given birth to a child. The male-to-female
ratio at birth was 1.13. The median of gestation duration was at
40weeks. Mean placental weight and birthweight were 533 g and
3,309 g, respectively (Supplementary Table S4). Spearman corre-
lation coefficients between placental outcomes were low (< 0.15,
Supplementary Fig. S3), except between placental weight and
PFR, since the former was used to calculate the latter (tho=0.74).

Exposure assessment
The median number of urine samples per urine collection week
was 21 (25" percentile: 20; 75 percentile: 21).

Bisphenols F, B, AF, and triclocarban were detected in <2% of
the pooled urine samples and were not considered in the
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statistical analyses. Butyl paraben and bisphenol S detection
rates were < 30% regardless of the pregnancy period and thus
were dichotomized. Except for propyl paraben, which had a de-
tection rate between 78% and 79%, all other metabolites were
detected in at least 98% of the samples (Table 1).

Adjusted associations with placental health:
single-chemical models

Our analysis relying on exposure coded in terciles did not high-
light major deviations from the linearity for most chemicals
(Supplementary Table S5), and thus biomarker concentrations
were evaluated as continuous variables in subsequent models.

Phthalates

Several phthalate metabolites were negatively associated with
placental outcomes. Every unit increase in the In-transformed
monobenzyl phthalate (MBzP) urinary concentration was associ-
ated with a reduction in placental weight (8 = —20.1g [95% CI:
—37.8; —2.5] and p = —17.4g [95% CI. —33.2; —1.6] for exposure in
the second and third trimester, respectively) and PFR at birth (§ =
—0.5% [95% CI: —1, —0.1] and g = —0.5% [95% CI: —0.9, —0.1] for
second and third trimester, respectively). MBzP in the third tri-
mester also tended to be associated with a decrease in PVR mea-
sured in the third trimester (8 = —0.9% [95% CI: —1.8; 0.1]) (Fig. 1,
Supplementary Table S6). Since the P-value for interaction was
0.1, sex stratification was performed, revealing negative associa-
tions with placental and PFR for males only (N =190 males, Fig. 2,
Supplementary Table S7).

MnBP was associated with a reduction of PVR in both second
(= —1.3%, 95% CI: [-2.4, —0.2]) and third trimesters ( = -1.2%
[95% CI: —2.4, —0.03]). After stratification for child sex, MnBP in

the third trimester also tended to be negatively associated with
PFR and placental weight in males but positively in
females (Fig. 2).

MiBP exposure in both trimesters was associated with a de-
crease in PVR in the third trimester (8 = —1.3% [95% CI: -2.5,
—0.1] and g = =1.2% [95% CI: —2.3, —0.2], for exposure in the sec-
ond and third trimester, respectively). Interaction with child sex
was seen and this negative association persisted for the third tri-
mester in females alone (Fig. 2 and Supplementary Table S7).

We were unable to capture any significant associations be-
tween the remaining phthalates metabolized and placental
parameters in the studied population. However, effect modifica-
tion by child sex was suggested for ZDINP (interaction P-val-
ue=0.1). After stratification, this compound (either second or
third trimester exposures, depending on the outcomes) was asso-
ciated with a decreased PVR in the third trimester, placental
weight, and PFR in males, but not in females (Fig. 2 and
Supplementary Table S7).

Phenols

We did not observe any association between phenol biomarkers
and placental parameters (Figs. 3 and 4 and Supplementary
Table S6).

Sensitivity analysis: single-chemical models

Overall, our sensitivity analysis mirrored the insights gleaned
from the main analysis.

When IPW was applied to account for potential selection bias,
the associations observed in our main analysis with PFR and pla-
cental weight were preserved (Supplementary Table S8). The sex-
specific association between EDINP in the third trimester and

Table 1. Standardized urinary concentrations of phenols and phthalates among pregnant women of the ultrasound group.

