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ARTICLE INFO ABSTRACT

Handling Editor: Marti Nadal Background: Parabens are used as antimicrobial preservatives in personal care products. Few studies have dealt
with adverse health outcomes, transplacental transfer, and obesogenic effects of prenatal exposure to parabens.

Keywords: We examined the association between placental paraben levels and cord blood metabolic biomarkers, consid-

ENVIRONAGE

ering modulating effects of maternal pre-pregnancy BMI and underlying epigenetic mechanisms, and investi-
gated longitudinal effects of in utero paraben exposure on early childhood trajectories of BMI z-scores.
Obesogenic effect Methods: Placental concentrations of four parabens [methyl (MeP), ethyl (EtP), propyl (PrP), and butyl (BuP)]
pre-pregnancy BMI were measured by ultra-performance liquid chromatography/tandem mass spectrometry in 229 placentas of the
Gamma-glutamyltransferase ENVIRONAGE birth cohort. The association with cord blood metabolic biomarkers [glucose, insulin, y-gluta-
myltransferase (GGT), high-density and low-density lipoprotein (HDL and LDL)] was analyzed in multiple
regression models with two different sets of, a priori selected potential confounders, additionally stratified for
different maternal BMI groups and assessed by causal mediation analysis. The association between placental
paraben concentration and differential DNA methylation of CpGs annotated to GGT and longitudinal measure-
ments of BMI z-scores were investigated with adjusted linear mixed models.

Results: The geometric means of placental MeP, EtP, PrP, and BuP levels above the limit of detection (LOD) were
4.42, 1.32, 1.51, and 0.35 ng/g respectively, with only EtP showing sufficient (88%) measurements above LOD
for further analyses. An interquartile ratio (IQR) increase in placental EtP was associated with an increase of
12.61 % (95% CI: 1.80 24.57) in the geometric mean of cord GGT activity, and with a decrease of —3.64 % (95%
CL: —6.80 to —0.39) in the geometric mean of cord glucose. Placental EtP levels were significantly associated
with hypermethylation of cg08612779 annotated to GGT7 after correcting for multiple testing (8 = 0.0017, p =
0.049). An interquartile ratio (IQR) increment in placental EtP was associated with a decrease in longitudinal
BMI z-score of 0.27 points (95% CI: —0.46 to —0.088).

Conclusion: Prenatal EtP exposure may affect early childhood BMI. The association of placental EtP with cord
blood GGT and glucose levels provides a starting point for further research on mechanisms of paraben-related
metabolic processes in utero.

Placental paraben
BMI z-scores

1. Introduction antifungal agents in personal care products and pharmaceuticals since
the mid-1920s (Elder, 1984). The unrestricted use of parabens is under

Parabens comprise a group of p-hydroxybenzoic acid esters with discussion since the beginning of this millennium, when endocrine dis-
alkyl substituents of different lengths, such as methyl paraben (MeP), rupting properties of different parabens had been observed in in vitro and

ethyl paraben (EtP), propyl paraben (PrP), and butyl paraben (BuP) in vivo studies (Giulivo et al., 2016; Nowak et al., 2018; Oishi, 2001,
(Aubert et al., 2012). They have been widely used as antimicrobial and 2002).
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With in vitro and epidemiological studies (Hu et al., 2013; Kim and
Chevrier, 2020; Liu et al., 2019) linking parabens to obesogenic changes,
adverse metabolic health effects have also become an increasing
concern. On the other hand, inverse associations with biomarkers of
metabolic disease have been reported as well (Lee et al., 2019; Pazos
etal., 2019; Quiros-Alcala et al., 2018), indicating that effects may differ
depending on the type of paraben, the individual’s sex and age. Evidence
for the transplacental passage of parabens in humans (Kang et al., 2013;
Shekhar et al., 2017; Towers et al., 2015; Valle-Sistac et al., 2016; Vela-
Soria et al., 2017) raised questions about the possible impact on the
fetus. A study investigating urinary MeP, PrP, and BuP concentrations in
women before and during pregnancy showed 25-45% lower levels
during pregnancy compared with before pregnancy, indicating a shift
into the fetal compartment (Smith et al., 2012). According to the
“Developmental Origins of Health and Disease” (DOHAD) hypothesis,
prenatal exposures can alter the health status later in life through
epigenetic programming (Barker, 1995), and in this way could affect
overweight and metabolic disease susceptibility later on (Baillie-Ham-
ilton, 2002; Griin and Blumberg, 2009). However, research on potential
obesogenic effects of prenatal paraben exposure based on childhood BMI
and metabolic biomarkers in newborns is still scarce.

In the prospective mother-child cohort LINA a significant association
between maternal urinary iso-butyl paraben levels and BMI trajectories
(age 1-8) for 392 children was found (2nd tertile: p = 0.35, 95% CI:
0.08—0.62; 3rd tertile: p = 0.26, 95% CI: 0.02—0.05) (Leppert et al.,
2020). Significant positive associations between maternal urinary MeP
and PrP levels and BMI z-scores in 309 five-year olds have been reported
in a study of the Center for the Health Assessment of Mothers and
Children of Salinas (CHAMACOS) cohort (f = 0.08, 95% CI: 0.01—0.16
and p = 0.06, 95% CI: 0.02—0.10) (Berger et al., 2021).

An important biomarker reflecting the metabolic health status is
y-glutamyltransferase (GGT), a liver enzyme located on the external
surface of most cells, which catalyses glutathione uptake and is involved
in intracellular antioxidant defense (Karp et al., 2001) and pro-oxidant
processes (Corti et al., 2009; Enoiu et al., 2000). Historically, high
serum GGT activity was regarded as a biological marker of heavy alcohol
consumption and hepatobiliary disease, but serum GGT activity is also
predictive of metabolic syndrome, cardiovascular disease, and mortality
risk (Lee Douglas et al., 2007). Other relevant metabolic biomarkers are
cord plasma high-density and low-density lipoprotein (HDL and LDL)
concentrations, which are determinants of dyslipidemia (Klop et al.,
2013), and insulin and glucose concentration, which serve as indices of
insulin resistance (McLaughlin et al., 2003). GGT activity has been
shown to correlate with other metabolic markers in previous studies [for
glucose (Bijnens et al., 2021), for insulin (Kaushik et al., 2009), for HDL
and LDL (Lee et al., 2007; Lippi et al., 2007)]. In addition, GGT is an
important factor in the detoxification of xenobiotics and pollutants (Lee
and Jacobs, 2009; Weinmayr et al., 2019), therefore, seems to occupy a
key position in the interface between environmental exposures and
metabolic outcomes. The maternal pre-pregnancy body mass index
(BMI) may influence the child’s metabolic status, as newborn metabolic
signatures characteristic of insulin resistance and risk of type 2 diabetes
in adults (Lowe et al., 2017; Mocarzel et al., 2020a; Shokry et al., 2019)
and changes in the concentration of lipophilic xenobiotics (Erkin-Cak-
mak et al., 2015; Wolff et al., 2007) have been shown to coincide with a
higher maternal pre-pregnancy BMI.

