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Background: Paraben exposure and advanced glycation end products (AGEs) have both been linked to cardio-
vascular conditions, including hypertension. However, the association between parabens and AGEs has not been
studied yet. Parabens could affect blood pressure (BP) via AGEs.

Methods: In this longitudinal study, urinary paraben concentrations [methyl (MeP), ethyl (EtP), propyl (PrP),
butyl (BuP)] were measured in preschool children from the ENVIRONAGE birth cohort using ultra-performance
liquid chromatography/tandem mass spectrometry. BP and AGEs, assessed with skin-autofluorescence (SAF) z-
scores, were measured at baseline (4 years) and six years later in 83 children (166 observations). First, gener-
alized linear mixed models and quantile g-computation were applied to assess associations and mixture effects of
parabens with AGEs and with BP. Next, structural equation modeling (SEM) was employed to disentangle time-
specific effects in these associations and explore the role of AGEs as mediators in the relationship between
parabens and BP.

Results: We observed an inverse association between the paraben mixture and AGEs (p = —0.30 per quantile
increase; 95 % CI: —0.55, —0.042), driven by PrP with the strongest negative weight. Single-pollutant models
confirmed this association for PrP (f = —0.15; 95 % CI: —2.51, —0.049). SEM revealed direct effects of parabens
on systolic blood pressure at 4 years (est.std. = 0.50; 95 % Boot CI: 0.10, 0.82). AGEs mediated an inverse in-
direct effect of parabens on DBP at 10 years (§ = —0.21; 95 % Boot CI: —0.41, —0.05).

Conclusions: Early-life paraben exposure, particularly PrP, is associated with AGEs and blood pressure, war-
ranting further investigation into long-term consequences.

1. Introduction

Parabens, low-cost, broad-spectrum antimicrobial agents in personal
care products, food, and pharmaceuticals (Ana and Paula, 2016; Elder,
1984) are restricted in Europe due to concerns about their
endocrine-disrupting properties (Azeredo et al., 2023; Commission
Regulation (EU) no. 1004/2014; Liang et al., 2022; Nowak et al., 2018).
As parabens are readily metabolized, with a half-life of less than 24h
after dermal application in humans (Shin et al., 2023), the use of
short-chained parabens like MeP and EtP in personal care products is
deemed safe under certain concentration limits in the EU, and

unrestricted in the U.S. and most parts of the world. In epidemiological
studies, associations between paraben exposure and cardiovascular
disease have been reported in adult populations (Yin et al., 2021; Zhang
et al., 2023). Studies on associations with subclinical markers of car-
diovascular risk in children and adolescents are scarce and inconsistent.
While one study reported no statistically significant associations be-
tween prenatal paraben exposure and systolic or diastolic BP in early
adolescence (Montazeri et al., 2022), another, cross-sectional study from
our group showed inverse effects of EtP on mean arterial pressure (MAP)
in preschool children (Reimann et al., 2023). However, investigating
this relationship in children is vital because early development is highly
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sensitive even to low-dose endocrine disruptors (Di Pietro et al., 2023;
Heindel and Vandenberg, 2015), the worldwide prevalence of pediatric
hypertension is rising sharply (Robinson and Chanchlani, 2022; Song
et al., 2019), and elevated childhood blood pressure is associated with
adult hypertension (Cook et al., 1997; Liao et al., 2020; Urbina et al.,
2019).

Also advanced glycation end products (AGEs) have been associated
with cardiovascular disease (Hegab et al., 2012; Lamprea-Montealegre
et al., 2022) and cardiovascular risk factors (C. Y. Chen et al., 2022;
Robles-Rivera et al., 2023). These sugar-modified adducts arise during
non-enzymatic glycoxidative stress in the classical Maillard reaction
(Maillard, 1912) either endogenously as part of normal metabolic
function or exogenously by consuming heated animal-derived foods that
are high in fat and protein (Uribarri et al., 2010). They can have adverse
effects on the endothelium causing vascular dysfunction by cross-linking
of extracellular matrix proteins like elastin and collagen (Hegab et al.,
2012).

