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ARTICLE INFO ABSTRACT
Keywords: Background: Exposure to environmental pollutants has been associated with obesogenic effects, yet evidence in
Parabens young children remains sparse. Parabens, widely used as antimicrobial preservatives in personal care products,
Satiety hormones may disrupt satiety hormones during early life, potentially influencing long-term metabolism and weight
]l;emm ! d regulation.
B;\S/[(:a care procucts Methods: This cross-sectional study analyzed urinary methyl, ethyl, propyl, and butylparaben (MeP, EtP, PrP,
ENVIRONAGE cohort BuP) levels in 4-6-year-old children from the ENVIRONAGE birth cohort using ultra-performance liquid chro-
Childhood overweight matography/tandem mass spectrometry. Plasma satiety hormones (leptin, pancreatic polypeptide, glucagon-like
peptide 1, and peptide YY) were measured via (radio-)immunoassays. Associations were assessed in 188 samples
using covariate-adjusted linear regression, sex-stratified analysis, and mixture modeling (quantile g-computation
and Bayesian kernel machine regression). Additionally, the role of BMI was investigated by partial correlation
analysis.
Results: As more than 96 % of the BuP measurements were below the LOQ, only the values of MeP, EtP and PrP
were used for further statistical analysis. A doubling in PrP was associated with an 5.34 % [95 % Confidence
Interval: 1.58 %, 9.23 %] increase in leptin, and BKMR indicated a positive linear association between parabens
and leptin. Additional sensitivity analyses were indicative of sex-specific differences in the relationship between
parabens, BMI and leptin levels.
Conclusions: PrP may increase leptin levels, contributing to obesogenic effects in young children. Given rising
childhood metabolic disorders, further longitudinal studies are needed to assess PrP exposure risks in personal
care products.
1. Introduction issues in adulthood, including cardiovascular and metabolic diseases
(Lindberg et al., 2020; Reilly and Kelly, 2011). Recently, the environ-
Globally, the prevalence of childhood obesity has surged dramati- mental obesogen hypothesis was introduced, suggesting that exposure to
cally over the past four decades, mirroring the rise in adult obesity endocrine-disrupting synthetic chemicals in personal care products
(Simmonds et al., 2016) and predisposing children to long-term health during prenatal or early life stages may predispose individuals to
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increased fat storage and obesity (Darbre, 2017; Grun and Blumberg,
2009). Parabens have been used as low-cost antimicrobial agents in
pharmaceuticals and personal care products for over a century (Ana and
Paula, 2016; Elder, 1984). Consequently, dermal absorption forms the
primary exposure route for parabens (Soni et al., 2005) and internal
exposure to different paraben esters in European children is estimated to
be between 0.20 and 1.01 mg/kg bw/day (Gosens et al., 2014). Con-
cerns about parabens and their endocrine-disrupting properties, re-
ported since the early 2000s (Giulivo et al., 2016; Nowak et al., 2018;
Oishi, 2001, 2002), suggest that widespread paraben exposure could
contribute to the rising metabolic epidemic (Heindel and Blumberg,
2019; Heindel et al., 2015). Although parabens are rapidly metabolized
in the liver and excreted in urine within hours after dermal exposure
(Janjua et al., 2008; Kiwada et al., 1979; Soni et al., 2005), daily dermal
contact leads to chronic exposure with biologically active forms still
being detectable in human blood and tissue samples (Shin et al., 2023).
One mechanism how parabens exert obesogenic effects could be by
altering levels of different appetite/satiety hormones, which in turn
regulate food intake. Satiety hormones released as a direct response to
food intake and involved in short-time appetite regulation include
glucagon-like peptide 1 (GLP1), peptide YY (PYY) and pancreatic
polypeptide (PP). PP is a gut hormone that reduces appetite in humans
after release from the pancreas in response to ingestion of food
(Batterham et al., 2003). Likewise, GLP1 and PYY produced in intestinal
L-cells promote satiety (Flint et al., 1998; Karra et al., 2009). While
leptin crosses the blood-brain barrier (BBB) via saturable transport
mechanisms to reach the arcuate nucleus (ARC) of the hypothalamus
(Rhea et al., 2017), GLP-1, PYY, and PP signal satiety by either directly
crossing the BBB or activating vagal afferents (Batterham et al., 2002;
Rhea et al., 2017; Schwartz, 1983). Although leptin decreases appetite,
increased leptin levels can be indicative of adverse metabolic profiles
and leptin resistance (Obradovic et al., 2021) and have been suggested
as a biomarker for obesity (Venner et al., 2006) and metabolic syndrome
(Madeira et al., 2017).

Associations between parabens and satiety hormones have, to our
knowledge, only been investigated for leptin, where race-specific dif-
ferences have been found in middle-aged women in the U.S., showing an
inverse association between methyl paraben and leptin in White women
but a positive association in Black women (Lee et al., 2022). In another
study of prenatal paraben exposure, maternal urinary benzyl paraben
was positively associated with cord leptin in a Chinese mother-newborn
cohort (Zhang et al., 2022).

Knowledge regarding the effects of parabens in personal care prod-
ucts and their influence on appetite regulation during childhood is ab-
sent, while obesity prevention is most effective when initiated early in
life (Heindel and Vandenberg, 2015; Yan and Mi, 2021). Early-life
environmental factors, especially during prenatal and early postnatal
periods, significantly impact the likelihood of developing metabolic
diseases later in life (Hsu and Tain, 2021; Tamashiro and Moran, 2010),
emphasizing the crucial role of childhood health deviations in shaping
long-term health. Furthermore, sex-specific differences have been re-
ported previously for the relationship between parabens and weight
measures (Guo et al., 2017a; Quirds-Alcala et al., 2018), potentially
through the estrogen-like activity of parabens, demonstrated repeatedly
in in vitro (Kim et al., 2024; Watanabe et al., 2013; Wei et al., 2022) and
in vivo experiments (Liang et al., 2023; Oishi, 2001, 2002; Sun et al.,
2016). With this study, we hypothesized that paraben exposure in early
childhood is associated with changes in satiety hormones and investi-
gated potential relationships with BMI.

2. Material and methods
2.1. Study population

As part of the ongoing Environmental Influence on Early Aging
(ENVIRONAGE) birth cohort study (Janssen et al., 2017), mothers who
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had not undergone planned caesareans and were able to complete
Dutch-language questionnaires were enrolled upon arrival at the de-
livery ward of East-Limburg Hospital in Genk, Belgium. Recruitment,
which began in February 2010 and is still ongoing, took place after
obtaining written informed consent following procedures approved by
the ethical committees of Hasselt University and East-Limburg Hospital
(EudraCT B37120107805) in compliance with the principles of the
Helsinki Declaration.

When the child was between four and six years old, parents were
invited to complete an online questionnaire and participate in a follow-
up examination. The follow-up examinations included in this study were
conducted between August 2015 and April 2018. Urinary paraben levels
of methyl paraben (MeP), ethyl paraben (EtP), propyl paraben (PrP) and
butyl paraben (BuP) were measured in 300 randomly selected urine
samples from 494 children who provided sufficient urine volume during
the examination. For a subset of these children also plasma samples were
available with different numbers of hormone measurements (leptin and
PP N = 200, GLP1 N = 131 and PYY N = 119). Because of missing
measurement values, the final sample sizes in the main analysis for the
association with leptin and PP were N = 188, for GLP1 N = 123 and for
PYYN =111.

2.2. Data collection

At birth, medical records were used to collect information on the
newborn’s sex, delivery date, and maternal parity. Parity was catego-
rized into three groups: mothers having their first, second, or third or
more child. Additional details were gathered through a questionnaire
completed by the mothers during their stay at the delivery ward and
online 4 years later (Supplementary Text 1). The child’s exact age at
follow-up was calculated by subtracting the delivery date from the
follow-up participation date, expressed in years with decimal precision.
Trained examiners measured the child’s height using a fixed stadiometer
with 0.5 cm accuracy and weight using a digital scale to the nearest 0.1
kg. From the height and weight measurements, BMI z-scores (zBMI)
were calculated according to the World Health Organization’s (WHO)
Child Growth Standards (World Health Organization, 2006), with the
CRAN package zscorer (M Myatt and E Guevarra, 2019) taking into
account the age and sex of the child.

2.3. Urinary paraben concentrations

During the follow-up examination, spot-urine samples were collected
in metal-free polypropylene containers (Yvsolab, Turnhout, Belgium)
and kept on ice until the end of the examination. The samples were then
transferred into metal-free 50 mL Falcon tubes (VWR, Haasrode,
Belgium) and stored at —20 °C for further processing.

For mass spectrometric analysis, the samples were thawed, aliquoted
into 15 mL tubes, and shipped on dry ice to the Laboratory of Clinical,
Forensic, and Environmental Toxicology at the University of Liege,
Belgium. There, they were analyzed following a previously established
protocol (Dewalque et al., 2014b) (Supplementary Text 2) using a
Quattro Premier XE mass spectrometer coupled with an Acquity UPLC
system (Waters, Milford, MA, USA). The limits of quantitation (LOQ)
were 0.79 ug/L for MeP, 0.30 pg/L for EtP, 0.36 pg/L for PrP, and 1.00
pg/L for BuP.