Although parabens are excreted within hours after exposure (Janjua
et al., 2008), and individual exposure events may stay unnoticed in
maternal spot urine samples, they can still contribute to prenatal
exposure. In this context, the placenta as a non-invasive and readily
available biomonitoring matrix may be better suited for the assessment
of fetal exposure to environmental pollutants. So far, only a small
number of studies with an epidemiological design and adequate sample
size have investigated paraben levels in human placental tissue (Freire
et al., 2020; Vrijens et al., 2020). The present study reports levels of the
four most frequently used parabens being MeP, EtP, PrP, and BuP in
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placental tissue and their link with the cord blood metabolic biomarkers
GGT, glucose, insulin, HDL and LDL. We further investigated the asso-
ciation, studying cord blood differential DNA methylation of CpGs an-
notated to the genes of the metabolic key-enzyme GGT and examining
the possibility of a mediating role of parabens in the association between
maternal pre-pregnancy BMI with GGT activity and glucose levels.
Finally, we tested the relationship between placental EtP levels and
early childhood trajectories of BMI z-scores.

2. Material and Methods
2.1. Study population

Eligible mother-newborn pairs with singleton newborns taking part
in the ENVIRONAGE birth cohort study (Janssen et al., 2017), were
recruited between December 2014 and April 2017 at the East-Limburg
Hospital in Genk, Belgium. Mothers who did not have planned caesar-
eans and were able to complete questionnaires in Dutch were enrolled,
after providing written consent. The study was conducted according to
the principles outlined in the Helsinki Declaration (World Medical As-
sociation, 2013) and approved by the Ethical Committee of Hasselt
University and the East-Limburg Hospital.

We determined paraben concentrations in 229 placental samples,
and biochemical analyses of metabolic biomarkers were carried out in
223 corresponding cord blood samples. For five of the mother-newborn
pairs, information on important covariates was unavailable, resulting in
a sample size of 218 for statistical analysis. After removing extreme
outliers from the measured metabolic biomarkers using the 3IQR
method described by Tukey (Tukey, 1977), the association between
placental parabens and metabolic biomarkers was analyzed in different
biomarker subsets: n = 202 for GGT, glucose, and HDL, n = 193 for
insulin, and n = 197 for LDL. For the analysis of differential methylation
109 of the 218 samples with paraben measurements had corresponding
information on DNA methylation, and for the analysis of childhood
trajectories of BMI z-scores measurements for 63 children were
available.

2.2. Study procedure and data collection

Via questionnaires and medical records, we collected detailed in-
formation about the participants. Maternal height and weight were
measured at the first antenatal visit (weeks 7-9 of gestation). Pre-
pregnancy BMI was then calculated by dividing the weight in kilo-
grams by the square of height in meters, and categorized into four
groups: underweight (<18.5 kg/m?), normal weight (18.5-24.9 kg/m?),
overweight (25.0-29.9 kg/mz), and obese (>30.0 kg/mz). Gestational
age was computed from the first day of the mother’s last menstrual
period combined with ultrasonographic data. Parity was divided into
three categories: mothers having their first, second, or third child or
more. In case mothers did not obtain a secondary school diploma,
maternal educational level was coded as “low*. If a high school diploma
was obtained as the highest diploma, the educational level was classified
as “middle“, and as “high” in the case of a college or university degree.
Maternal smoking status was classified as “never smoker”, “former
smoker” if the mother used to smoke but quit smoking before pregnancy,
and “smoker” if the mother smoked during pregnancy. Alcohol con-
sumption during pregnancy was coded with “yes* if the mother reported
having consumed any alcohol during her pregnancy. Ethnicity was
considered to be European when two or more grandparents of the
newborn were European, otherwise, it was non-European. Birth Weight
below the 25th percentile was calculated by taking into account parity,
sex, and gestational age and coded as a binary variable.

For a subset of 63 children, data on height and weight were collected
between the age of zero to 29 months by trained staff of the govern-
mental agency “Kind en Gezin” (K&G - Child and Family), which is
responsible for health, child care and wellbeing of young children until
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school age in Flanders (Van Kerschaver, 2012). During home visits and
at regular examination moments at local hospitals and community
centers height and weight of the children were measured on average
eight times during the trajectory. From these measurements, BMI z-
scores were calculated according to the World Health Organization’s
(WHO) Child Growth Standards based on length/height, weight and age
of the child (World Health Organization (WHO) 2006).

2.3. Determination of placental paraben concentrations

After delivery, the placentas were deep-frozen within 10 min at
—40 °C and stored until homogenization. For the mass spectrometric
analysis of the placental MeP, EtP, PrP, and BuP concentrations, a
recently described protocol was followed (Van Overmeire et al., 2019).
In detail, the placenta was thawed for sample taking, the chorio-
amniotic membrane was removed, and approximately half of the
placenta (fixed orientation Supplementary Fig. S1) was homogenized
using a Retsch Knife mill Grindomix GM 200 during two pulses of 20 sec
at 10,000 rpm. Homogenized samples were kept frozen at —20 °C until
analysis. A paraben internal standard mixture consisting of methyl-4-
hydroxybenzoate-ring -'3Cq,  ethyl-4-hydroxybenzoate-ring -!3Cg,
propyl-4-hydroxybenzoate-ring -13Cg and butyl-4-hydroxybenzoate-ring
-13C6 was purchased from Sigma Aldrich (Overijse, Belgium). A stock
solution, containing 5 pg/mL of each paraben internal standard, was
prepared in methanol and further diluted with methanol (1/100, v/v) to
a working solution which was stored at — 20 °C in the dark until further
use. Liquid-liquid extraction was performed by adding 150 pL of the
internal standard mixture solution (50 ng/mL) to 1.5 g of the homoge-
nized placenta in a polypropylene tube. After the addition of 6 mL of tert-
butyl methyl ether/hexane (50/50, v/v), the sample was shaken for 10
min on a Heidolph multi Reax and centrifuged for 10 min at 3,000 rpm.
The organic layer was then transferred to an empty Falcon® tube and
evaporated to dryness under a nitrogen stream. Then, 250 pL of a
methanol/water solution (50/50, v/v) was added to reconstitute the dry
extract and it was filtered across a 0.20 pm PVDF filter (Whatman,
Diegem, Belgium). Ultra performance liquid chromatography-tandem
mass spectrometric (UPLC-MS/MS) analysis was performed on an Acq-
uity UPLC (Waters, Milford, MA, USA) system combined with a triple
quadrupole XevoTQ-S mass spectrophotometer in negative electrospray
mode (ESI'). The limits of detection (LOD) were defined as the mean
concentration in the blank plus three times the blank’s standard devia-
tion, being 0.1 ng/g for MeP and PrP, and 0.2 ng/g for EtP and BuP.
Quality control was carried out employing spiked matrices at three
different concentration levels.