Little is known about the potential effects of environmental chemical
exposures on AGE levels, with only very few exposures, including
cigarette smoke, air pollution, nickel and polycyclic aromatic hydro-
carbons being investigated so far (Cerami et al., 1997; Gursinsky et al.,
2006; Lai et al., 2020). Parabens are associated with increased levels of
oxidative stress (Wei et al., 2022; Zhao et al., 2021), while AGEs not only
elicit oxidative stress, but can also be generated under conditions of
oxidative stress (Miyata et al., 1997; Moldogazieva et al., 2019; Now-
otny et al., 2015). Paraben exposure may therefore be linked with car-
diometabolic changes by altering skin AGE levels. Furthermore, an
unbiased evaluation of dose-response associations requires the consid-
eration of mixture effects. In real-life exposure scenarios, correlated
chemical exposures can reinforce or cancel each other’s impact
contributing to a greater or smaller overall effect than estimated in
single pollutant models (Robinson et al., 2015; Rosofsky et al., 2017).
The aim of this study is to contribute to filling the knowledge gap about
i) potential associations between parabens, individually or as a mixture,
and AGEs, ii) the effect of early life paraben and AGEs exposure on
childhood BP in a longitudinal setting, and iii) the role of AGEs as a
potential mediator in the association between parabens and BP assessed
through Structural Equation Modelling (SEM). Awareness about poten-
tial links between the wide-spread exposure to parabens in childhood
and AGEs as an early preclinical marker of cardiovascular risk is
important in the context of public health recommendations. This study
may provide information about underlying mechanisms explaining the
observed effects between parabens and cardiovascular health outcomes
in previous epidemiological studies at a very early stage, when pre-
ventive actions yield the most health advantage.

2. Material and methods
2.1. Study population

Within the framework of the ongoing birth cohort Environmental
Influence on Early Aging (ENVIRONAGE) (Janssen et al., 2017), mothers
who did not have planned caesareans and could complete questionnaires
in Dutch were enrolled upon arrival at the delivery ward at the
East-Limburg Hospital in Genk, Belgium. Recruitment was conducted
after providing written consent and according to procedures approved
by the ethical committees of Hasselt University and the East-Limburg
Hospital (EudraCT B37120107805), conform to the principles outlined
in the Helsinki Declaration.

The parents were invited to fill in an online questionnaire when the
child was between four and six years old and again at 9-10 years, and
invited for a follow-up examination (FU1 and FU2 respectively). At 9-10
years old, additionally also the child filled in an online questionnaire.
Prior to participating in the follow-ups, mothers renewed their written
consent each time, and the children gave oral consent for the
measurements.
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Recruitment at birth started from February 2010 onwards, and is still
ongoing. FU1 examinations included in this study occurred between
August 2015 and April 2018, and FU2 examinations between July 2021
and April 2023. For this study we used urinary paraben data collected
during FU1 examinations until June 2021. From the pool of 1978 chil-
dren who had participated until June 2021, 538 had attended the FU1
examination by then. From these, 452 children supplied a sufficient
amount of urine during the follow-up examination and had a complete
set of key-covariates. From this subset, 300 samples were randomly
selected for urinary paraben analysis. For our longitudinal study, we
then excluded 148 children who had not attended the second follow-up
examination at 10 years by April 2023, the time-point of study set-up.
From the remaining 152 children with paraben measurements and
follow-up visits at 4 and 10 years, 87 were excluded because of missing
skin autofluorescence (SAF) measurements, and two more due to a non-
European ancestry as a proxy of skin pigmentation, resulting in a final
sample size of n = 83 (Supplementary Fig. S1). As the study end-points
of SAF measurements and blood pressure were assessed at both time-
points (4 years and 10 years) the number of observations used in this
study was 166.