2.4. Measurement of satiety hormones

Leptin and Pancreatic Polypeptide (PP) levels were measured in
EDTA plasma using EMD Millipore MILLIPLEX Human Metabolic Hor-
mone Magnetic Bead Panel, according to the manufacturer’s in-
structions (HMH3-34K, Millipore, Merck, Darmstadt, Germany).
Measurements were performed using the Bio-Plex MAGPIX multiplex
reader, and data were analyzed using the Bio-Plex Manager 6.1 software
(Bio-Rad). Glucagon-like peptide 1 (GLP-1) and Peptide YY (PYY) were
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measured using previously validated high-sensitivity radioimmunoassay
(Kreymann et al., 1988) combined with in-house methods described in
Supplementary Text 3.

2.5. Statistics

2.5.1. Preprocessing of raw paraben and hormone measurements

For further use in regression analysis, MeP, EtP, and PrP exposure
values below the LOQ were imputed using a truncated lognormal dis-
tribution via the R package “Inormimp” (Herbers et al., 2021). Specif-
ically, a truncated lognormal distribution was fitted to the values above
the LOQ, yielding the mean and standard deviation of the distribution.
Random values between 0 and the LOQ were then imputed based on
these estimates. Because the distribution of paraben values, as well as
hormone levels, was right-skewed, a natural log transformation was
applied to improve normality. Additionally, the paraben concentrations
were adjusted for urine osmolality, measured by freezing point deter-
mination with a Knauer Semi-Micro Osmometer (K-74008S), by calcu-
lating the residuals from the regression of paraben values on osmolality
values.

For the satiety hormones no imputation of missing values was per-
formed. Because the assessment of leptin and PP concentration by
immunoassay was performed on different plates, correction for batch
effects was performed by standardizing the values against the plate
means. The equality of variances between boys and girls regarding
paraben and satiety hormone measurements was assessed by Levene’s
test (Levene, 1963).

2.5.2. Single pollutant analysis

To investigate the associations between paraben values and the
different satiety hormones, we first selected covariates a priori from the
literature and examined their relationship with each other. Therefore,
we constructed a directed acyclic graph (DAG) (Supplementary Fig. S1),
built with the online tool DAGitty 3.0 (Textor et al., 2016) for visuali-
zation. Based on the DAG, two models with different sets of covariates
were constructed. Model 1 included a basic set of covariates derived
from the DAG, including the minimal sufficient adjustment set of con-
founders derived from DAGitty (BMI z-score and ethnicity of the child
and maternal education) and additional variables potentially biasing the
association between parabens and satiety hormones, namely child’s sex,
age, and birthweight, hour of the examination (as a proxy of time since
last meal), parity and household smoking. To assess the robustness of the
association, Model 2 was constructed with a more extended set of
covariates containing additional pregnancy-related variables. In detail,
Model 2 additionally contained maternal age, maternal early pregnancy
BMI and smoking status, gestational age of the child at birth and
breastfeeding status of the child as covariates. All children did not eat at
least 1 h before the blood collection. Because the role of BMI as either
mediator or confounder was not clear from the literature, we also per-
formed a sensitivity analysis without adjusting for BMI z-scores,
assuming a mediating instead of a confounding role of body weight, to
test the robustness of our results. To further elucidate the relationship
between parabens and BMI and satiety hormones, we performed partial
correlation analyses including sex, ethnicity, age, and birthweight of the
child, parity, early-pregnancy BMI, maternal education and household
smoking for the correlation between parabens and BMI z-scores and for
the correlation between BMI z-scores and satiety hormones. Further-
more, we tested if sex had a moderating effect on the association be-
tween parabens and satiety hormones by calculating the p-value of the
interaction term between parabens and sex and performed the multiple
regression analyses and mediation analyses additionally stratified for
sex. We additionally showed the results of the linear regression models
as percent changes in the satiety hormone level for a doubling (100 %
increase) in paraben exposure by applying the formula suggested by
Benoit (2011) for log-log models.
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2.5.3. Mixture analysis

We applied both quantile g-computation (Keil et al., 2020) and
Bayesian Kernel Machine Regression (BKMR) (Bobb et al. 2015, 2018) to
analyze the mixture effects of parabens on the different satiety hor-
mones. These methods were selected due to their complementary
strengths: while quantile g-computation estimates the average effects of
changing all exposures simultaneously within a joint marginal structural
model (Keil et al.,, 2020), BKMR enables the modeling of complex
exposure-response relationships and interactions between exposures
(Bobb et al., 2015).

In brief, we employed quantile g-computation using the qgcomp
package (Keil et al, 2020) to assess the combined effects of
log-transformed MeP, EtP, and PrP levels on log-transformed hormone
values and performed 500 bootstrap iterations to estimate the 95 %
confidence intervals (CI). This method estimates the impact of a
one-quantile increase in all mixture components simultaneously, ac-
counting for variability in the direction of individual exposure outcome
by assigning positive or negative weights to each exposure providing
relatively unbiased estimates even in smaller samples (Keil et al., 2020).

Furthermore, we applied BKMR for the mixture assessment speci-
fying 50,000 iterations. Specifically, we estimated the posterior mean
and associated 95 % CI of the estimated change in hormone levels
(overall effect of paraben mixture) by estimating the differences in the
outcomes when all three paraben levels simultaneously change from the
10th to 90th percentile (in 10-percentile point increments) in compar-
ison with when they were held at their 50th percentile. We further
estimated the posterior inclusion probabilities (PIPs) by multivariable-
adjusted BKMR models with component-wise variable selection to
assess the relative importance of individual parabens in the overall
mixture effects. We then examined the significance of the paraben
mixture in influencing hormone levels by estimating the change asso-
ciated with an interquartile range (IQR) increase in a single pollutant
while keeping the other pollutants constant at the 25th, 50th, or 75th
percentile levels. To explore the potential nonlinear dose-response
relationship and possible interactions within the mixture, we visual-
ized univariate dose-response functions.

Statistical significance was defined as p < 0.05 in all analyses except
for the interaction term between parabens and sex, where a threshold of
<0.1 was handled. Data analysis was performed in RStudio (RStudio
Team, 2020) using R 4.4.1.

3. Results
3.1. Demographics

The children in this study were predominantly of European origin
(92 %), with a mean (SD) gestational age of 39.1 (1.7) weeks and a birth
weight of 3336 (472.7) grams. At the time of examination, the average
age was 4.6 (0.4) years, including 42.1 % girls in the subset of this study
(Table 1). Most of the mothers were primiparous (54 %), had achieved a
higher educational level (60.9 %) and never smoked (67.8 %), while in a
third of the children’s households, one of the parents had been smoking
between birth and follow-up examination. The average values of the
satiety hormones measured in the children’s plasma are shown in
Table 1. The variance did not differ significantly between boys and girls
(Supplementary Table S1). The population characteristics in our subset
were comparable to those of all children in our cohort who attended the
follow-up examination during the same period, except for household
smoking exposure, which was slightly higher (30.6 % vs 27.1 %).
Additionally, the characteristics were consistent between the different
subsets (Supplementary Table 52).

3.2. Urinary paraben measurements

As more than 96 % of the BuP measurements were below the LOQ,
only the values of MeP (99.5 % > LOQ), EtP (66.8 % > LOQ) and PrP
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Table 1
Population characteristics of n = 202 participants with paraben quantification
and at least one hormone measurement.

Characteristics Mean (SD) or n (%) N
Child
Girls, n 85 (42.1 %) 202
Ethnicity, European 184 (92 %) 200
Gestational age, weeks 39.1 (£1.7) 202
Birthweight, g 3336 (+472.7) 202
Breastfeeding at any point, yes 135 (72.6 %) 186
Age, years 4.6 (£0.4) 202
BMI, kg/m? 16.1 (£1.4) 202
Overweight/obese, IOTF* 27 (14.7 %) 184
Household smoking exposure ever, n 59 (30.6 %) 193
Urinary osmolality, mOsm/kg 718.8 (£261.4) 201
Pancreatic Polypeptide (PP), pg/mLh 114.9 [71.1-176.7] 200
Leptin, ng/mL" 0.4 [0.3-0.6] 200
Glucagon-like peptide 1 (GLP-1), prnol/Lh 35.10 [28.1-48.4] 131
Peptide Y.Y. (PYY), pmol/L” 22.8 [13.7-32.8] 119
Mother
Age at delivery, years 30.1 (+£4.4) 202
BMI early pregnancy, kg/m? 24.3 (£4.4) 202
Education level, n 202
Low 20 (9.9 %)
Middle 59 (29.2 %)
High 123 (60.9 %)
Smoking during index pregnancy, n 202
Never 137 (67.8 %)

42 (20.8 %)
23 (11.4 %)

Stopped before index pregnancy
Smoked during pregnancy

Parity, n 202
1 109 (54.0 %)
2 72 (35.6 %)
>3 21 (10.4 %)

# The International Obesity Task Force (IOTF) z-score cut-offs correspond to
sex-specific scores of BMI at ages 2-18, 25 kg/m? for overweight and 30 kg/m?>
for obesity.