Second trimester (N =469)

Third trimester (N =469)

Chemical LOD LoQ %>LOD %>L0Q 33th Median 66th %>LOD %>LOQ 33th Median 66th
Bisphenol A 0.04 0.1 99.6 99.4 14 1.84 25 98.4 98 1.22 1.67 2.31
Bisphenol S 0.1 0.4 24.4 20.6 — — — 27.7 22.1 — — —

Methyl paraben 0.04 0.1 100 100 6.7 11.2 22.97 100 100 6.73 11.58 24.76
Ethyl paraben 0.04 0.1 99.8 99.8 0.6 0.89 1.32 99.8 99.3 0.61 0.92 1.37
Propyl paraben 0.04 0.1 79.2 67.9 0.1 0.34 1.55 78.1 66.5 0.09 0.44 1.9

Butyl paraben 0.07 0.2 24.6 10.7 — — — 23.9 12.1 — — —

Triclosan 0.04 0.1 98.5 98.5 0.6 0.92 1.57 98.2 98 0.57 0.87 1.37
Benzophenone-3 0.04 0.1 100 98.7 0.5 0.83 1.47 99.8 98.9 0.47 0.72 1.21
MEP 0.2 0.5 100 100 14.9 23.91 36.45 100 100 12.91 20.93 30.96
OH-MPHP 0.07 0.2 100 99.6 0.8 0.86 1.02 100 99.6 0.7 0.82 0.94
MBzP 0.07 0.2 100 100 3.50 4.44 5.76 100 100 3.19 4.14 5.6

MiBP 0.2 0.5 100 100 12.2 14.79 19.59 100 100 11.29 14.6 18.88
MnBP 0.2 0.5 100 100 8.72 10.55 13.52 100 100 8.66 11.25 13.92
MEHP 0.2 0.5 100 99.1 1.74 2.35 3.22 99.8 94.6 1.33 1.92 2.55
MEHHP 0.2 0.5 100 100 5.66 6.94 9.04 100 100 541 7.11 8.97
MEOHP 0.2 0.5 100 100 3.99 4.89 6.67 100 100 4.03 5.27 6.52
MECPP 0.7 2 100 99.8 8.42 9.78 12.15 100 100 8.05 10.01 12.38
MMCHP 0.7 2 99.4 99.1 6.27 7.47 9.27 99.6 99.6 6.27 7.53 9.13
>"DEHP — — — — 0.09 0.11 0.13 — — 0.09 0.11 0.13
oxo-MINCH 0.07 0.2 100 99.8 1.15 1.5 1.95 100 99.8 1.11 1.53 2.06
oh-MINCH 0.07 0.2 100 100 1.32 1.73 2.38 100 100 1.2 1.63 2.14
> DINCH — — — — 0.01 0.01 0.01 — — 0.01 0.01 0.01
0x0-MINP 0.1 0.25 100 99.6 1.6 2.18 2.83 100 100 1.55 2.01 2.73
oh-MiNP 0.1 0.25 100 100 3.44 4.94 7.81 100 100 3.12 4.48 6.63
cx-MiNP 0.4 1 100 100 3.89 4.68 5.89 100 100 3.68 4.46 5.34
> DiNP — — — — 0.03 0.04 0.06 — — 0.03 0.04 0.05

Data are pg/l or pmol/l for molar sum. Bisphenols F-B-AF and triclocarban are not displayed here because they were detected in <2% of the pooled urine samples.
>~, molar sum; MEP, monoethyl phthalate; MnBP, mono-n-butyl phthalate; MiBP, mono-isobutyl phthalate; MBzP, monobenzyl phthalate; OH-MPHP, 6-hydroxy-
mono-propyl-heptyl phthalate; MEHP, mono(2-ethylhexyl) phthalate; MEHHP, mono(2-ethyl-5-hydroxyhexyl) phthalate; MEOHP, mono(2-ethyl-5oxohexyl)
phthalate; MECPP, mono(2-ethyl-5-carboxypentyl) phthalate; MMCHP, mono-2-carboxymethyl hexyl phthalate; oxo-MiNP, mono-4-methyl-7-oxooctyl phthalate;
OH-MiNP, mono-4-methyl-7-hydroxyoctyl phthalate; cx-MiNP, mono-4-methyl-7-carboxyoctylphthalate; oxo-MINCH, 2-(((4-Methyl-7oxyooctyl)oxy)carbonyl)
cyclohexanecarboxylicacid; OH-MINCH, 2-(((Hydroxy-4-methyloctyl)oxy)carbonyl)cyclohexanecarboxylic acid; DINCH, di(isononyl)cyclohexane-1,2-dicarboxylate;
DiNP, diisononyl phthalate; DEHP, di(2-ethylhexyl) phthalate; LOQ, limit of quantification; LOD, limit of detection.