2.4. Measurement of metabolic biomarkers in cord blood

For assessing the neonate’s metabolic biomarkers (GGT, glucose,
insulin, HDL, and LDL) 8 mL of cord blood samples (mixture of arterial
and venous blood) were collected immediately after delivery in plastic
Lithium Heparin and EDTA BD Vacutainer® Tubes (BD, Franklin Lakes,
NJ, USA). The collected cord blood samples were centrifuged (3,200
rpm for 15 min) and the obtained plasma was separated and instantly
frozen at —80 °C. Plasma levels of insulin (pmol/L), LDL and HDL (mg/
dL) were measured at the clinical laboratory of East-Limburg Hospital
with an electrochemiluminescence immunoassay using the Modular
E170 automatic analyzer (Roche, Basel, Switzerland). Enzyme activity
of GGT (U/L) and concentration of glucose (measured by formation
speed of NADPH through enzyme activity of glucose-6-phosphate de-
hydrogenase) were measured in cord plasma by kinetic photometric
determination (bichromatic with 405/660 nm and 340/405 nm
respectively), as previously described (Szasz, 1969) and (Neese et al.,
1976) using a Cobas 8000 C702 analyzer (Roche, Basel, Switzerland).
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2.5. Measurement of DNA Methylation in Cord Blood

To explore underlying epigenetic mechanisms related to GGT activ-
ity, we investigated changes in the methylation status of CpGs annotated
to GGT promoter regions. Therefore, cord blood samples were collected
in BD Vacutainer® Plus Plastic K2EDTA Tubes (BD, Franklin Lakes, NJ,
USA) immediately after delivery. The collected cord blood was centri-
fuged (3,200 rpm for 15 min) to retrieve buffy coat which was instantly
frozen at —-80 °C. DNA was then extracted and processed at the Epige-
netics Group, International Agency for Research on Cancer (IARC). In
detail, after thawing and extraction with the QIAamp DNA mini Kit
(Qiagen Ltd, Manchester, UK), DNA was quantified (Quant-iT PicoGreen
dsDNA Assay Kit, Molecular Probes P7589), and bisulphite-converted
using the Zymo EZ DNA methylationTM kit (Zymo, Irvine, CA, USA).
The cord blood DNA was then hybridized to Illumina Infinium Human
Methylation450K BeadChip arrays (Bibikova et al., 2011) and scanned
using the Ilumina HiScanSQ system to measure DNA methylation at
485,577 CpGs. The arrays were designed such that sample position and
intra- and inter-variability in arrays and chips would not completely
confound with biological covariates of interest. After background sub-
traction using Illumina GenomeStudio, raw intensity files were handled
in R using the minfi package (Aryee et al, 2014) to calculate the
methylation level at each CpG as the beta-value, the ratio of signal in-
tensity originating from methylated CpGs over the sum of methylated
and unmethylated CpGs. The samples were pre-processed, including
normalization using the funnorm normalization of the minfi package
(Aryee et al., 2014), and underwent quality control using in-house
software within the R statistical computing environment. Samples
were excluded on the basis of Illumina’s detection p-value of p greater
than 0.05 and low bead count (<3 beads). For probes using the Infinium
IT design additional background subtraction and dye bias correction
were performed. Additionally, data were trimmed removing the outliers
with values larger than 3 interquartile ranges below the first quartile or
above the fourth quartile using the Tukey method. Finally, filtering of
potentially sex-mismatching and cross-reactive probes as well as probes
known to have common SNPs at the CpG sites was applied for the pre-
sent analysis.

In a next step CpG sites annotated to genes coding for y-glutamyl-
transferase were selected by restriction to CpGs with the expression
“GGT” in the corresponding “UCSC_RefGene Name”, applying the Bio-
conductor package IlluminaHumanMethylation450kanno.ilmn12.hg19
for the annotation of Illumina’s 450 K methylation arrays (Hansen KD,
2016). In a final step, only probes that were lying within a promoter
region transcription start site listed in the annotation file’s column
“UCSC_RefGene_Group”, were retained. Ninety CpG sites annotated to
genes coding for y-glutamyltransferase were identified in the annotation
of Illumina’s 450 K methylation arrays, of which 31 probes were lying
within a transcription start site.

2.6. Statistics

As more than 80% of the MeP, PrP, and BuP placental measurements
were below the LOD, only the values of placental EtP (88% > LOD) were
used for further statistical analysis. For 28 of the 229 placental samples
with EtP measurements below the LOD, the EtP values were imputed as
recommended (United States Environmental Protection Agency EPA,
2000), replacing them by random imputation in the range between Y
and % of the LOD, using the R package imputeTS (Moritz and Bartz-
Beielstein, 2017). The placental EtP measurements were regressed on
the different batches to reduce the influence of technical variation.

In the analysis of associations between EtP and metabolic markers,
we applied in a first step multiple linear regression models to establish
potential links between prenatal paraben exposure and metabolic
changes of the newborn. HDL and LDL values were regressed on the
corresponding measurements of total cholesterol to avoid that total
cholesterol levels affect the analysis and subsequently the residuals were
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used in further analyses. To reduce the kurtosis and skewness of the
distribution, values of placental EtP and metabolic biomarkers were log-
transformed. We constructed a directed acyclic graph (DAG) (Supple-
mentary Fig. S2), which was built with the freely available online tool
DAGitty 3.0 (Textor et al., 2016), to select a priori potential confounders
as covariates. The DAG describes the association between placental EtP
as the exposure and the respective metabolic biomarker as the outcome
and includes variables described in the literature which showed a sig-
nificant direct or indirect association with exposure or outcomes. Based
on the DAG, two multiple linear regression models with different sets of
covariates were constructed for each of the metabolic biomarkers.
Model 1 included a minimal sufficient adjustment set derived from the
DAG, comprising newborn sex, parity, maternal age, and alcohol con-
sumption during pregnancy. Model 2 included all identified variables of
the DAG, namely: newborn sex, ethnicity, gestational age and birth
weight, maternal age, maternal smoking, maternal education, maternal
pre-pregnancy BMI and presence of gestational diabetes mellitus (GDM),
maternal alcohol consumption during pregnancy, parity, and in the case
of cord GGT as outcome, additionally season of delivery. To interpret the
model estimates, we converted the beta (B) coefficients and their cor-
responding 95% confidence intervals (CI) to the percent change in in-
dividual metabolic biomarkers corresponding to an interquartile ratio
(IQR) change in placental EtP. To examine the possible effects of GDM
on the outcome of the analyses, we performed a sensitivity analysis by
excluding samples of neonates born to mothers with the GDM condition.
For each of the two models, the relationship between exposure and
outcome was also investigated when stratified for the maternal pre-
pregnancy BMI categories underweight/normal and overweight/obese.
Additionally, in model 2 of the unstratified analysis, also the interaction
between placental EtP levels and pre-pregnancy BMI (continuous) was
included. The mean log placental EtP values of the underweight/normal
weight and overweight/obese women were compared via Student’s t-
test after verifying the equality of variances using Levene’s method.
Pearson correlation was applied to investigate the association of
maternal pre-pregnancy BMI with placental EtP concentration and
metabolic biomarkers. Furthermore, we investigated in 202 samples if
EtP had a mediating effect in the relation between dichotomous (un-
derweight/normal and overweight/obese) maternal pre-pregnancy BMI
and cord blood GGT and glucose levels by applying causal mediation
analyses with the R package “mediation” (Tingley et al., 2014). Medi-
ator and outcome models were run for the covariate sets of model 2.
Bias-corrected and accelerated (BCa) confidence intervals were esti-
mated by applying 1000 bootstraps.