> Median and [IQR].

(90.5 % > LOQ) were used for further statistical analysis. The 10 %
trimmed means of urinary paraben levels were 63.3 pg/L, 1.5, and 7.2
pg/L, [median values: 25.4 (ug/L), 1 (pg/L), 5.1 (ug/L)] respectively, for
MeP, EtP, and PrP. The medians, geometric means, interquartile ranges
(IQRs), and percentages above LOQ are shown in Supplementary Table
S3. The imputed, natural log-transformed, and residualized paraben
values were moderately correlated with each other (PrP and MeP: r =
0.46, p = 9.7e-12; MeP and EtP: r = 0.34, p = 6.2e-07; and PrP and EtP r

Table 2
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= 0.30, p = 1.3e-05 respectively).

3.3. Associations between urinary parabens and plasma satiety hormones
in single exposure models

We found that PrP levels in urine were associated with higher leptin
values (Table 2, Fig. 1) in a linear regression model adjusted for a basic
set of covariates, including the BMI z-score (p = 0.075, p = 0.0053),
translating to an increase of 5.34 % [95 % Confidence Interval (CI): 1.58
%, 9.23 %] in leptin levels for a doubling of PrP. In a model with a more
extended set of covariates including additional pregnancy-related vari-
ables (Model 2, Supplementary Table S4) and in the sensitivity analysis
without adjustment for BMI z-scores (Supplementary Table S5), this
association remained statistically significant ( = 0.080, p = 0.0069 and
B = 0.078 and p = 0.018 respectively).

None of the other associations between different parabens and
satiety hormones had a p-value below 0.05 (Table 2). Only for the as-
sociation between PrP and PP was the interaction term for sex statisti-
cally significant (p = 0.036) (Table 2). In the stratified analysis, the
association showed a positive trend for boys with an increase of 3.56 %
[-2.17 %, 10.62 %] in PP for a doubling of PrP compared to an inverse
trend for girls with a decrease of —3.14 % [-11.08 %, 5.03 %] in leptin
for a doubling in PrP (Supplementary Tables S6 and S7). Also, some
associations between other paraben esters and satiety hormones showed
divergent trends for boys and girls (Supplementary Tables S6 and S7).

3.4. Relationship between zBMI, urinary parabens and hormone levels,
including sex-specific effects

In the partial correlation analysis adjusting for sex, ethnicity, age and
birthweight of the child, parity, household smoking, early-pregnancy
BMI and highest educational attainment of the mother, we did not
find statistically significant correlations between the paraben esters and
zBMI when analyzing all participants (Supplementary Table S8). When
performing the sex-stratified analyses, we observed in boys a positive
correlation between EtP and zBMI (r = 0.24, p = 0.014) and trends for
an inverse correlation between PrP and zBMI (r = —0.18, p = 0.065)
compared to a positive trend in girls (r = 0.23, p = 0.051)
(Supplementary Table S8). In the partial correlation analysis between
zBMI and satiety hormones, adjusting for sex, ethnicity, age and birth-
weight of the child, parity, household smoking, hour of the examination,
early-pregnancy BMI and highest educational attainment of the mother,
only zBMI and leptin levels were significantly correlated in the total

Associations between urinary parabens and plasma satiety hormones in 4-year-olds analyzed with multiple linear regression analysis. The percent change in satiety

hormone level is shown for a doubling in paraben exposure.

Satiety hormones® Parabens log (ug/L)* B [95 %CI] %A [95 %CI] P P interaction term sex
Leptin log(pg/mL)® MeP 3.0e-2 [-2.3e-2, 0.13] 2.10 % [-1.36 %, 5.68 %] 0.24 0.66
EtP 1.5e-2 [-3.8e-2, 6.8e-2] 1.05 % [-2.57 %, 4.81 %] 0.57 0.22
PrP 7.5e-2 [2.3e-2, 0.13] 5.34 % [1.58 %, 9.23 %] 5.3e-3 ** 0.88
PP log(pg/mL)" MeP —2.0e-3 [-5.9¢e-2, 5.5e-2] —0.14 % [-4.01 %, 3.90 %] 0.95 0.12
EtP —2.0e-2 [-8.0e-2, 4.0e-2] —1.39 % [-5.42 %, 2.81 %] 0.51 0.25
PrP —8.0e-3 [-6.9e-2, 5.3e-2] —0.55 % [-4.57 %, 3.72 %] 0.80 0.036*
GLP1 log(pmol/L)* MeP 5.6e-3 [-4.3e-2, 5.4e-2] 0.39 % [-4.13 %, 3.77 %] 0.82 0.41
EtP —2.0e-2 [-8.0e-2, 4.0e-2] —0.90 % [-5.66 %, 2.54 %] 0.51 0.54
PrP 9.2e-3 [-4.4e-2, 6.2e-2] 0.64 % [-4.33 %, 4.49 %] 0.73 0.49
PYY log(l:lm()l/L)d MeP 9.7e-2 [-2.4e-2, 0.22] 7.16 % [-1.64 %, 16.36 %] 0.11 0.96
EtP 1.1e-2 [-0.14, 0.12] —0.79 % [-9.47 %, 8.24 %] 0.86 0.15
PrP —1.5e-2 [-0.15, 0.12] —1.06 % [-10.15 %, 8.54 %] 0.82 0.25

The models were adjusted for sex, ethnicity, age, birthweight and BMI z-score of the child, hour of the examination, parity and highest educational attainment of the

mother and household smoking.

#Paraben and hormone values were natural log transformed and residuals were retrieved from regressing the paraben values against urinary osmolality measurements.

b ¢ d gample sizes per analysis: b = 188; ¢ = 123; d = 111.
Significance levels *< 0.05, **< 0.01 and *< 0.1 for the interaction term.
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Fig. 1. Association between the residuals of natural log-transformed urinary
propylparaben (PrP) concentrations regressed against urinary osmolality mea-
surements and natural log-transformed plasma leptin levels in an adjusted
linear regression model with 95 % confidence intervals (grey band). The model
was adjusted for sex, ethnicity, age of the child, birthweight and BMI z-score of
the child, hour of the examination, parity, highest educational attainment of the
mother and household smoking. The grey band indicates the 95 % confi-
dence interval.

population (r = 0.57, p = 7.9e-16) and the sex-stratified analysis (boys:
r = 0.56, p = 3.7e-9; girls: r = 0.65, p = 2.4e-8) (Supplementary Table
S9).
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3.5. Mixture effects of parabens on satiety hormones

3.5.1. Quantile g-computation

Using quantile g-computation we did not find evidence for a mixture
effect between the joint exposure to MeP, EtP and PrP with one of the
measured satiety hormones (Supplementary Table S10). We observed
different directions of weights for the different parabens in the mixture
(Supplementary Fig. S2). A one-quantile increase in the natural log-
transformed paraben values regressed against urinary osmolality was
associated with a 0.099-point increase in natural log-transformed leptin
levels (p = 0.14). Also, for Model 2 and in the sensitivity analysis
without BMI z-score, the 95 % confidence intervals included zero,
indicating no statistically meaningful effect (Supplementary Tables S11
and S12, respectively).

3.5.2. Bayesian Kernel Machine Regression (BKMR)

The overall effects of the three parabens (MeP, EtP and PrP) on the
levels of plasma satiety hormones estimated using BKMR indicated a
statistically significant effect of the mixture for the lowest exposure
percentiles. As shown in Fig. 2 and Supplementary Table S13, we found
that the estimated change in log-transformed leptin levels increased
with a simultaneous increase of the three parabens, from the 10th to
90th percentiles, as compared to when all pollutants are at their median,
indicating a positive combined mixture effect.

These confidence intervals did not include zero when all three par-
abens were between their 10th and 30th percentile, resulting in a
decreased estimate, and when they were at the 60th percentile, resulting
in an increased estimate (Supplementary Table S13).

Assuming that the change in leptin was 0 (95 % CI) at the 50th
percentile of the three parabens, the change of log leptin with the
decrease in the percentile of the three parabens was as follows: 0.15 (95
% CI: —0.28 to —0.027) for the 10th percentile; —0.10 (95 % CI: —0.19
to —0.017) for the 20th percentile; —0.057 (95 % CI: 0.11 to —0.005) for
the 30th percentile; and for the increase in percentile of the paraben
mixture 0.021 (95 % CI: 0.001 to 0.41) for the 60th percentile (Fig. 2,
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Fig. 2. Combined effects of methyl, ethyl and propyl paraben with 95 % confidence intervals. The figure shows the change in estimate when the three parabens were
set at particular percentiles (ranging from 10th to 90th) compared to when all pollutants are at their 50th percentile, in models adjusted for: sex, ethnicity, age,
birthweight and BMI z-score of the child, hour of the examination, parity and highest educational attainment of the mother and household smoking. The estimated
effects and 95 % confidence intervals are presented as black dots and bars, respectively.
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Supplementary Table S13).