https://academic.oup.com/hropen/article-lookup/doi/10.1093/hropen/hoae018#supplementary-data
https://academic.oup.com/hropen/article-lookup/doi/10.1093/hropen/hoae018#supplementary-data
https://academic.oup.com/hropen/article-lookup/doi/10.1093/hropen/hoae018#supplementary-data
https://academic.oup.com/hropen/article-lookup/doi/10.1093/hropen/hoae018#supplementary-data
https://academic.oup.com/hropen/article-lookup/doi/10.1093/hropen/hoae018#supplementary-data
https://academic.oup.com/hropen/article-lookup/doi/10.1093/hropen/hoae018#supplementary-data
https://academic.oup.com/hropen/article-lookup/doi/10.1093/hropen/hoae018#supplementary-data
https://academic.oup.com/hropen/article-lookup/doi/10.1093/hropen/hoae018#supplementary-data
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Figure 1. Adjusted associations between phthalate urinary biomarkers and placental parameters measured at birth and during pregnancy. MBzP,
monobenzyl phthalate; MEP, monoethyl phthalate; MnBP, mono-n-butyl phthalate; MiBP, mono-isobutyl phthalate; OH-MPHP: 6-hydroxy-mono-
propyl-heptyl phthalate; DEHP: di(2-ethylhexyl) phthalate; DiNP: diisononyl phthalate; 1,2-cyclohexane dicarboxylic acid diisononyl ester; T2: second
trimester; T3: third trimester; PFR: placental to foetal ratio; PVR, placental vascular resistance. Adjustment factors: maternal age, parity, education
level, active smoking, passive smoking, BMI before pregnancy, gestational duration, maternity ward. Placental thickness T2: N = 392; PVR T2: N = 380;
PVR T3: N = 388; PFR and placental weight: N = 355.

PVR T3 (%) PFR (%) Placental weight (g)
i i |
i ' i
! ' !
! ' !
! ' !
I '
! — T ] ————————
MBzP- . : ;
i = —— s ——
! ' !
! ' !
! ' !
! ' I
! ' !
! ' !
i ' !
! ' !
! ' !
i ' i
e [ ' 1
MiBP - : : : ;
) z ! Trimester
| i | ¢ 2
g i i | ¢ 3
E | : |
3 i . :
o ' ' ' Sex
! ' !
! ! ! ¢ Female
B - e
' [ ' Mal
MnBP- ! ' ! 4 Mae
—_— _—
: : :
! ' !
! ' !
! ' !
! ' !
! ' !
! ' !
! ' !
! ' !
| ' !
—_—— —_— —_.———
DiNP- § : ¢
N I N ! A :
i ' i
I ' !
! ' !
! ' i
i ' !
I ' !
' | ' I ' | ' '
2 0 2 1 0 1 50 25 0 25 50
Estimate

Figure 2. Analysis stratified by infant’s sex: adjusted associations between phthalate urinary biomarkers and placental parameters measured at
birth and during pregnancy. MnBP: mono-n-butyl phthalate; MiBP: mono-isobutyl phthalate; MBzP: monobenzyl phthalate; DiNP: diisononyl
phthalate; 1,2-cyclohexane dicarboxylic acid diisononyl ester; PVR, placental vascular resistance; PFR, placental-to-foetal-weight ratio; T3: third
trimester. Only associations for which there was a suggestion for an interaction (P-value for interaction < 0.1) are displayed.

placental weight in males (8 [95% CI] before/after: —24.4% [—49.1; After exclusion of influential values identified from studen-
0.3]/-20% [—44.4; 4.4]), and MnBP in the third trimester and PFR tized residuals (3-5 individuals depending of the outcome-
(8 [95% CI] before/after: —0.8% [—1.5; —0.01]/=0.7% [-1.4; 0.1]) in exposure pairs) the negative association observed between MBzP
males showed slight attenuation. in the third trimester and placental weight and PFR at birth were
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Figure 3. Adjusted associations between phenol urinary biomarkers and placental parameters measured at birth and during pregnancy. PFR,
placental-to-foetal-weight ratio; PVR, placental vascular resistance; T2, second trimester; T3, third trimester. Adjustment factors: maternal age, parity,
education level, active smoking, passive smoking, BMI before pregnancy, gestational duration, maternity ward. Placental thickness T2: N = 392; PVR