In a second step, we further investigated if the association between
EtP and GGT activity may be influenced by epigenetic mechanisms
modulating the level of GGT. To accomplish this analysis, we applied
linear mixed models interrogating the methylation status of CpGs an-
notated to different GGT genes using EtP measurements as the inde-
pendent variable. Batch effects caused by the different chips and chip-
positions in the methylation analysis were accounted for by treating
them as random effects. Additionally, an adjustment for blood cell type
composition was applied by using filtered and combined reference
datasets available via Bioconductor as “FlowSorted.Cord-
BloodCombined.450 k” (Gervin et al., 2019). Furthermore, the model
included newborns’ sex, ethnicity, gestational age, maternal age,
maternal smoking, maternal education, maternal pre-pregnancy BMI
and presence of gestational diabetes mellitus (GDM), maternal alcohol
consumption during pregnancy, parity and season of delivery as cova-
riates. To account for multiple testing, the Benjamini-Hochberg correc-
tion method was applied and individual CpGs sites were considered
significant with an adjusted p-value below the 5% significance level.

The association between placental EtP values and trajectories of BMI
z-scores based on repeated measurements of weight and height was
analyzed in mixed models with age in days (treated as linear and
quadratic term) as random intercept, and additionally adjusted for
newborn sex, ethnicity, gestational age birth weight below the 25th
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percentile for gestation, parity, maternal age, maternal smoking,
maternal education, maternal pre-pregnancy BMI and maternal alcohol
consumption during pregnancy.

Collinearity of variables was examined by calculating the variance
inflation factor with the R package 'faraway’ (Faraway, 2005). Statis-
tical significance was defined as p < 0.05. All data analyses were per-
formed in RStudio using R 4.1.

3. Results
3.1. Demographics

The newborns in this study were mostly of European origin (86.6%),
had a mean (SD) gestational age of 39.46 (1.14) weeks and a mean (SD)
birth weight of 3452 (402) g (Table 1). The mothers were on average
30.05 (4.39) years old at delivery and had a pre-pregnancy BMI of 25.05
(4.86) kg/m? (underweight n = 5, normal weight n = 125, overweight n
= 56, and obese n = 32). Gestational diabetes mellitus was diagnosed in
8 mothers. The majority of the mothers reported never having smoked

Table 1
Population characteristics and perinatal factors.

Characteristics Study population (n = 218)
Newborn
Girls, n 106 (48.2%)
Birthweight, grams 3451.73 +402.17
Birthweight < 25th percentile for gestation 45 (21%)
European, n 191 (86.6%)
Gestational age, weeks 39.46 +1.14
Placental EtP concentration, ng/g (n = 218)* 0.97 [0.48-2.16]
Cord blood plasma
GGT activity, U/L (n = 202) 99.81 [72.0-153.5]
Insulin pmol/L (n = 193) 23.06 [13.4-44.95]
Glucose mg/dL (n = 202) 75.96 [66.0-87.0]
HDL mg/dL (n = 202) 25.47 [21.0-32.0]
LDL mg/dL (n = 197) 19.15 [15.08-25.14]
Maternal
Age, years 30.05 + 4.39
Pre-pregnancy BMI, kg/m? 25.05 + 4.86
underweight (<18.5 kg/m2) 5 (2.3%)
normal weight (18.5-24.9 kg/m?) 125 (57.3%)
overweight (25.0-29.9 kg/m?) 56 (25.7%)
obese (>30.0 kg/m?) 32 (14.7%)
Gestational diabetes mellitus, n 8 (3.7%)
Education
Low, n 25 (11.5%)
Middle, n 79 (36.2%)
High, n 114 (52.3%)
Smoking, n
Never smoked 149 (68.3%)
Former smoker 47 (21.6%)
Smoking during pregnancy 22 (10.1%)
Parity (including present birth)
1,n 100 (45.9%)
2,n 86 (39.4%)
>3,n 32 (14.7%)
Alcohol during pregnancy, n 33 (15.1%)
Season of delivery
Winter 61 (28.0%)
Spring 88 (40.4%)
Summer 21 (9.6%)
Autumn 48 (22.0%)

*Comprises 17 values below the LOD of 0.2 ng/g which were imputed.

The numbers represent counts (percentages) for categorical and mean =+ stan-
dard deviation (SD) for continuous variables. Placental EtP and cord metabolic
biomarker values are reported as geometric mean with its [interquartile range].
EtP = ethyl paraben; GGT = y-glutamyltransferase; HDL = high-density lipo-
protein; LDL = low-density lipoprotein.
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(68.3%) and not having consumed alcohol during their pregnancy
(84.9%). Most of the births occurred in spring (40.4%) and were pri-
miparous (45.9%). The population characteristics and perinatal factors
of the recruited mother-newborn pairs reflect a representative subset of
both the ENVIRONAGE birth cohort and the gestational segment of the
Flemish population (Supplementary Table S1). The geometric mean and
interquartile range [IQR] of EtP in placental tissue was 0.97 [0.48-2.16]
ng/g and that of the GGT activity in cord plasma 99.81 [72.0—153.5] U/
L. Geometric means [IQR] for cord insulin and glucose were 23.06
[13.4-44.95] pmol/L and 75.96 [66.0-87.0] mg/dL respectively, and
for cord HDL and LDL 25.47 [21.0-32.0] mg/dL and 19.15
[15.08—25.14] mg/dL respectively.

3.2. Placental paraben concentrations

Geometric mean (geometric SD) levels of paraben values above the
LOD were: for MeP 4.42 (3.19) ng/g (n = 37), for EtP 1.32 (2.40) ng/g
(n =201), for PrP 1.51 (4.72) ng/g (n = 29), and for BuP 0.35 (1.36) ng/
g (n = 14). Therefore, for MeP, PrP and BuP, the majority of the mea-
surements were below the LOD (83.84%, 87.34% and 93.89% respec-
tively), while for EtP 87.78% of the measurements were above the LOD
(Supplementary Table S2) and were subsequently used for further
analysis.