We observed that PrP had the relatively highest PIP (0.043) in as-
sociation with leptin levels compared with the other parabens
(Supplementary Table S14). In association with PYY, the PIPs of the
three parabens were about one order of magnitude higher, indicating the
highest contribution to come from MeP with a PIP of 0.52. For the as-
sociations with GLP1 and PP, the PIPs were low and evenly distributed,
suggesting no major contribution of either of the parabens to changes in
these hormones.

Regarding the change in estimate for an IQR increase in a single
paraben while the others were fixed at the 25th, 50th or 75th percen-
tiles, we found for the association with leptin, that PrP was the only
pollutant displaying a positive and significant effect, which remained
constant regardless of the percentile level of the other parabens (for an
IQR change in PrP: § = 0.13 for all quantiles, 95 % CI between: 0.0079,
0.26 and 0.010, 0.26) (Supplementary Fig. S3A). Furthermore, MeP
showed an association with PYY, which appeared stronger when the
other parabens were held at a lower percentile (for an IQR change in
MeP: p = 0.59, 95 % CI: 0.10, 1.07, and § = 0.60, 95 % CI: 0.098, 1.10,
when the other parabens were set at the 25th and 50th percentiles,
respectively (Supplementary Fig. S3C).

Furthermore, we found the association between PrP and leptin levels
to be nearly linear, only flattening with increasing uncertainties for the
highest PrP values (due to a limited number of observations)
(Supplementary Fig. S4A). In the univariate dose-response functions,
MeP and EtP showed no effect on leptin levels. For the association with
PYY, MeP showed a positive dose-response relationship, which was also
linear except for the highest exposure levels (Supplementary Fig. S4C),
but here the overall uncertainty was higher.

4. Discussion

Childhood obesity has sharply increased over the past four decades,
raising the risk of long-term health issues in adulthood. The environ-
mental obesogen hypothesis (Heindel and Blumberg, 2019) links this
trend to prenatal or early-life exposure to endocrine disruptors in per-
sonal care products, which may promote fat accumulation and obesity.

The main finding of this study is that PrP is associated with higher
leptin levels in preschool children, which may indicate a potential
mechanism for the metabolic effects of this antimicrobial agent. Addi-
tionally, mixture analysis revealed varying dose-response relationships
among different paraben esters, while stratified analysis indicated sex-
specific differences in the association between parabens and BMI.

4.1. Paraben exposure and satiety hormone levels in preschool children

Three of the four parabens commonly used in personal care products
(Food and Drug Administration, 2022; van der Schyff et al., 2022) were
detected in a large proportion of urinary samples from Flemish pre-
school children. Among these, MeP, which has the shortest chain length
and the highest water solubility, was found in nearly all samples and at
the highest concentrations, which is in line with other studies (overview
in Supplementary Table S15). In this study, consistent with another
study of urinary paraben levels in Flemish preschool children (Dewalque
et al., 2014a), the measured values were higher than in other European
countries and most countries outside Europe (Supplementary Table
S15). PrP showed higher values in this study (median 5.1 pg/L) than in
other countries [median < LOQ in Germany (Murawski et al., 2021) and
0.4 and 2.4 pg/L in China (Guo et al. 2017b; Lu et al., 2019)] but was
again comparable with levels measured in South-Korea for this age
group (geometric mean 5.2 pg/L (Hong et al., 2021) vs 5.1 pg/L
measured in his study). The higher values reported for Flemish pre-
school children compared with those in other countries may be due to
variations in the demographic and geographic characteristics of the
study populations, or in experimental parameters and measurement
sensitivity which could also account for differences in the observed
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concentrations. For example, we only reported values above the LOQ to
ensure the reliability of the obtained values, which resulted in a rela-
tively higher median compared to studies using all samples above the
LOD.

With 0.4 ng/mL (girls: 0.5 ng/mL, boys: 0.3 ng/mL, Supplementary
Table S1), the median leptin values in this study were lower than the
reference values reported for 4-year-olds in Europe (Erhardt et al.,
2014). The values reported for 4-year-olds in the IDEFIX cohort were
with 2.34 ng/mL (girls) and 1.09 ng/mL (boys) an order of magnitude
higher (Erhardt et al., 2014). The reason for this this discrepancy could
be the use of a different analytical method for leptin quantification, as
results obtained with different laboratory methods may not be compa-
rable (Erhardt et al., 2014; Loo et al., 2011). For healthy non-obese
children there is not much information about reference values for PP.
In a study of children between 0 and 15 years, comparable values with
those in our study have been reports (233+147 pg/mL) (Hanukoglu
et al., 1990). In a systematic review of PYY values in children (Wojcicki,
2012), fasting PYY levels in children aged 2-5 years were reported to
range between 60 and 120 pg/mL which is higher than the 22.8 pg/mL
we observed in our study. Regarding the concentration of 35 pg/mL
measured in our study for GLP, a lower value of 2.8 pmol/L
[IQR:2.1-3.8 pmol/L] converted to 9.23 pg/mL [IQR: 6.92-12.53
pg/mL] was reported for a population based group of 11 year old chil-
dren (Stinson et al., 2021). Also here, the analytical method differed
from ours which might explain the difference in obtained values.

4.2. Association between urinary parabens and satiety hormones

This study is the first to investigate associations between parabens
commonly used in personal care products and satiety hormones in
preschool children. We found a statistically significant association be-
tween PrP and leptin levels in preschool children. To our knowledge,
this association has only been investigated in a few studies and for
different age groups. Two studies investigated this association in adult
women (Kolatorova et al., 2018; Lee et al., 2022). Both studies found
statistically significant inverse associations for the relationship between
leptin and MeP, but not for PrP, and a positive trend for the association
with PrP (§ = 0.02, p = 0.66). These inconsistent findings may reflect
biological differences in the metabolic effects of endocrine disruptors or
differences in hormone levels and functions for different age groups.
Also, in this study, the urinary paraben values were higher than in the
two studies mentioned above. Statistically, significant changes in leptin
levels could only be present above a certain threshold. In the BKMR
analysis, we calculated the overall effect (posterior mean) and found
statistically significant associations between lower leptin levels and the
lowest exposure percentiles but not for increased leptin levels associated
with the highest exposure percentiles. This may not only reflect the
presence of wider confidence intervals for higher paraben values due to
a smaller number of observations, but could also demonstrate that the
50th reference percentile already exerts an effect with a plateau for the
highest exposure levels, as suggestively indicated in Fig. 2A for the
overall effect and Supplementary Fig. S4A for the individual effect of
PrP. The importance of PrP for the mixture effect was also reflected by
the highest PIP in comparison between the paraben esters for the asso-
ciation with leptin. Even though the value of 0.043 does not reach the
threshold of 0.5 often used for inclusion in variable selection, PIPs
should be considered in relation to each other rather than against an
absolute threshold (Bobb et al., 2015; Hasan et al., 2024).

Applying quantile g-computation, we observed no statistically sig-
nificant combined effects with any of the satiety hormones. Quantile g-
computation allows for different directions of the individual exposure
effects, which like here can partially cancel each other out
(Supplementary Fig. S2). It is not unusual for different paraben esters to
show different directions of effect, maybe due to their different chain
length and structure resulting in different lipophilicity (El Hussein et al.,
2007; Wang et al., 2015) and receptor binding-affinities (Terasaki et al.,
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2009). A recent study found that MeP but not BuP exposure by daily oral
gavage (100 mg/kg/day) was associated with increasing serum leptin
levels in female mice (Hu et al., 2016).

We did not find associations between the different paraben esters and
any of the other satiety hormones (GLP1, PP, PYY). Another study
investigating the association between parabens and GLP1 in 27 women
also reported null findings (Kolatorova et al., 2018). To our knowledge,
no other studies have investigated the associations with these
short-acting satiety hormones yet. Because these hormones peak after
gastrointestinal passage before falling back to baseline levels (Wren and
Bloom, 2007), detection of exposure-related changes might be
hampered by the short and inconsistent assessment windows in epide-
miological studies.