2.2. Data collection

At birth, medical information on newborns’ sex, delivery date, and
maternal parity from medical hospital records was retrieved. Parity was
divided into three categories: mothers having their first, second, or third
child or more. Additional information was obtained through a ques-
tionnaire during the mothers’ stay at the delivery ward. The child’s
ethnicity was considered European when two or more grandparents of
the newborn were European; otherwise, it was coded as non-European.
From the online questionnaires at FU1 and FU2, household smoking was
categorized with yes and no, depending on whether one or both parents
were currently smoking. Maternal educational level was coded as “low”
for mothers who did not obtain any diploma, “middle” when they ob-
tained a high school diploma, and “high” when they obtained a college
or university degree. The child’s exact age at FU1 and FU2 was calcu-
lated as the difference between the numerical values of the date of FU
participation and date of delivery and expressed with decimal precision
as age in years. The child’s height was measured by trained examiners
with a fixed stadiometer with an accuracy of 0.5 cm and the weight with
a digital scale to the nearest 0.1 kg. From the height and weight mea-
surements, BMI z-scores were calculated according to the World Health
Organization’s (WHO) Child Growth Standards (World Health Organi-
zation (WHO), 2006), with the CRAN package zscorer (Myatt and Ernest
Guevarra, 2019) taking into account the age and sex of the child.

2.3. Urinary paraben concentrations

During the FU examination, spot-urine samples were collected in
metal-free polypropylene containers (Yvsolab, Turnhout, Belgium) and
temporarily stored on ice until the end of the examination. Then the
samples were aliquoted into metal-free 50 ml Falcon tubes (VWR,
Haasrode, Belgium) and stored at —20 °C until further processing.

For the mass spectrometric analysis, the samples were thawed, ali-
quoted into 15 ml tubes, and shipped on dry ice to the Laboratory of
Clinical, Forensic and Environmental Toxicology, University of Liege,
Belgium, where they were processed according to a previously described
protocol (Dewalque et al., 2014) (Supplementary Text 1), using a
Quattro Premier XE mass spectrometer coupled to an Acquity UPLC
system (Waters, Milford, MA, USA). The levels of quantitation (LOQ)
were 0.79 pg/L for MeP, 0.30 pg/L for EtP, 0.36 pg/L for PrP and 1.00 for
BuP. For further analysis, MeP, EtP and PrP exposure values below the
LOQ were imputed via a truncated lognormal distribution using the R
package “Inormimp” (Herbers et al., 2021). In detail, a truncated
lognormal distribution was first fitted for the values above the LOQ,
resulting in the mean and standard deviation of the lognormal
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distribution. Random values between 0 and the LOQ were then imputed
using the estimated lognormal distribution’s mean and standard devia-
tion. The paraben values were corrected for osmolality of the urine
sample measured by freezing point determination with a Knauer
Semi-Micro Osmometer (K-74008S).

2.4. Blood pressure measurements

BP was measured during the follow-up examinations at 4 and 10
years with an automated upper-arm blood pressure monitor (Omron
705IT; Omron Corporation, Gent, Belgium), with a specially accustomed
cuff fitting the arm size of children. Measurements were performed in a
standardized way, as described previously (Flynn et al., 2017). In detail,
after resting 5 min in a supine position, a trained field worker obtained
five consecutive readings of the systolic BP (SBP) and diastolic BP (DBP)
at 1-min intervals, according to the guidelines of the European Society of
Hypertension (Stergiou et al., 2021).

2.5. Advanced glycation end product measurement

AGE accumulation was estimated by skin autofluorescence (SAF)
using the AGE Reader mu (Diagnoptics BV, Groningen, Netherlands).
With this device, skin fluorescence, emitted by different AGEs, can be
measured non-invasively as a proxy of dermal AGE levels, which makes
it suitable as a biomarker in AGE-related conditions (Da Moura Semedo
etal., 2017). During the FU examinations at ages 4 and 10, the child was
seated, and the volar side of the forearm of the dominant limb was
placed on the base of the device for measurement. Because body lotion
and sunscreen were found previously to increase SAF significantly
(Noordzij et al., 2011), we asked the participants about their use of these
products in the days before the examination. If the participant indicated
that sunscreen or body lotion had been applied earlier that day, the
forearm was wiped off with alcohol prior to examination to at least
partially remove the product. Whenever the forearm of the dominant
limb showed dermatological diseases or normal skin variations such as
birthmarks, the measurement was performed on the other forearm. The
ratio of the intensity of the emitted light (420-600 nm) to the excitation
intensity (300-420 nm) multiplied by 100 was calculated by the device
and provided in arbitrary units (AU). To exclude unmeasured con-
founding due to differences in staff, location, and time-varying effects
for FU1 and FU2, we transformed the SAF measurements into z-scores
calculated separately for FU1 and FU2 and used the z-scores for further
analyses.