T2: N =380; PVR T3: N = 388; PFR and placental weight: N = 355.
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Figure 4. Analysis stratified by infant’s sex: adjusted associations between phenol urinary biomarkers and placental parameters measured at birth
and during pregnancy. PVR: placental vascular resistance; T2, second trimester. Only associations for which there was a suggestion for an interaction

(P-value for interaction < 0.1) are displayed.

slightly attenuated (8 for placental weight and PFR were —0.5%
[95% CI —0.9: —0.1] and —17.4% [95% CI —33.2; —1.6] after their ex-
clusion compared to —11.5% [95% CI: —26.8; 3.8] and —0.3% [95%
CIL (-0.6; 0.1]) (Supplementary Table S9).

When specific gravity was added as a technical variable for
the correction of exposure variables, all MBzP’s associations with
PFR and placental weight were reduced by a small percentage,
ranging from —5% to —22%. The most substantial change oc-
curred with MBzP in the second trimester and PFR (8 (95% CI) in
the main model versus the sg-corrected one: —0.5 (—1; —0.1) ver-
sus —0.4 (—=0.9; 0.1)) (Supplementary Table S10).

No substantial changes were observed when gestational age
was removed from the list of covariates (Supplementary
Table S11).

Mixture analysis (BKMR models)

Even though the BKMR models did not highlight any significant
associations with the mixture (Supplementary Figs S4, S5, S6, S7,
S8, S9, S10, S11, S12, S13), a downward trend was observed
mainly for PVR in the third trimester and PFR, both in males
(Supplementary Figs S9, S11). Post-integration probabilities are
available in Supplementary Table S12.


https://academic.oup.com/hropen/article-lookup/doi/10.1093/hropen/hoae018#supplementary-data
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Discussion

The aim of the present study was to determine whether exposure
during pregnancy to phenols and phthalates, individually or in a
mixture, had an impact on placental health. Repeated urine sam-
ples were collected to assess exposure. Our results revealed neg-
ative associations between individual phthalate metabolites,
namely MnBP, MBzP, and EDiNP (in males only) and placental
weight, PFR and PVR. When an interaction with child sex was
detected, effects were overall stronger for male neonates. We did
not observe any association with phenols, regardless of whether
the exposure was studied individually or as part of a mixture
(BKMR analysis).

The conclusions drawn from our study are intended for
population-level considerations and should not be extrapolated
to clinical implications. While applying these findings to global
child health is inherently complex, it is nevertheless crucial to
recognize the widespread nature of phthalate exposure and ac-
knowledge that even slight variations in placental and birth out-
comes across the entire population, influenced by contaminants,
could lead to significant changes at the extremes of the distribu-
tion. This, in turn, might result in an increased number of cases
with low birthweight and pregnancy complications.

Additionally, direct comparisons of our findings with past lit-
erature on the link between placental parameters and adverse
health outcomes may be challenging. This complexity arises
from use of continuous parameters in our study in contrast to
the categorical approach used in previous research (Moore et al.,
1999; Shehata et al., 2011; Miwa et al., 2014; Arendt et al., 2016).

Association between phenols and
placental parameters

We did not observe any association between the phenol bio-
markers and placental health.

This is concurrent with findings in the literature (Casas et al.,
2016; Ferguson et al., 2018). Contrastingly, associations with para-
bens (molar sum or ethyl paraben) have been reported (Philippat
et al., 2019; Vrijens et al., 2020). Contradictory results have been
reported, wherein the first study (restricted to male newborns)
reported positive associations with placental weight (Philippat
et al., 2019), while the second one reported a negative association
(Vrijens et al., 2020). Noteworthy is the difference in the measure-
ment of paraben concentration. In the second study, it was mea-
sured in the placenta, in contrast to the first study where urine
was used as the medium. The paraben concentrations measured
in our cohort—median urinary ethyl paraben concentration
0.7 ug/l—were significantly lower than those reported by
Philippat et al. (2019) (3.11ug/1). This disparity could potentially
account for the non-significant association observed.