4.3. Clinical significance and mode of action

The clinical significance of increased leptin levels lies in the nature of
leptin as a long-term regulator of energy balance. Produced mainly in
adipose tissue, body fat mass and leptin levels are strongly correlated
(Shimizu et al., 1997) and are already in children associated with
obesity and metabolic syndrome (Madeira et al., 2017). While higher
levels of other, short-acting, satiety hormones like GLP1, PYY and PP
may be regarded favorable as they reduce appetite, high leptin levels can
be regarded as a marker of leptin resistance at the level of hypothalamic
receptors, comparable with high insulin values, indicative of insulin
resistance at pancreatic f-cell level. Indeed, leptin resistance has also
been associated with insulin resistance and is an additional component
of metabolic syndrome (Schulze et al., 2003; Soliman et al., 2012). As we
performed our study in a cohort setting with less than 15 % of the
children being overweight or obese, the clinical implication regarding
leptin resistance at this point may still be limited. Nevertheless, small
shifts in the leptin levels at 4 years could be indicative of an increased
risk of leptin resistance later in life. In 149 children aged 6-12 years at
high risk for adult obesity, high baseline serum leptin concentration,
were found to predicted greater BMI and fat mass at follow-up (average
4.4 years later) independent of baseline BMI/fat mass (Fleisch et al.,
2007). Furthermore, a longitudinal study of leptin levels and childhood
weight demonstrated that higher leptin levels at 3 years were associated
with greater weight gain and adiposity at 7 years (Boeke et al., 2013).

In accordance with a study in European normal-weight prepubertal
children (Erhardt et al., 2014), we found that already in preschool
children, leptin levels were significantly higher in girls than in boys (6.4
pg/mL vs 5.8 pg/mL, Student t-test p = 9.0e-09). Interestingly, even
though the interaction term for sex was not statistically significant, we
found the effect of PrP in boys to be slightly higher than in girls (p =
0.087, p = 0.024 vs. § = 0.064, p = 0.15), which may point in the di-
rection of a higher effect of PrP on leptin in the presence of less
endogenous estrogen. In young children, this effect may still occur
despite lower circulating estrogen levels compared to adolescents and
adults (Frederiksen et al., 2020), as significant differences in serum es-
trogen levels and estrogen/testosterone ratios between boys and girls
prior to adrenarche have previously been reported (Igarashi et al., 2021;
lkegami et al., 2001; Klein et al., 1994). In fact, it has been suggested
that the estrogenic burden of parabens, especially PrP in blood, may
even exceed the action of endogenous estradiol in childhood (Boberg
et al., 2010).

Additionally, several studies have suggested that a mutual signaling
cross-talk between estrogens and PPARy/« influences PPARy expression
and function in obesity (Jeong and Yoon, 2011; Sato et al., 2013; Yoon,
2010). The observed differences in the association between PrP, leptin
levels and BMI may suggest sex-specific variations in the underlying
molecular pathways and endocrine responses to PrP.

The role of zBMI in the interplay with parabens and leptin levels
could not be determined with certainty in this cross-sectional study.
Research consistently shows a significant positive correlation between
BMI and blood leptin levels, with higher BMI linked to elevated leptin
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concentrations (Lieb et al., 2008; Shimizu et al., 1997; Sitar-Taut et al.,
2021). This effect is due to the leptin production by adipose tissue,
which is proportional to body fat mass. On the other hand, it is not clear
from literature if parabens affect BMI (suggesting a mediating role of
BMI) as reported in literature (Kim and Chevrier, 2020; Quiros-Alcala
etal., 2018) or if BMI affects the measured urinary paraben values due to
“fat trapping” of the moderately lipophilic parabens (El Hussein et al.,
2007; Wang et al., 2015), as suggested previously (Reimann et al.,
2023), confounding the association with leptin. Generally, including a
mediator as a covariate in a regression model yields lower estimates and
higher p-values (Etminan et al., 2021; Schisterman et al., 2009). We
observed comparable estimates and a lower p-value when including
zBMI in the analysis, which is indicative of a confounding role instead of
a mediating role. We also cannot exclude the possibility that BMI acts as
a collider in the association between PrP and leptin levels. This would be
the case if PrP would influence the BMI via leptin as a mediator, while
leptin would also independently affect BMI. Conditioning on a collider,
influenced by multiple exposures may introduce spurious associations
between these exposures (collider bias) (Schisterman et al., 2009). This
phenomenon is particularly relevant in mediation analysis, where dis-
tinguishing between direct and indirect effects is crucial. By condition-
ing on the outcome, bias that conflates these effects may be introduced
(Elwert and Winship, 2014). For the assessment of urinary parabens, the
relationship with BMI might therefore be bi-directional.

4.4. Strengths and limitations

We acknowledge the specific strengths and limitations of this study.
To our knowledge, this is the first study examining the association be-
tween plasma satiety hormones and urinary paraben levels in preschool
children. Employing data from an established prospective birth cohort
(ENVIRONAGE) also enhances the generalizability of our findings.
Furthermore, we utilized a truncated lognormal distribution for the
imputation of paraben values below LOQ rather than imputing with
LOQ/2. This approach resulted in more robust and unbiased estimates in
the linear regression models (Herbers et al., 2021). Urine osmolality was
chosen for hydration adjustment due to its direct reflection of the
water-to-solute ratio, providing a physiologically relevant basis for
adjustment. Unlike creatinine, which varies with factors like muscle
mass and diet (Boeniger et al., 1993), and specific gravity, which can be
influenced by high-molecular-weight compounds (Yeh et al.,, 2015),
osmolality provides a robust control for urine dilution in environmental
epidemiology settings and cohort studies (Middleton et al., 2016).
Furthermore, we used the residuals of urinary biomarkers regressed on
osmolality as our exposure metric, which aligns with the first stage of
Schisterman et al.’s two-stage method (Schisterman et al., 2005) and
effectively isolates hydration-related variability. Although O’Brien et al.
(2016) (O’Brien et al., 2016) have shown that including osmolality
directly as a covariate can yield similar or improved performance, the
residual approach remains a valid and practical strategy. Despite the
strengths, certain limitations should be considered. Due to the
cross-sectional design of this study, we could not definitively determine
the temporal sequence between paraben exposure, BMI z-scores and
hormone levels. Therefore, we could not infer causality from the
observed associations. The relatively small sample size may also have
limited the statistical power, potentially leading to associations not
reaching significance. This limitation especially affects the sex-stratified
analyses in this study where the sample size is even smaller. The results
of these analyses may therefore be interpreted with caution and need
further validation in larger populations. Another limitation is the fact
that we did not have questionnaire information about certain lifestyle
characteristics like the use of personal care products, nutrition and ex-
ercise, which may influence paraben, hormone and BMI levels. Even
though the children did not eat 1 h in advance of the blood sampling and
we did correct for the hour of examination, residual bias in the assess-
ment of the short-acting hormones (GLP1, PP, PYY) may have remained
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due to missing information about the prandial status. Urinary paraben
levels were measured using spot urine samples, which may introduce
exposure misclassification due to temporal variability in the urinary
concentrations of nonpersistent chemicals like parabens, potentially
leading to attenuation bias in exposure-response relationships (Casas
et al., 2018). However, the impact of measurement error may be miti-
gated, as relatively high and reproducible intraclass correlation co-
efficients have been reported for urinary parabens (median = 0.52),
likely reflecting the steady dermal absorption of personal care products
(Roggeman et al., 2022).

5. Conclusions

We found evidence suggesting that PrP may elevate leptin levels in
preschool children. While leptin is primarily involved in regulation of
body fat stores, its chronic elevation is associated with adverse meta-
bolic outcomes, and our findings may point to leptin as a biological
mechanism linking parabens with the growing obesity epidemic in
children. Given these results, a reassessment of the safety of parabens in
personal care products, particularly for young children, warrants
consideration.

CRediT authorship contribution statement

Brigitte Reimann: Writing — original draft, Visualization, Method-
ology, Formal analysis. Thais De Ruyter: Writing — review & editing,
Resources, Investigation. Hanne Sleurs: Writing — review & editing,
Investigation. Leen Rasking: Writing — review & editing, Investigation.
Lore Verheyen: Writing — review & editing, Investigation. Nick Gies-
berts: Writing — review & editing, Investigation. Catherine Pirard:
Writing - review & editing, Resources, Investigation. Corinne Charlier:
Writing — review & editing, Investigation. Gary Frost: Writing — review
& editing, Resources, Investigation. Paolo Vineis: Writing — review &
editing, Resources, Investigation. Stefaan De Henauw: Writing — re-
view & editing, Resources. Nathalie Michels: Writing — review &
editing, Resources. Tim S. Nawrot: Writing — review & editing, Super-
vision, Resources, Project administration, Funding acquisition.
Michelle Plusquin: Writing — review & editing, Supervision, Resources,
Conceptualization.

Data sharing

The data used in this study are not publicly available because they
contain information that could compromise research participant privacy
but are available within General Data Protection Regulation restrictions
from the corresponding author upon reasonable request.

Declaration of generative Al and Al-assisted technologies in the
writing process

During the preparation of this work, the author(s) used ChatGPT in
order to improve the language and readability of the manuscript. After
using this tool, the author(s) reviewed and edited the content as needed
and take full responsibility for the content of the publication.

Funding

The ENVIRONAGE birth cohort is supported by grants from the
Methusalem Fund from the Flemish Government, the Flemish Research
Council (FWO G073315 N) and the STOP project of the European
Commission (Grant No. 774548H2020). The work of TDR on satiety
hormones was also funded by the Flemish Research Council FWO project
(FWO GO048420N). L.R. was financially supported by the University
Research Fund (Bijzonder Onderzoeksfonds Universiteit Hasselt).