The distribution of the measured EtP values above the LOD (n = 201)
was skewed to the right. After imputation of values under the LOD, log
transformation and batch correction, the distribution of the processed
placental EtP values considered for the statistics of the study population
(n = 218) showed less skewness and kurtosis (Fig. 1).

3.3. Association between ethyl paraben and metabolic biomarkers

In both models, placental EtP and cord blood GGT activity were
significantly positively associated (model 1: § = 0.078, p = 0.038; model
2: p = 0.087, p = 0.021) (Fig. 2 A). In the regression model containing
only the variables of the minimal sufficient adjustment set (model 1), an
increment in placental EtP (for the subset of n = 202 with GGT mea-
surements) of 3.93 ng/g, equal to its (IQR), was associated with an in-
crease of 11.31 % in the geometric mean of cord blood GGT activity
(95% CI: 0.59-23.17). In model 2, an (IQR) increment in placental EtP
was associated with an increase of 12.61 % in the geometric mean of
cord blood GGT activity (95% CI: 1.80-24.57).

The association between placental EtP and cord glucose levels
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Fig. 1. Split violin plot with the distribution of ethyl paraben (EtP) values in
placental tissue of the ENVIRONAGE birth cohort. Left-hand side in blue, raw
EtP values above LOD (n = 201); right-hand side in red, EtP values after
imputation of values under the LOD, log transformation and batch correction
(n = 218). The black rectangles in the center of the curves represent the
interquartile range [IQR], 1st quartile (lower end) and the 3rd quartile (upper
end). The horizontal lines in each curve show the median.
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showed a significantly inverse relationship in both models (model 1: § =
—0.028, p = 0.021; model 2: p = —0.028, p = 0.029) (Fig. 2 B). An (IQR)
change in placental EtP of 3.76 ng/g (for the subset of n = 202 with
glucose measurements) was for model 1 and 2 respectively associated
with a decrease of —3.69% (95% CI: —6.70 to —0.58) and —3.64 % (95%
CI: —6.80 to —0.39) in the geometric mean of cord glucose.

For the association of placental EtP with cord GGT, the sensitivity
analysis showed only a slight change in effect size or significance after
excluding the mother-newborn pairs with mothers diagnosed with GDM
(model 1: § = 0.080, p = 0.037; model 2: § = 0.087, p = 0.024). Likewise
for the association with cord glucose, the exclusion of GDM mother-
newborn pairs had no effect on the outcome (model 1: p = -0.030, p
= 0.018; model 2: p = -0.029, p = 0.029).

For the other cord blood metabolic biomarkers (insulin, HDL, and
LDL), no associations with placental EtP were found in any of the models
(Supplementary Fig. S3 A-C).

3.4. Association between ethyl paraben and DNA methylation at
promoter-associated CPGs annotated to Gamma-Glutamyltransferase

CpG cg08612779 showed the lowest p-value associated with EtP (n
= 109, B = 0.0017; p = 1.6e-3) and was annotated to Gamma-
Glutamyltransferase 7 (GGT7) (Supplementary Table S3). After cor-
recting for multiple testing the association remained significant at a 5%
level with an adjusted p-value of 0.049.

3.5. Association between maternal pre-pregnancy BMI, placental EtP, and
cord blood metabolic biomarkers

The difference in mean log-transformed placental EtP values be-
tween the groups of mothers with underweight/normal pre-pregnancy
BMI (0.13 + 1.08) kg/m? and overweight/obese pre-pregnancy BMI
(-0.15 + 1.10) kg/m2 was borderline significant (p = 0.062).

Maternal pre-pregnancy BMI showed a trend for an inverse correla-
tion with placental EtP concentration (r = -0.12, p = 0.090) (Fig. 3 A)
and was significantly inversely correlated with cord blood GGT activity
(r =-0.14, p = 0. 045) (Fig. 3 B). For cord blood glucose, insulin, HDL,
and LDL no correlation with maternal pre-pregnancy BMI was observed
(Supplementary Fig. S4 A-D).

When stratified for two groups of maternal pre-pregnancy BMI (un-
derweight/normal, overweight/obese), an (IQR) increase of placental
EtP showed a trend for a stronger effect on cord GGT in the group of
overweight/obese mothers in both models (Table 2). For cord glucose,
an (IQR) increase in placental EtP showed only in model 2 a trend for a
stronger effect in the group of overweight/obese mothers (Table 2). As
to the effect of placental EtP on cord insulin, HDL and LDL levels no
modification by maternal pre-pregnancy group could be observed. We
did not observe any effect on cord GGT activity or glucose concentration
by placental EtP interaction with pre-pregnancy BMI (for GGT p = 0.60,
for glucose: p = 0.87).

In the mediation model investigating the influence of placental EtP
on the relation between maternal pre-pregnancy BMI group and cord
blood GGT activity the regression coefficients between maternal pre-
pregnancy BMI group and placental EtP, and between placental EtP
and cord blood GGT activity were significant (§ = —0.35, p = 0.037 and
B = 0.087, p = 0.021 respectively), with a significant bootstrapped in-
direct effect ( = —0.031, 95% CI: —0.086 to —3.0e-3) (Supplementary
Fig. S5 A.).

For the association between maternal pre-pregnancy BMI group and
cord blood glucose levels the association between maternal pre-
pregnancy BMI group and placental EtP, and between placental EtP
and cord blood glucose levels were significant (p = —0.39, p = 0.020 and
p = —0.30, p = 0.019 respectively) (Supplementary Fig. S5 B.). The
effect of maternal pre-pregnancy BMI on cord blood glucose level was
fully mediated via the placental EtP levels with a significant boot-
strapped indirect effect of p = 0.12 (95% CIL: 1.9e-3—0.033).
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Table 2
Effect of an (IQR) increase in EtP on cord GGT activity and cord glucose stratified by maternal pre-pregnancy BMI group in both multiple regression models (n = 202).
Model 1 Model 2
Outcome BMI group % Change 95% CI P % Change 95% CI p
Cord GGT underweight/normal 8.13 —5.62—23.88 0.26 8.24 —5.39—23.84 0.25
overweight/obese 11.56 —2.19-27.25 0.10 14.91 —0.63—32.89 0.061
Cord glucose underweight/normal —3.94 —8.42—0.75 0.10 —3.50 —8.0—1.22 0.14
overweight/obese —2.94 —6.83—1.11 0.15 —4.04 —8.13—0.23 0.063

EtP = ethyl paraben; GGT = y-glutamyltransferase; (IQR) = interquartile ratio.
Model 1: adjusted for newborn sex, parity, maternal age, and alcohol consumption during pregnancy.
Model 2: adjusted for newborn sex, ethnicity, gestational age and birth weight, maternal age, maternal smoking, maternal education, maternal pre-pregnancy BMI,
gestational diabetes, alcohol consumption during pregnancy, parity, and for GGT additionally for the season of delivery.
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3.6. Association between ethyl paraben and early childhood trajectories
of BMI z-Scores

Placental EtP levels were significantly inversely associated with BMI
z-sores based on repeated measurements at the ages 0-2.4 years in a
subset of 63 children (f = —0.19, p = 0.013), in a mixed model with age
in days as random intercept and adjusted for newborn sex, ethnicity,
gestational age and birth weight below the 25™ percentile for gestation,
parity, maternal age, maternal smoking, maternal education, maternal
pre-pregnancy BMI and maternal alcohol consumption during preg-
nancy (Fig. 4). An (IQR) increment in placental EtP was associated with
a decrease in longitudinal BMI z-score of 0.27 points (95% CI: —0.46 to
—0.088).