Phthalates and placental parameters

According to our results, exposure to MBzP in both trimesters
tended to decrease placental weight and PFR at birth, especially
for male neonates. This finding has potential impact on fetal
health, as low placental weight has been associated with in-
creased umbilical artery pulsatility index at 20 weeks of gestation
(WG), a marker of reduced placental function and slower growth
of fetal abdominal circumference between 20 and 36 WG
(Salavatiet al., 2016). Although a low PFR could indicate good pla-
cental efficiency, it could also reflect a placenta working at maxi-
mum capacity for its size (Salavati et al., 2018). A low PFR has
been associated with adverse perinatal outcomes, such as low
Apgar scores and hyperbilirubinemia (Bonds et al., 1984). The link
between MBzP and placental parameters has also been

investigated extensively (Casas et al, 2016; Zhu et al., 2018;
Mustieles et al., 2019; Philippat et al., 2019). Casas et al. (2016)
found increased placental weight and PFR in males, contrary to
our findings. Interestingly, the other studies did not report any
associations for MBzP (Zhu et al., 2018; Mustieles et al., 2019;
Philippat et al.,, 2019). Notably, these studies either did not ex-
plore sex-specific associations (Mustieles et al., 2019; Philippat
et al., 2019), relied on a single urine sample (Philippat et al., 2019),
or assessed BBzP (the parent compound of MBzP) in cord blood, a
matrix not preferred for chemicals characterized by a short half-
life. (Zhu et al., 2018).

We found MnBP and =DiNP (only in males) to be negatively as-
sociated with PVR, suggesting greater exchanges between the
mother and the child. Although this is the first study investigat-
ing PVR in association with phthalates exposure, several other
studies looked at maternal blood pressure, which may be some-
what associated with PVR. One study found an association be-
tween some phthalate metabolites (mainly MEP and MiBP) and
decreased blood pressure in pregnant women (Warembourg
et al., 2019), whereas another (Bedell et al., 2021) reported an in-
crease in blood pressure differences between the third and the
first trimester with increased exposure to MEP, MBP, and DEHP.
Furthermore, a third study found no association (Han
etal., 2020).

For a few phthalate metabolites (MBzP, MnBP, EDiNP), a differ-
ential influence was observed between male and female chil-
dren, suggesting potential interactions with child sex. After
stratification, all of these associations were detected for male
neonates. Given that the mechanisms behind such sex-specific
effects are unknown, and because of our relatively small sample
size, these results should be interpreted with caution. However,
similar sex-specific associations were reported for a larger cohort
for which a sex-stratified analysis was also conducted (Zhu
etal., 2018).

Underlying biological pathways

Mechanisms by which phthalates may affect placental health in-
clude peroxisome proliferator-activated receptor y (PPARy), a nu-
clear receptor targeted by phthalates and involved in key
placental development processes such as trophoblast prolifera-
tion, migration, and invasion (Fournier et al., 2007). This receptor
is also known to be involved in vascular tone, and thus blood
pressure regulation (Kvandova et al., 2016). Importantly, PPARy is
abundantly expressed in the cyto and syncytiotrophoblast cells
of the human placenta. It may be involved in the transformation
of the maternal spiral arteries from high- to low-resistance ves-
sels that result from the invasion of extravillous trophoblasts
cells in early pregnancy (Garnier et al., 2015; Kvandova et al,
2016). Additionally, a previous epidemiological study has shown
associations between phthalate metabolites and placental angio-
genic markers measured in maternal blood (Ferguson et al,
2015). Specifically, DEHP was found to be associated with a re-
duction in the concentration of the placental growth factor, a
member of the vascular endothelial growth factor family, that
plays a crucial role in trophoblast invasion and placental vascu-
larization (Alfaidy et al., 2014).

Implications for placental and fetal health

Among the outcomes studied in our article, only PVR can be seen
as a clinical outcome (Rizzo et al., 2021). However, we observed
decreased PVR with increased exposure to phthalates, which was
unexpected since low PVR may reflect improved fetal circulation
and thus greater exchanges between the mother and the child.
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While these are not standard clinical measurements, we pro-
pose that placental weight and PFR, alongside other placental
parameters, may serve as an archive of the pregnancy, offering
insights into how the prenatal environment, including exposure
to chemicals, might affect child health. Our proposition is sup-
ported by various studies reporting associations between these
parameters and health outcomes, be it at birth (Bonds et al., 1984;
Miwa et al., 2014; Schwartz et al., 2014; Arendt et al., 2016) or later
in life (Risnes et al., 2009).