2.6. Statistics

To explore the correlation structure between the two time points of
AGEs measurement, Spearman Rank correlation coefficients between
the FU1 and FU2 measurements of the same individual were calculated
for the imputed and natural log-transformed values. A Wilcoxon Paired
Test was performed to compare the medians at both time points.

For the statistical analysis of the associations between parabens and
cardiovascular outcomes we applied different steps to investigate the
combined and individual effects in a longitudinal setting. For both, the
mixture models and the single pollutant models several a priori selected
variables described in the literature to be associated with the outcomes
were added as covariates to the models. For the models investigating the
association of parabens with SAF z-scores, child’s sex, age at FU exam-
ination, BMI z-score, parity, maternal education, current household
smoking, the season of the examination and osmolality of the child’s
urine were considered. The models analyzing the relation with BP were
additionally adjusted for the hour of the investigation, as BP follows a
diurnal rhythm (Staessen et al., 1992).

Because in the follow-up at age 10 (FU2), 13 BP measurements were
randomly missing, these values were imputed with the R package “mice”
(Multivariate Imputation by Chained Equations) (van Buuren and
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Groothuis-Oudshoorn, 2011). Specifically, we generated 20 imputed
datasets using the 2l.norm method in the mice package, which employs
a two-level normal model to account for the clustered nature of repeated
measurements within individuals (Audigier et al., 2017; van Buuren and
Groothuis-Oudshoorn, 2011). Each of the 20 imputed datasets was then
analyzed separately, and the results were combined using Rubin’s rules
(Rubin, 2004) to obtain pooled estimates and standard errors.

For the mixture analysis, we first applied quantile g-computation
with the qgcomp package (Keil et al., 2020) to determine the combined
effects of natural log transformed MeP, EtP, and PrP levels in association
with SAF z-scores. Quantile g-computation estimates the effect of a
simultaneous increase of all constituents of a mixture by one quantile
while allowing for heterogeneity in the directions of the individual
exposure-outcome associations (Keil et al., 2020). Each exposure is
given a positive or negative weight. When both directions occur within a
mixture-effect relation, the weights for each direction sum up to one and
have to be interpreted as the proportion of the partial effect. This allows
for relatively unbiased estimates also in smaller sample sizes (Keil et al.,
2020). If all effects are linear and in the same direction, quantile
g-computation is equivalent to weighted quantile sum (WQS) regression
in large samples. To accommodate the longitudinal character of the
study design, an extension to the qgcomp package was used as described
previously by Welch et al. (2021). This method accounts for the clus-
tering of repeated measures by participant, considering dependent ef-
fects over time within an individual via bootstrapping as proposed by
Cheng et al. (2013).

The exposure-response relationship across quantiles of the paraben
mixture was assumed to be linear and additive based on the Akaike
information criteria (AIC) after applying a stepwise procedure to explore
nonlinearity. For the quantile g-computation, we performed 500 boot-
strap iterations with 2500 MC simulation iterations for each model to
estimate the 95 % confidence intervals (CI).

Second, the individual effects of the different chemicals were eval-
uated with a single pollutant approach for comparability with other
studies using mixed models with the participants as random effect var-
iables. The restricted cubic spline (RCS) model in the R package "rcssci"
(Nie, 2023) was further used to investigate possible non-linear re-
lationships between urinary paraben concentrations and cardiovascular
outcomes. The number of knots was chosen between 3 and 7 by mini-
mizing the AIC. The collinearity of variables was examined by calcu-
lating the variance inflation factor with the R package ‘car’ (Fox and
Weisberg, 2019).