4. Discussion

As key findings in this study of the ENVIRONAGE birth cohort, we
found placental EtP levels inversely associated with early childhood
trajectories of BMI z-scores and cord blood glucose levels, while being
positively associated with cord blood GGT activity. Our results show
epigenetic programming for the effect of placental EtP on cord blood
GGT activity. In addition, we observed indications that ethyl paraben
mediates the associations between pre-pregnancy BMI with GGT and
glucose.

4.1. Exposure to parabens

Our study reports concentration levels of different parabens in
placental tissue of a Belgian birth cohort. The placenta has been sug-
gested as a non-invasive biomonitoring matrix for the assessment of
maternal and prenatal exposure to persistent organic pollutants (Jeong
et al, 2018), but previous studies aiming at the optimization of
extraction and detection protocols for parabens in placental tissue have
employed only very limited sample sizes (Valle-Sistac et al., 2016; Vela-
Soria et al., 2017). The examination of placental tissue for the occur-
rence of nonpersistent chemicals may limit attenuation bias related to
high intra-individual variability in spot urine measurements, which has
been reported previously in an exposome-wide association study of
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1,301 children from six European birth cohorts (Vrijheid et al., 2020).
The distribution and concentration of different parabens in placental
tissue reported in our study showed some dissimilarities to the findings
of studies in other matrices like urine, indicating that fetal paraben
exposure could differ from that in adults, and maternal spot urine
samples, analyzed for total paraben concentration, may not adequately
represent the fetal exposure to (active) free parabens via the placenta.
The metabolism of parabens plays an important role in their exposure
assessment. Parabens are mainly hydrolyzed to p-hydroxybenzoic acid,
a non-specific metabolite of all parabens which is then conjugated with
glycine, glucuronide, and sulfate and excreted via urine (Kiwada et al.,
1979; Soni et al., 2005). A much smaller percentage of the parent par-
abens is excreted as free and conjugated species (Dewalque et al., 2014;
Moos et al., 2016; Ye et al., 2006), with the parent substance of the
xenobiotic as the bioactive form with potentially adverse health effects
(van den Berg et al., 2003; Ye et al., 2006). Parabens are largely con-
jugated by sulfotransferases (SULTs) and UDP-glucuronosyltransferase
(UGT) (Scientific Committee on Consumer Safety (SCCS) 2011). As
human UGT isoenzymes are only expressed several months after birth
(Strassburg et al., 2002) conjugation of parabens in the fetus has been
suggested to occur, most likely to a lesser extent, predominantly by
SULTs which are expressed in the human liver of all age groups
including fetuses (Hines, 2008). Little is known about the metabolic fate
of parabens in the human placenta, but several studies have reported
higher SULT, and lower UGT activity in the human placenta compared
with the liver (Blanco-Castaneda et al., 2020; Coughtrie et al., 1988).
The proportion of free paraben in the body is therefore also dependent
on the efficiency of the paraben metabolizing enzymes, but little is
known about the fetal exposure profile of parabens (Scientific Com-
mittee on Consumer Safety (SCCS) 2011). Compared to a 2-5% pro-
portion of free to total MeP and PrP found in adults (Ye et al., 2006)
much higher proportions (10-15%) were found in urinary spot samples
of hospitalized preterm infants (Calafat et al., 2009), which could
indicate a relatively higher exposure of the unborn and newborn to the
active compound compared with adults and older children (Scientific
Committee on Consumer Safety (SCCS) 2011).

In our study of placental tissue, 88% of the EtP measurements, but
only <17% of the MeP measurements, were above the LOD. Similar

Fig. 4. Scatterplot of the association between placental
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findings were reported in a study on cord plasma, where relative
abundance calculations showed that free EtP values were substantially
elevated compared to MeP and PrP (Pycke et al., 2015). In contrast,
various spot-urine measurements showed the highest detection rate and
concentration for MeP, and the lowest detection rate for EtP (Casas et al.,
2011; Philippat et al., 2014; Pycke et al., 2015). This discrepancy may be
explained by the dissimilarities in the human pharmacokinetic rate and
transplacental transfer of different paraben congeners, as observations
in rat offspring, prenatally exposed to maternal percutaneous paraben
treatment, indicated different metabolic rates and placental transfer
capacities for parabens (Frederiksen et al., 2008). Though a recent study
of free paraben levels in 191 placental tissue samples randomly selected
from five INMA cohorts (Freire et al., 2020) found lower placental EtP
levels in comparison with other parabens, this discrepancy could be
explained by the fact that we applied higher LODs which lead to the
exclusion of more measurements. Further research is needed to clarify
the difference between the fetal paraben exposure measured in our study
and the paraben exposures measured in children and adults elsewhere.

4.2. Paraben exposure, GGT, glucose, and other metabolic outcomes

We are the first to describe an association between placental EtP and
cord blood GGT. Parabens have previously been suspected to have
endocrine-disrupting activity and to act as obesogens (Hu et al., 2013;
Kim and Chevrier, 2020; Liu et al., 2019). Our finding that placental EtP
is significantly and positively associated with cord blood GGT may
partly explain the previously described obesogenic effects of parabens.
In adults, serum GGT activity was found associated with fasting insulin
(Matsha et al., 2014; Rantala et al., 2000), HDL and LDL (Lippi et al.,
2007; Rajarajeswari et al., 2014) levels, and hypertension (Bonnet et al.,
2017; Rantala et al., 2000). It may be considered a possible sensitive and
early biomarker for developing type 2 diabetes and metabolic syndrome
(Kim et al., 2005; Lee et al., 2003; Lee Douglas et al., 2007; Sabanaya-
gam et al., 2009; Zhao et al., 2020). During pregnancy, women with
higher GGT levels are at greater risk of developing GDM. A prospective
cohort study of 1,512 pregnant women showed a risk ratio (95% CI) of
5.40 (3.36—8.68) for developing GDM when comparing higher versus
lower GGT levels (Kong et al., 2018). In a study of 500 women, GGT was
identified as an independent risk factor for GDM [adjusted odds ratio,
2.1 (95% CI: 1.2—3.8), p = 0.01] (Tan et al., 2008).