While the effects we observed may not be notable for individ-
uals, the widespread nature of phthalate exposure means even
minor variations can, across a population, lead to significant
shifts at the tails of the distribution curve, and thus result in in-
creased proportion of low birthweight babies and pregnancy
complications.

Strengths and limitations

To assess exposure during pregnancy, we analyzed repeated
urine samples (two pools of up to 21 samples per woman each). If
these repeated urine samples are collected during sensitive time
windows, this should minimize measurement error, as well as
any resulting bias in effect estimates compared to previous stud-
ies with similar sample size, but relying on a limited number of
urine samples (Perrier et al., 2016). Furthermore, we corrected
urinary concentrations based on technical variables, such as an-
alytical batch, thus limiting associated variability. We investi-
gated the effects of under-studied chemicals such as DINCH and
bisphenol S. However, the low frequency of detection for bisphe-
nol S (below 26%) may have limited our ability to detect an asso-
ciation for this compound. Further epidemiological studies will
be needed to investigate the potential effects of these compounds
on placental health.

Regarding the evaluation of mixture effects, we found only
one other study, restricted to phthalates, that also investigated
this type of effect (Gao et al., 2022).

Owing to the exploratory nature of our analysis and the fact
that most of the compounds studied have previously been associ-
ated with either placental or fetal health outcomes, we did not
formally correct our analysis for multiple comparisons, and
hence cannot rule out the possibility of false positives. This was
the driving force behind focusing our discussion on chemicals for
which a pattern was observed (chemicals associations with sev-
eral outcomes) and/or for which an association with a placental
parameter has been previously reported. Other isolated associa-
tions should be considered exploratory and warrant replication.

Placental weight at birth was missing for 26% of the study
population. As this could have led to a selection bias, we per-
formed a sensitivity analysis by using IPW. This analysis pro-
duced similar results to the main model. In addition to placental
weight, we also relied on ultrasound and Doppler to measure pla-
cental thickness and PVR, respectively, allowing for the longitudi-
nal monitoring of placental development over the course of
the pregnancy.

In our study, these measurements were conducted by medical
personnel, including sonographers and midwives, as part of rou-
tine antenatal care. This contrasts with a scenario where meas-
urements would be consistently performed by the same
healthcare professional, thus reducing variability. This variation
may have potentially limited our ability to detect certain associa-
tions for these placental outcomes. The lack of correlation we ob-
served between placental parameters aligns with findings from
previous research (Afrakhteh et al., 2013) and may have resulted
from the time elapsed between these measurements (on average,
there was a time gap of 10weeks between the two Doppler

measurements in SEPAGES). Additionally, the variations in cer-
tain parameters that naturally occur over the course of preg-
nancy, such as the usual decrease in PVR as gestational age
increases (Acharya et al., 2005; Krishna and Bhalerao, 2011)),
could also explain the observed lack of correlation. We recom-
mend future studies to include additional placental parameters,
such as uterine Doppler, placental diameter, shape, and vascu-
larization. This could potentially provide a broader view of how
environmental chemicals affect placental health and maternal-
fetal exchanges over the course of pregnancy. As an example,
Doppler of the uterine artery along with notch diagnosis would
provide a broader picture of the potential effects of phthalate on
materno-fetal exchanges.

Conclusion

Relying on improved exposure assessment and markers of pla-
cental health and functioning over the course of pregnancy, our
study results suggest negative associations between individual
phthalate metabolites and placental weight (MBzP and EDiNP),
PFR (MBzP, MnBP and £DiNP), and PVR (MBzP, MnBP and =DiNP).
These results lend further weight, alongside the existing litera-
ture, to the hypothesis that exposure to phthalates is associated
with altered placental health and functioning. Additional re-
search is recommended to assess the impact of these changes on
fetal health.

Supplementary data

Supplementary data are available at Human Reproduction
Open online.
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