In a third step, we applied SEM in order to disentangle the associa-
tions between parabens, AGEs and BP separately for the different time-
points and especially explore the role of AGEs in the association between
paraben exposure at 4 years and different BP measures at 10 years in a
longitudinal design (Supplementary Fig. S2). SEM in this context offers
the advantage of testing multiple dependent relationships and indirect
effects within a single model, ensuring more accurate estimates by
including multiple independent and dependent variables accounting for
their interdependencies and reducing bias compared to separate
regression analyses (Hayes, 2018). Furthermore, by using standardized
estimates which are unitless and interpretable as changes in standard
deviations of the outcome per standard deviation change in the pre-
dictor, a more intuitive comparability between the different paths is
generated. In a first model we included all parabens to correct the as-
sociations for the effects of the respective other parabens, additionally
we then explored the role of the individual parabens in the observed
associations in SEM models with only one paraben at a time. The models
furthermore included the AGEs and BP measurements at both
time-points to correct for the effects of i) AGEs levels at 10 years, and ii)
BP measurements at 4 years, in the association between AGEs levels at 4
years and BP at 10 years, and additionally the same covariate sets from
the linear mixed models (child’s sex, age at FU examination, BMI
z-score, parity, maternal education, current household smoking, season
and hour of examination and urinary osmolality). We fitted the models
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with the lavaan R package (Rosseel, 2011) using the default maximum
likelihood estimator and computed the bootstrap percentile confidence
intervals with the “standardizedSolution_boot_ci()” function from the
semhelpinghands package (Cheung S, 2023) with 1000 replications.
Because SEM does not support multiple imputation within the modeling
process, we performed multiple imputation using the “mice” function to
create 20 imputed datasets. The imputed values were then combined
using the “complete” function in mice to generate a single dataset for
SEM analysis. In order to test the robustness of our results regarding the
imputation of missing BP measurements, we performed complete-case
analyses for the mixture and individual effects and for the SEM. Addi-
tionally we also performed the main SEM analysis for the statistically
significant outcomes in the linear mixed models again with
un-standardized estimates to allow comparability between both ap-
proaches. Statistical significance was defined as p < 0.05 in all analyses.
Data analysis was performed in RStudio (RStudio Team, 2020) using R
4.1.2.

3. Results
3.1. Demographics

In this study there was a slightly lower number of girls than boys
(42.2 %) (Table 1). The mean age at the first follow-up (FU1) was 4.6
(+0.4) years, and at FU2, 10.3 (£0.7) years. The mean BMI at FU1 was
16.2 (+1.5) and 18.8 (+3.3) kg/m2 at FU2. Most mothers had achieved a
higher education level (81.9 %), which did not change between FU1 and
FU2, and gave birth to their first child (55.4 %). In 27.7 % of the chil-
dren’s households, at least one of the parents was smoking at the time of
the FU1 examination and 21.7 % at the time of the FU2 examination
(Table 1).

Table 1
Population characteristics of n = 83 participants for the first examination at age
4 and the second examination at age 10.

Characteristics Mean (SD) or n (%)
4 years 10 years
Child
Girls, n 35 (42.2 %) /
Age, years 4.6 (+0.4) 10.3 (+£0.7)
BMI, kg/m?> 16.2 (£1.5) 18.8 (+£3.3)
AGEs, SAF AU® 1.2 (£0.2) 1.0 (£0.2)
Season Follow-Up, (warm)®, n 36 (43.4 %) 40 (48.2 %)
Urinary osmolality, mOsm/kg 709.0 (£260.2) /
Systolic blood pressure, mm/Hg® 98.5 (+7.4) 107.9 (+10.8)
Diastolic blood pressure, mm/Hg" 55.6 (+£6.8) 66.1 (£7.0)
Mother
Education level, n
Low 3 (3.6 %) 3 (3.6 %)
Middle 12 (14.5 %) 12 (14.5 %)
High 68 (81.9 %) 68 (81.9 %)

Household smoking, n
Parity index child, n

23 (27.7 %) 18 (21.7 %)

1 46 (55.4 %) /
2 26 (31.3 %) /
>3 11 (13.3 %) /

The numbers represent counts (percentages) for categorical and mean + stan-
dard deviation (SD) for continuous variables. Skin autofluorescence values are
reported as geometric mean with its geometric standard deviation. FU1 =
follow-up examination at 4 years; FU2 = follow-up examination at 10 years.

@ Advanced glycation end products measured by skin autofluorescence (SAF)
and calculated as the ratio of skin fluorescence and reflectance given in arbitrary
units (AU).

b Warm season = April 1st — September 30th.