It should be pointed out that research into the association of meta-
bolic endpoints or biomarkers with EtP showed disparate or inconsistent
results. We found a significant inverse association between placental EtP
and newborn cord blood glucose levels. However, in a recent prospec-
tive study of 1,087 Chinese pregnant women, a significant positive as-
sociation was found between first-trimester urinary EtP and glucose
levels only for the highest exposures (fourth exposure quartile: § =
0.237, 95% CI: 0.023—0.450), which was not significant anymore after
stratifying by age (Liu et al., 2019). The discrepancy in the direction of
association with our results could be explained by the difference in the
analyzed matrices, test designs, and timing of paraben exposure char-
acterization. Furthermore, the same Chinese study reported a risk ratio
of 1.70 (95% CI: 1.02—2.82) for GDM when comparing the highest with
the lowest quartile of urinary EtP exposure (Liu et al., 2019). In contrast,
other recent studies claim opposite effects, however, in not pregnant
women and men (Kim and Chevrier, 2020; Lee et al., 2019; Ward et al.,
2020). Kim and Chevrier found EtP exposure associated with a 63%
(95% CI: 2—86) lower prevalence of metabolic syndrome in women
(Kim and Chevrier, 2020); a cross-sectional study of 794 adults (>20
years) from the 2013-2014 National Health and Nutrition Examination
Survey (NHANES) showed that urinary EtP levels were positively asso-
ciated with serum adiponectin levels in women of reproductive age (Lee
et al., 2019); the 2005-2014 NHANES survey in adults (n = 8,498) re-
ported an 0.60 adjusted OR (95% CI: 0.51-0.71) for diabetes when
comparing the 75th to 25th percentiles of urinary EtP (Ward et al.,
2020). The at first sight seemingly protective impact of EtP on metabolic
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outcomes as suggested by previous research (Kim and Chevrier, 2020;
Lee et al., 2019; Ward et al., 2020), may not be operational in pregnant
women because the function of drug-metabolizing enzymes and meta-
bolic processes is influenced by pregnancy (Isoherranen and Thummel,
2013). Our study supports the hypothesis that in utero EtP exposure may
already influence metabolic pathways in fetal life potentially leading to
increased disease risks later in life.

4.3. Paraben exposure and differential methylation of CPGs annotated to
the Gamma-Glutamylransferase genes

We investigated the possibility that increased enzymatic activity of
GGT may be due to epigenetic changes influencing the expression level
of GGT. Human GGT is a multigene family which consists of seven
known GGT genes or pseudogenes (Heisterkamp et al., 2008). In a mixed
model including multiple covariates and adjusted for technical variation
we found that the probe cg08612779, annotated to GGT7 and located at
a CpG island was significantly associated with placental EtP levels.
GGT7 is a protein-coding gene located at chromosome 20 that encodes
enzymes involved in both the metabolism of glutathione and in the
transpeptidation of amino acids. The protein is widely expressed in
human tissues with the highest percentage in the brains and especially
the frontal cortex (Fagerberg et al., 2014). The CpG site was promoter-
associated in close proximity to a transcription start site (TSS200) which
could indicate gene silencing by hypermethylation in the presence of
higher placental EtP levels. Generally, the relationship between
methylation status correlates inversely with gene expression in close
proximity to the promoter, with CpG islands often being hypomethy-
lated irrespective of gene expression status (Martino and Saffery, 2015;
Moore et al., 2013). On the other hand, growing evidence suggests that
this assumption may not always hold true, and increasing levels of
promoter methylation can also correlate directly with increased gene
expression (Rauluseviciute et al., 2020; Smith et al., 2020). The control
of GGT expression is the subject of a complex regulatory mechanism
(Zhang and Forman, 2009), with every subtype of GGT mRNA being
regulated through a distinct promoter and responding differentially to
oxidative stress, while promoter activation also depends on the inducing
agents and exposure factors (Zhang and Forman, 2009). Even though no
clear indication could be found that EtP may directly increase GGT ac-
tivity through transcriptional upregulation via DNA methylation, a
significant alteration on the epigenetic level related to EtP exposure
could be observed which may indicate a change in the fetal program-
ming with later-life implications.

4.4. Paraben exposure and pre-pregnancy BMI

We found a trend for an inverse association between maternal pre-
pregnancy BMI and placental EtP. This finding is in line with a recent
study of 95 pregnant women in Iran describing a negative association
between maternal urinary EtP and maternal BMI for the third trimester
of pregnancy (r = —0.235, p = 0.022) (Hajizadeh et al., 2020). Other
studies of (non-pregnant) women or the general population reported
significant associations for other parabens with BMI, but not for EtP
(Kang et al., 2016; Kolatorova et al., 2018). Due to their moderatly
lipophilic character (El Hussein et al., 2007), it has been suggested that
paraben-esters are deposited in the human fat stores explaining negative
associations with BMI found in studies on urinary paraben (Kolatorova
et al., 2018). Because the human placenta has a fat percentage of only
around 3.8% (Pratt et al., 1946), parabens would be expected to be
sequestered relatively less in placental tissue of obese women than in
their lean counterparts, which could explain the inverse association
direction in our study.

4.5. Pre-pregnancy BMI and cord blood GGT and glucose

We found a significant inverse association between maternal pre-
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pregnancy BMI and cord blood GGT, which has, to our knowledge, not
been investigated yet. In studies of children (Cho et al., 2011) and adults
(Elshorbagy et al., 2009; Lawlor et al., 2005; Poikolainen and Vartiai-
nen, 1997), the association between BMI and serum GGT activity has
repeatedly been reported to be positive instead of negative as in our
study. Serum GGT was a positive predictor of BMI (partial r = 0.17, P <
0.001) in a study based on data from 1,550 subjects recruited from nine
European countries in the COMAC project (Elshorbagy et al., 2009).
GGT was significantly correlated with BMI (r = 0.030, p < 0.0001) in a
study of 6,010 healthy individuals in Finland (Poikolainen and Var-
tiainen, 1997). In a study of 3,789 British postmenopausal women, a
standard deviation increase in BMI was associated with a 2.14 U/L (95%
CI: 0.99—3.30) increase in GGT (Lawlor et al., 2005). However, all the
literature mentioned above investigated the association between BMI
and GGT in the same person. Instead, our study examined the BMI/GGT
relationship in sets of two different individuals connected by the
placenta, which may partly explain the observed disparity in the asso-
ciation direction. There is only sparse literature about fetal GGT which
may serve different functions. Cord sera were shown to contain a
significantly greater (p < 0.001) proportion of HDL-bound-GGT (68.5 +
5.5%) than adult sera (59.8 + 10.2%) (Garcia et al., 1987). Fetal GGT
reflects hepatic immaturity, sex of the neonate, gestational age, route of
delivery, and perinatal stress (Garcia et al., 1987; Rivera et al., 1990).
Different but not yet fully elucidated functions and characteristics of
fetal GGT may explain the observed shift in the direction of the associ-
ation between maternal pre-pregnancy BMI and cord GGT activity.