Environmental Research 285 (2025) 122300
Declaration of competing interest

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

Acknowledgments

We acknowledge the participating mothers and neonates, as well as
the staff of the maternity ward, midwives, and the staff of the clinical
laboratory of East-Limburg Hospital in Genk.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envres.2025.122300.

Data availability
Data will be made available on request.

References

Ana, F., Paula, F.A., 2016. Parabens paradoxes in cosmetic formulations: a review. Int J
Med Res Pharm Sci 8, 3.

Batterham, R.L., Cowley, M.A., Small, C.J., Herzog, H., Cohen, M.A., Dakin, C.L.,
Wren, A.M., Brynes, A.E., Low, M.J., Ghatei, M.A., Cone, R.D., Bloom, S.R., 2002.
Gut hormone PYY3-36 physiologically inhibits food intake. Nature 418, 650-654.

Batterham, R.L., Le Roux, C.W., Cohen, M.A., Park, A.J., Ellis, S.M., Patterson, M.,
Frost, G.S., Ghatei, M.A., Bloom, S.R., 2003. Pancreatic polypeptide reduces appetite
and food intake in humans. J. Clin. Endocrinol. Metabol. 88, 3989-3992.

Benoit, K., 2011. Linear Regression Models with Logarithmic Transformations, vol. 22.
London School of Economics, London, pp. 23-36.

Bobb, J.F., Claus Henn, B., Valeri, L., Coull, B.A., 2018. Statistical software for analyzing
the health effects of multiple concurrent exposures via Bayesian kernel machine
regression. Environ. Health : a global access science source 17, 67.

Bobb, J.F., Valeri, L., Claus Henn, B., Christiani, D.C., Wright, R.O., Mazumdar, M.,
Godleski, J.J., Coull, B.A., 2015. Bayesian kernel machine regression for estimating
the health effects of multi-pollutant mixtures. Biostatistics 16, 493-508.

Boberg, J., Taxvig, C., Christiansen, S., Hass, U., 2010. Possible endocrine disrupting
effects of parabens and their metabolites. Reprod. Toxicol. 30, 301-312.

Boeke, C.E., Mantzoros, C.S., Hughes, M.D., S, L.R.-S., Villamor, E., Zera, C.A.,
Gillman, M.W., 2013. Differential associations of leptin with adiposity across early
childhood. Obesity 21, 1430-1437.

Boeniger, M.F., Lowry, L.K., Rosenberg, J., 1993. Interpretation of urine results used to
assess chemical exposure with emphasis on creatinine adjustments: a review. Am.
Ind. Hyg. Assoc. J. 54, 615-627.

Casas, M., Basagana, X., Sakhi, A.K., Haug, L.S., Philippat, C., Granum, B., Manzano-
Salgado, C.B., Brochot, C., Zeman, F., de Bont, J., Andrusaityte, S., Chatzi, L.,
Donaire-Gonzalez, D., Giorgis-Allemand, L., Gonzalez, J.R., Gracia-Lavedan, E.,
Grazuleviciene, R., Kampouri, M., Lyon-Caen, S., Panella, P., Petraviciene, 1.,
Robinson, O., Urquiza, J., Vafeiadi, M., Vernet, C., Waiblinger, D., Wright, J.,
Thomsen, C., Slama, R., Vrijheid, M., 2018. Variability of urinary concentrations of
non-persistent chemicals in pregnant women and school-aged children. Environ. Int.
121, 561-573.

Darbre, P.D., 2017. Endocrine disruptors and obesity. Curr Obes Rep 6, 18-27.

Dewalque, L., Pirard, C., Charlier, C., 2014a. Measurement of urinary biomarkers of
parabens, benzophenone-3, and phthalates in a Belgian population. BioMed Res. Int.
2014, 649314-649314.

Dewalque, L., Pirard, C., Dubois, N., Charlier, C., 2014b. Simultaneous determination of
some phthalate metabolites, parabens and benzophenone-3 in urine by ultra high
pressure liquid chromatography tandem mass spectrometry. J. Chromatogr. B
949-950, 37-47.

El Hussein, S., Muret, P., Berard, M., Makki, S., Humbert, P., 2007. Assessment of
principal parabens used in cosmetics after their passage through human epidermis-
dermis layers (ex-vivo study). Exp. Dermatol. 16, 830-836.

Elder, R., 1984. 3 final report on the safety assessment of methylparaben, ethylparaben,
propylparaben, and butylparaben. J. Am. Coll. Toxicol. 3, 147-209.

Elwert, F., Winship, C., 2014. Endogenous selection bias: the problem of conditioning on
a collider variable. Annu. Rev. Sociol. 40, 31-53.

Erhardt, E., Foraita, R., Pigeot, L., Barba, G., Veidebaum, T., Tornaritis, M., Michels, N.,
Eiben, G., Ahrens, W., Moreno, L.A., Kovdcs, E., Molnar, D., on behalf of the, ILc.,
2014. Reference values for leptin and adiponectin in children below the age of 10
based on the IDEFICS cohort. Int. J. Obes. 38, S32-S38.

Etminan, M., Brophy, J.M., Collins, G., Nazemipour, M., Mansournia, M.A., 2021. To
adjust or not to adjust: the role of different covariates in cardiovascular
observational studies. Am. Heart J. 237, 62-67.

Fleisch, A.F., Agarwal, N., Roberts, M.D., Han, J.C., Theim, K.R., Vexler, A., Troendle, J.,
Yanovski, S.Z., Yanovski, J.A., 2007. Influence of serum leptin on weight and body



B. Reimann et al.

fat growth in children at high risk for adult obesity. J. Clin. Endocrinol. Metabol. 92,
948-954.

Flint, A., Raben, A., Astrup, A., Holst, J.J., 1998. Glucagon-like peptide 1 promotes
satiety and suppresses energy intake in humans. J. Clin. Investig. 101, 515-520.

Food and Drug Administration (FDA), 2022. Parabens in Cosmetics.

Frederiksen, H., Johannsen, T.H., Andersen, S.E., Albrethsen, J., Landersoe, S.K.,
Petersen, J.H., Andersen, A.N., Vestergaard, E.T., Schorring, M.E., Linneberg, A.,
Main, K.M., Andersson, A.-M., Juul, A., 2020. Sex-specific estrogen levels and
reference intervals from infancy to late adulthood determined by LC-MS/MS. J. Clin.
Endocrinol. Metabol. 105, 754-768.

Giulivo, M., Lopez de Alda, M., Capri, E., Barceld, D., 2016. Human exposure to
endocrine disrupting compounds: their role in reproductive systems, metabolic
syndrome and breast cancer. A review. Environ. Res. 151, 251-264.

Gosens, 1., Delmaar, C.J., Ter Burg, W., de Heer, C., Schuur, A.G., 2014. Aggregate
exposure approaches for parabens in personal care products: a case assessment for
children between 0 and 3 years old. J. Expo. Sci. Environ. Epidemiol. 24, 208-214.

Grun, F., Blumberg, B., 2009. Endocrine disrupters as obesogens. Mol. Cell. Endocrinol.
304.

Guo, J., Wu, C,, Lu, D., Jiang, S., Liang, W., Chang, X., Xu, H., Wang, G., Zhou, Z., 2017a.
Urinary paraben concentrations and their associations with anthropometric
measures of children aged 3 years. Environ. Pollut. 222, 307-314.

Guo, J., Wu, C,, Lu, D., Jiang, S., Liang, W., Chang, X., Xu, H., Wang, G., Zhou, Z., 2017b.
Urinary paraben concentrations and their associations with anthropometric
measures of children aged 3 years. Environmental pollution (Barking, Essex : 1987)
222, 307-314.

Hanukoglu, A., Chalew, S., Kowarski, A.A., 1990. Human pancreatic polypeptide in
children and young adults. Horm. Metab. Res. 22, 41-43.

Hasan, K., Odom, G., Bursac, Z., Ibrahimou, B., 2024. The sensitivity of bayesian kernel
machine regression. BKMR) to Data Distribution: a Comprehensive Simulation
Analysis. "

Heindel, J.J., Blumberg, B., 2019. Environmental obesogens: mechanisms and
controversies. Annu. Rev. Pharmacol. Toxicol. 59, 89-106.

Heindel, J.J., Newbold, R., Schug, T.T., 2015. Endocrine disruptors and obesity. Nat.
Rev. Endocrinol. 11, 653-661.

Heindel, J.J., Vandenberg, L.N., 2015. Developmental origins of health and disease: a
paradigm for understanding disease cause and prevention. Curr. Opin. Pediatr. 27,
248-253.

Herbers, J., Miller, R., Walther, A., Schindler, L., Schmidt, K., Gao, W., Rupprecht, F.,
2021. How to deal with non-detectable and outlying values in biomarker research:
best practices and recommendations for univariate imputation approaches.
Comprehensive Psychoneuroendocrinology 7, 100052.