We did not observe a significant correlation between pre-pregnancy
BMI and cord blood glucose levels, yet a significant link has been re-
ported previously for cord glucose levels of neonates born to obese
mothers (Mocarzel et al., 2020a). In a cross-sectional case control study
investigating offspring from obese mothers (n = 41) and healthy con-
trols (n = 31) it was shown that cord blood glucose levels of newborns of
obese mothers [47.8 mg/dL (SD 33.1)] were lower than that in the
control group [57.9 mg/dL (SD 12.5)] (Mocarzel et al., 2020b). As
paraben exposure has already been associated with the BMI and weight
status as well as with metabolic markers including glucose levels, we
investigated a potential role of placental EtP in the association between
maternal pre-pregnancy BMI and the cord blood metabolic markers GGT
and glucose and found significant mediating effects for both relation-
ships. In the case of cord blood GGT, the indirect effect had the same
direction as the direct effect of maternal pre-pregnancy BMI on cord
blood GGT and therefore led to a higher effect size for the total effect. On
the other hand, in the association between pre pregnancy BMI and cord
blood glucose the indirect effect via EtP was positive, attenuating the
inverse direct effect resulting in roughly half of the effect size for the
total effect. While the causal steps approach postulated by Baron and
Kenny (Baron and Kenny, 1986) demanded statistical significance of the
total effect, this requirement is nowadays not deemed a necessary con-
dition for claiming a mediating (indirect) effect (Hayes, 2009; Rucker
et al., 2011).

4.6. Paraben exposure and longitudinal trajectories of BMI z-Scores

In the analysis between placental EtP concentrations and the tra-
jectories of early childhood BMI z-scores we found a significant inverse
association not reported before in this constellation. While in two
studies a positive relationship between prenatal exposure to other par-
abens with childhood metabolic outcomes was reported (Berger et al.,
2021; Leppert et al., 2020) in one of these studies no significant asso-
ciation between maternal urinary EtP levels and BMI trajectories (age
1-8) for 392 children was found (Leppert et al., 2020). Another study
investigated the relationship between postnatal urinary EtP and BMI z-
score in 1324 children aged 6-19 years and found a (statistically non-
significant) inverse trend (p = —0.08, 95 % CI: —0.24—0.08) (Quiros-
Alcala et al., 2018). In adults, inverse as well as positive relationships
were shown for the association between EtP exposure and metabolic
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outcomes. Urinary ethyl paraben was associated with a 63% (95% CI: 2-
86) lower prevalence of metabolic syndrome among 2,564 women
participating in Cycle 4 (2014-2015) of the Canadian Health Measures
Survey (Kim and Chevrier, 2020). On the other hand, EtP showed
significantly increased odds of obesity in the fourth quartile regardless
of the dilution adjustment method [for the covariate-adjusted stan-
dardization method: OR (95% CI) 1.51 (1.19—1.91)] in an adult popu-
lation (n = 3782) of the Korean National Environmental Health Survey
(KoNEHS) 2015-2017 (Lee et al., 2021).

A direct comparison between the findings of this study with those of
cross-sectional studies investigating postnatal exposures may be diffi-
cult, as the underlying mechanisms and pathways may differ between
the childhood metabolic responses to prenatal and postnatal exposures.
Prenatal exposure may initiate alterations in the epigenetic program-
ming according to the DOHAD hypothesis which could lead to other,
even contradictory metabolic responses compared to postnatal
exposure.

4.7. Strengths and limitations

We acknowledge specific strengths and limitations of our present
study. We are the first to investigate the association between cord blood
metabolic biomarkers and paraben exposure levels in placental tissue, a
matrix that may better reflect fetal instead of maternal exposure. Our
analyses for metabolic biomarkers are performed with two different sets
of covariates, based on previous results in the literature and evaluated
by a DAG. Because our study is nested in an established prospective birth
cohort (ENVIRONAGE), representative of the gestational segment of the
Flemish population (Janssen et al., 2017), our findings are generaliz-
able. Nevertheless, we also have to recognize potential limitations. The
direction of causality between paraben exposure and maternal BMI may
be uncertain, as on the one hand paraben exposure could influence the
maternal BMI by obesogenic or leptogenic effects, while on the other
hand reverse causality is also possible due to retention of parabens in fat
stores of obese mothers resulting in lower placental paraben levels for a
higher maternal BMI. While the assessment of paraben concentrations in
placental tissue allows to investigate integrated exposure during preg-
nancy, it does not enable the determination of specific exposure win-
dows during in utero development. Because only free paraben
concentrations were analyzed in the placental tissue we were not able to
compare the proportion of free and total paraben as recommended to
check the possibility of external contamination (Moos et al., 2016; Moos
etal., 2015), or evaluate differences in the fetal metabolism of parabens.
Another limitation could be the fact that the cord blood analyzed in this
study was a mixture of arterial and venous blood which hampers the
functional distinction of the analyzed metabolic markers as products of
placental or fetal metabolism. In the analysis of BMI z-score information,
we could not adjust for the child’s breastfeeding status, caloric intake
and postnatal EtP exposure because this information was not available.
Finally, the observational nature of this study does not directly allow to
infer causal relationships from the resulting data as it is more chal-
lenging to prove the causal impact of a variable on the outcome with
non-experimental data (Nichols, 2007). Nevertheless, observational
data, especially from prospective cohort studies are valuable in the
generation of hypotheses which can then be further investigated within
an experimental set-up (Mann, 2003).

5. Conclusion

In a subset of the prospective ENVIRONAGE birth cohort, we could
determine EtP concentrations in about 88% of the placental samples. A
significant inverse association between placental EtP levels and longi-
tudinal measurements of BMI z-scores for the first years of life was
demonstrated. Furthermore, placental EtP levels were significantly
associated with cord blood GGT activity in neonates. Because GGT ac-
tivity is an established marker of metabolic disease in adults, awareness
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as to potential adverse health effects later in life is necessary. As our
findings seem to indicate mediating effects of placental EtP levels in the
association between maternal pre-pregnancy BMI and metabolic
markers, and modulation of metabolic effects of EtP by pre-pregnancy
BMI, the latter could also influence the exposure-outcome associa-
tions. The most critical phase of life for exposure to adverse environ-
mental influences is the development in utero (Janesick and Blumberg,
2011). We further showed that prenatal EtP exposure may influence
DNA methylation of a gene, encoding a key-metabolic enzyme by fetal
programming. While small alterations of metabolic factors in early life
are generally not regarded as harmful, especially when they are within
the physiological range, they may influence disease risk later in life. In
2015, the European Union lowered the maximum concentration of
specific parabens in cosmetic products and banned them in certain other
products designed for children under the age of three as a precautionary
measure. Even though the use of EtP is still deemed safe (The European
Commission, 2014), in light of the findings in this study, further research
should reassess the safety of EtP especially in the context of prenatal
exposure.
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