Hong, S., Jeon, H.L., Lee, J., Kim, S., Lee, C., Lee, S., Cho, Y.H., Choi, K., Yoo, J., 2021.
Urinary parabens and their potential sources of exposure among Korean children and
adolescents: korean national environmental health survey 2015-2017. Int. J. Hyg
Environ. Health 236, 113781.

Hsu, C.N., Tain, Y.L., 2021. Adverse impact of environmental chemicals on
developmental origins of kidney disease and hypertension. Front. Endocrinol. 12.

Hu, P., Kennedy, R.C., Chen, X., Zhang, J., Shen, C.L., Chen, J., Zhao, L., 2016.
Differential effects on adiposity and serum marker of bone formation by post-
weaning exposure to methylparaben and butylparaben. Environ. Sci. Pollut. Res. Int.
23, 21957-21968.

Igarashi, M., Ayabe, T., Yamamoto-Hanada, K., Matsubara, K., Sasaki, H., Saito-Abe, M.,
Sato, M., Mise, N., Ikegami, A., Shimono, M., Suga, R., Ohga, S., Sanefuji, M.,
Oda, M., Mitsubuchi, H., Michikawa, T., Yamazaki, S., Nakayama, S., Ohya, Y.,
Fukami, M., 2021. Female-dominant estrogen production in healthy children before
adrenarche. Endocr Connect 10, 1221-1226.

Ikegami, S., Moriwake, T., Tanaka, H., Inoue, M., Kubo, T., Suzuki, S., Kanzakili, S.,
Seino, Y., 2001. An ultrasensitive assay revealed age-related changes in serum
oestradiol at low concentrations in both sexes from infancy to puberty. Clin.
Endocrinol. 55, 789-795.

Janjua, N.R., Frederiksen, H., Skakkebaek, N.E., Wulf, H.C., Andersson, A.M., 2008.
Urinary excretion of phthalates and paraben after repeated whole-body topical
application in humans. Int. J. Androl. 31, 118-130.

Janssen, B.G., Madlhoum, N., Gyselaers, W., Bijnens, E., Clemente, D.B., Cox, B.,
Hogervorst, J., Luyten, L., Martens, D.S., Peusens, M., Plusquin, M., Provost, E.B.,
Roels, H.A., Saenen, N.D., Tsamou, M., Vriens, A., Winckelmans, E., Vrijens, K.,
Nawrot, T.S., 2017. Cohort Profile: the Environmental Influence ON Early Ageing
(ENVIRONAGEY): a Birth Cohort Study. International Journal of Epidemiology.

Jeong, S., Yoon, M., 2011. 17p-Estradiol inhibition of PPARy-induced adipogenesis and
adipocyte-specific gene expression. Acta Pharmacol. Sin. 32, 230-238.

Karra, E., Chandarana, K., Batterham, R.L., 2009. The role of peptide YY in appetite
regulation and obesity. J. Physiol. 587, 19-25.

Keil, A.P., Buckley, J.P., O'Brien, K.M., Ferguson, K.K., Zhao, S., White, A.J.A., 2020.
Quantile-based g-Computation approach to addressing the effects of exposure
mixtures. Environ. Health Perspect. 128, 047004.

Kim, J.-Y., Park, Y., Lee, S.-H., Park, E.J., Lee, H.J., 2024. Comparative study on estrogen
receptor alpha dimerization and transcriptional activity of parabens. Toxicol. Res.
40, 153-161.

Kim, J., Chevrier, J., 2020. Exposure to parabens and prevalence of obesity and
metabolic syndrome: an analysis of the Canadian health measures survey. Sci. Total
Environ. 713, 135116.

Kiwada, H., Awazu, S., Hanano, M., 1979. THE STUDY ON THE BIOLOGICAL FATE OF
PARABEN AT THE DOSE OF PRACTICAL USAGE IN RAT. I. THE METABOLISM AND
EXCRETION OF ETHYL p-HYDROXYBENZOATE (ETHYLPARABEN) AND p-
HYDROXYBENZOIC ACID. J. Pharmacobio-Dyn 2, 356-364.

Environmental Research 285 (2025) 122300

Klein, K.O., Baron, J., Colli, M.J., McDonnell, D.P., Cutler Jr., G.B., 1994. Estrogen levels
in childhood determined by an ultrasensitive recombinant cell bioassay. J. Clin.
Investig. 94, 2475-2480.

Kolatorova, L., Sramkova, M., Vitku, J., Vcelak, J., Lischkova, O., Starka, L., Duskova, M.,
2018. Parabens and their relation to obesity. Physiol. Res. 67, S465-s472.

Kreymann, B., Yiangou, Y., Kanse, S., Williams, G., Ghatei, M.A., Bloom, S.R., 1988.
Isolation and characterisation of GLP-1 7-36 amide from rat intestine elevated levels
in diabetic rats. FEBS Lett. 242, 167-170.

Lee, S., Karvonen-Gutierrez, C., Mukherjee, B., Herman, W.H., Park, S.K., 2022. Race-
specific associations of urinary phenols and parabens with adipokines in midlife
women: the study of Women’s health across the nation (SWAN). Environmental
pollution (Barking, Essex : 1987) 303, 119164.

Levene, H., 1963. Robust tests for equality of variances. In: Olkin, I., Ghurye, S.G.,
Hoeffding, W., Madow, W.G., Mann, H.B. (Eds.), Contributions to Probability and
Statistics: Essays in Honor of Harold Hotelling. Stanford University Press, Stanford,
CA, 62-62.; 1963.

Liang, J., Liu, Q.S., Ren, Z., Min, K., Yang, X., Hao, F., Zhang, Q., Liu, Q., Zhou, Q.,
Jiang, G., 2023. Studying paraben-induced estrogen receptor- and steroid hormone-
related endocrine disruption effects via multi-level approaches. Sci. Total Environ.
869, 161793.

Lieb, W., Sullivan, L.M., Harris, T.B., Roubenoff, R., Benjamin, E.J., Levy, D., Fox, C.S.,
Wang, T.J., Wilson, P.W., Kannel, W.B., Vasan, R.S., 2008. Plasma leptin levels and
incidence of heart failure, cardiovascular disease, and total mortality in elderly
individuals. Diabetes Care 32, 612-616.

Lindberg, L., Danielsson, P., Persson, M., Marcus, C., Hagman, E., 2020. Association of
childhood obesity with risk of early all-cause and cause-specific mortality: a Swedish
prospective cohort study. PLoS Med. 17, e1003078.

Loo, B.-M., Jukka, M., Jula, A., 2011. Evaluation of multiplex immunoassays, used for
determination of adiponectin, resistin, leptin, and ghrelin from human blood
samples, in comparison to ELISA assays. Scand. J. Clin. Lab. Investig. 71, 221-226.

Lu, S., Ren, L., Liu, Y., Ma, H,, Liu, S., Zhu, Z., Tang, Z., Kang, L., Liao, S., 2019. Urinary
parabens in children from south China: implications for human exposure and health
risks. Environ. Pollut. 254, 113007.

Myatt, M., Guevarra, E., 2019. Zscorer: an anthropometric z-score calculator. R package
version 0 (3.1). URL: https://nutriverse.io/zscorer/.

Madeira, 1., Bordallo, M.A., Rodrigues, N.C., Carvalho, C., Gazolla, F., Collett-Solberg, P.,
Medeiros, C., Bordallo, A.P., Borges, M., Monteiro, C., Ribeiro, R., 2017. Leptin as a
predictor of metabolic syndrome in prepubertal children. Arch Endocrinol Metab 61,
7-13.

Middleton, D.R.S., Watts, M.J., Lark, R.M., Milne, C.J., Polya, D.A., 2016. Assessing
urinary flow rate, creatinine, osmolality and other hydration adjustment methods for
urinary biomonitoring using NHANES arsenic, iodine, lead and cadmium data.
Environ. Health: A Global Access Science Source 15.

Murawski, A., Tschersich, C., Rucic, E., Schwedler, G., Moos, R.K., Kasper-
Sonnenberg, M., Briining, T., Koch, H.M., Kolossa-Gehring, M., 2021. Parabens in
urine of children and adolescents in Germany — human biomonitoring results of the
German environmental survey 2014-2017 (GerES V). Environ. Res. 194, 110502.

Nowak, K., Ratajczak-Wrona, W., Gorska, M., Jablonska, E., 2018. Parabens and their
effects on the endocrine system. Mol. Cell. Endocrinol. 474, 238-251.

O’Brien, K.M., Upson, K., Cook, N.R., Weinberg, C.R., 2016. Environmental chemicals in
urine and blood: improving methods for creatinine and lipid adjustment. Environ.
Health Perspect. 124, 220-227.

Obradovic, M., Sudar-Milovanovic, E., Soskic, S., Essack, M., Arya, S., Stewart, A.J.,
Gojobori, T., Isenovic, E.R., 2021. Leptin and obesity: role and clinical implication.
Front. Endocrinol. 12.

Oishi, S., 2001. Effects of butylparaben on the male reproductive system in rats. Toxicol.
Ind. Health 17, 31-39.

Oishi, S., 2002. Effects of propyl paraben on the male reproductive system. Food Chem.
Toxicol. : an international journal published for the British Industrial Biological
Research Association 40, 1807-1813.

Quirds-Alcald, L., Buckley, J.P., Boyle, M., 2018. Parabens and measures of adiposity
among adults and children from the U.S. general population: NHANES 2007-2014.
Int. J. Hyg Environ. Health 221, 652-660.

Reilly, J.J., Kelly, J., 2011. Long-term impact of overweight and obesity in childhood and
adolescence on morbidity and premature mortality in adulthood: systematic review.
Int. J. Obes. 35, 891-898.

Reimann, B., Sleurs, H., Dockx, Y., Rasking, L., De Boever, P., Pirard, C., Charlier, C.,
Nawrot, T.S., Plusquin, M., 2023. Exposure to endocrine disrupters and
cardiometabolic health effects in preschool children: urinary parabens are associated
with wider retinal venular vessels. Chemosphere 328, 138570.

Rhea, E.M., Salameh, T.S., Logsdon, A.F., Hanson, A.J., Erickson, M.A., Banks, W.A.,
2017. Blood-brain barriers in obesity. AAPS J. 19, 921-930.

Roggeman, M., Gys, C., Klimowska, A., Bastiaensen, M., Wielgomas, B., Ait Bamai, Y.,
Covaci, A., 2022. Reviewing the variability in urinary concentrations of non-
persistent organic chemicals: evaluation across classes, sampling strategies and
dilution corrections. Environ. Res. 215, 114332.

RStudio Team, 2020. Rstudio. Integrated Development for R. RStudio, PBC, Boston, MA.

Sato, H., Sugai, H., Kurosaki, H., Ishikawa, M., Funaki, A., Kimura, Y., Ueno, K., 2013.
The effect of sex hormones on peroxisome proliferator-activated receptor gamma
expression and activity in mature adipocytes. Biol. Pharm. Bull. 36, 564-573.

Schisterman, E.F., Cole, S.R., Platt, R.W., 2009. Overadjustment bias and unnecessary
adjustment in epidemiologic studies. Epidemiology 20, 488-495. Cambridge, Mass.

Schisterman, E.F., Whitcomb, B.W., Louis, G.M., Louis, T.A., 2005. Lipid adjustment in
the analysis of environmental contaminants and human health risks. Environ. Health
Perspect. 113, 853-857.



B. Reimann et al.

Schulze, P.C., Kratzsch, J., Linke, A., Schoene, N., Adams, V., Gielen, S., Erbs, S.,
Moebius-Winkler, S., Schuler, G., 2003. Elevated serum levels of leptin and soluble
leptin receptor in patients with advanced chronic heart failure. Eur. J. Heart Fail. 5,
33-40.

Schwartz, T.W., 1983. Pancreatic polypeptide: a unique model for vagal control of
endocrine systems. J. Auton. Nerv. Syst. 9, 99-111.

Shimizu, H., Shimomura, Y., Hayashi, R., Ohtani, K., Sato, N., Futawatari, T., Mori, M.,
1997. Serum leptin concentration is associated with total body fat mass, but not
abdominal fat distribution. Int. J. Obes. 21, 536-541.

Shin, M.-Y., Choi, J.W., Lee, S., Kim, S., Kho, Y., Choi, K., Kim, S., 2023.
Pharmacokinetics of transdermal methyl-, ethyl-, and propylparaben in humans
following single dermal administration. Chemosphere 310, 136689.

Simmonds, M., Llewellyn, A., Owen, C.G., Woolacott, N., 2016. Predicting adult obesity
from childhood obesity: a systematic review and meta-analysis. Obes. Rev. : an
official journal of the International Association for the Study of Obesity 17, 95-107.

Sitar-Taut, A.-V., Cozma, A., Fodor, A., Coste, S.-C., Orasan, O.H., Negrean, V., Pop, D.,
Sitar-Taut, D.-A., 2021. New insights on the relationship between Leptin, Ghrelin,
and Leptin/Ghrelin ratio enforced by body mass index in obesity and diabetes.
Biomedicines 9, 1657.

Soliman, A.T., Yasin, M., Kassem, A., 2012. Leptin in pediatrics: a hormone from
adipocyte that wheels several functions in children. Indian J Endocrinol Metab 16,
S577-S587.

Soni, M.G., Carabin, I.G., Burdock, G.A., 2005. Safety assessment of esters of p-
hydroxybenzoic acid (parabens). Food Chem. Toxicol. 43, 985-1015.

Stinson, S.E., Jonsson, A.E., Lund, M.A.V., Frithioff-Bgjsge, C., Aas Holm, L.,

Pedersen, O., Angquist, L., Sgrensen, T.L.A., Holst, J.J., Christiansen, M., Holm, J.C.,
Hartmann, B., Hansen, T., 2021. Fasting plasma GLP-1 is associated with
overweight/obesity and cardiometabolic risk factors in children and adolescents.
J. Clin. Endocrinol. Metabol. 106, 1718-1727.

Sun, L., Yu, T., Guo, J., Zhang, Z., Hu, Y., Xiao, X., Sun, Y., Xiao, H., Li, J., Zhu, D., Sai, L.,
Li, J., 2016. The estrogenicity of methylparaben and ethylparaben at doses close to
the acceptable daily intake in immature sprague-dawley rats. Sci. Rep. 6, 25173.

Tamashiro, K.L., Moran, T.H., 2010. Perinatal environment and its influences on
metabolic programming of offspring. Physiol. Behav. 100, 560-566.

Terasaki, M., Kamata, R., Shiraishi, F., Makino, M., 2009. Evaluation of estrogenic
activity of parabens and their chlorinated derivatives by using the yeast two-hybrid

10

Environmental Research 285 (2025) 122300

assay and the enzyme-linked immunosorbent assay. Environ. Toxicol. Chem. 28,
204-208.

Textor, J., van der Zander, B., Gilthorpe, M.S., Liskiewicz, M., Ellison, G.T., 2016. Robust
causal inference using directed acyclic graphs: the R package ’dagitty’. Int. J.
Epidemiol. 45, 1887-1894.

van der Schyff, V., Suchdnkova, L., Kademoglou, K., Melymuk, L., Klanov4, J., 2022.
Parabens and antimicrobial compounds in conventional and “green” personal care
products. Chemosphere 297, 134019.

Venner, A.A., Lyon, M.E., Doyle-Baker, P.K., 2006. Leptin: a potential biomarker for
childhood obesity? Clin. Biochem. 39, 1047-1056.

Wang, L., Asimakopoulos, A.G., Kannan, K., 2015. Accumulation of 19 environmental
phenolic and xenobiotic heterocyclic aromatic compounds in human adipose tissue.
Environ. Int. 78, 45-50.

Watanabe, Y., Kojima, H., Takeuchi, S., Uramaru, N., Ohta, S., Kitamura, S., 2013.
Comparative study on transcriptional activity of 17 parabens mediated by estrogen
receptor a and f and androgen receptor. Food Chem. Toxicol. : an international
journal published for the British Industrial Biological Research Association 57,
227-234.

Wei, F., Cheng, H., Sang, N., 2022. Comprehensive assessment of estrogenic activities of
parabens by in silico approach and in vitro assays. Sci. Total Environ. 845, 157194.

Wojcicki, J.M., 2012. Peptide YY in children: a review. J. Pediatr. Endocrinol. Metabol. :
JPEM (J. Pediatr. Endocrinol. Metab.) 25, 227-232.

World Health Organization (WHO), 2006. Child growth standards based on length/
height, weight and age. Acta Paediatr. Suppl. 450, 76-85.

Wren, A.M., Bloom, S.R., 2007. Gut hormones and appetite control. Gastroenterology
132, 2116-2130.

Yan, Y., Mi, J., 2021. Noncommunicable chronic disease prevention should start from
childhood. Pediatr Investig 5, 3-5.

Yeh, H.C,, Lin, Y.S., Kuo, C.C., Weidemann, D., Weaver, V., Fadrowski, J., Neu, A., Navas-
Acien, A., 2015. Urine osmolality in the US population: implications for
environmental biomonitoring. Environ. Res. 136, 482-490.

Yoon, M., 2010. Ppara in Obesity: Sex Difference and Estrogen Involvement. PPAR
research.

Zhang, L., Zhang, J., Dai, Y., Guo, J., Lv, S., Wang, Z., Xu, S., Lu, D., Qi, X., Feng, C.,
Liang, W., Xu, H., Cao, Y., Wang, G., Zhou, Z., Wu, C., 2022. Prenatal exposure to
parabens in association with cord serum adipokine levels and offspring size at birth.
Chemosphere 301, 134725.