¢ Average blood pressure at 10 years was calculated form measurements in 70
children.
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3.2. Urinary paraben measurements

The geometric means and additional descriptive statistics of all 300
paraben measurements have been described previously (Reimann et al.,
2023). For the 83 participants included in the longitudinal analysis, all
BuP measurements were below the LOQ except for one. Therefore, only
the values of MeP (100 % > LOQ), EtP (60 % > LOQ), and PrP (89 % >
LOQ) were used for further statistical analysis. For the 83 participants in
this study, the geometric means (geometric SD) before imputation and
log-transformation were 30.86 (+4.75), 1.34 (£2.64), 6.21 (£+3.40)
pg/L for MeP, EtP, and PrP, respectively.

MeP was significantly correlated with EtP (Spearman rank r = 0.23)
and PrP (Spearman rank r = 0.56) (Supplementary Figure S3 A). The
paired samples of SAF z-score values for both time points were moder-
ately correlated (r = 0.30, p = 0.0053) and the difference in median
between both time points was not significant (Wilcoxon Signed Rank
Test: p = 0.77) (Supplementary Figure S3 B).

3.3. Mixture effects of parabens on cardiovascular risk measures

A one-quantile increase in the mixture of natural log-transformed
paraben values was associated with a 0.30-point decrease in the SAF
z-score (p = 0.024). The association with AGEs was driven by PrP, which
was assigned the largest negative weight in the mixture analysis
(Table 2, Fig. 1). In the mixture models, none of the BP associations
reached statistical significance, and individual parabens exhibited
different directions of weights (Table 2 Fig. 2). These findings were
consistent with those from the complete-case analysis (Supplementary
Table S1).

3.4. Single pollutant effects of parabens on cardiovascular risk measures

Log transformed PrP values were inversely associated with AGEs in a
linear mixed model, adjusted for the child’s sex, age at FU examination,
BMI z-score, urinary osmolality, parity, maternal education, current
household smoking and season of the examination as fixed effects var-
iables and participant as random effects variable (§ —0.15, p = 7.2e-03)
(Table 3). When stratified for both time-points we observed that the
association was stronger at 4 years (f —0.29, p < 0.001) (Supplementary
Table S2). The RCS model provided no evidence for a non-linear rela-
tionship between PrP and AGEs (p for non-linear = 0.29) when applying
3 knots which resulted in the lowest AIC. None of the other associations
between individual parabens and BP measures was statistically signifi-
cant. The complete-case analysis provided comparable results
(Supplementary Table S3).

Table 2

Quantile g-computation estimates, 95 % confidence intervals, and p-value for
the combined effect of a one-quantile increase in natural log-transformed par-
aben values (mixture of methyl, ethyl and propyl-paraben) measured at 4 years
on changes in blood pressure measured at 4 and 10 years in a longitudinal
setting. Obs = number of observations in the longitudinal design.

Cardiovascular outcome Obs. B 95 % CI P
Advanced glycation end products® 166 -0.30 —0.55, —0.042 0.024*
Systolic plood pressure” 166 1.11 —1.21, 3.43 0.35
Diastolic blood pressure” 166 —0.33 —2.21, 1.56 0.73

Significance levels *< 0.05, **< 0.01 and ***<0.001 and ***<0.001.

@ Adjusted for the child’s sex, age at FU examination, BMI z-score, and urinary
osmolality, maternal parity, education, current household smoking and season
of the examination as fixed effect variables and participant as random effects
variable.

b Adjusted as in ® and additionally for hour of examination.
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Fig. 1. A Butterfly plot of relative weights representing the effect proportion for the individual parabens in the mixture for the association with skin autofluorescence
z-scores using quantile g-computation. The weights are considered fixed for the overall exposure effect and therefore do not have confidence intervals or p-values. B
Box plot with smoothed line overlaying that represents a non-parametric fit of a model to the expected outcomes in the population at each quantile of the joint
exposures. The quantile g-computation model is applied on a longitudinal data set with outcome measurements at 4 and 10 years, adjusted for the child’s sex, age at
follow-up examinations, BMI z-score, maternal parity, education, current household smoking, season of examination and osmolality of the child’s urine as fixed effect
variables and time point of measurement (child ID) as random effects variable.

Systolic Blood Pressure Diastolic Blood Pressure

A B

Methyl Paraben Propyl Paraben

Ethyl Paraben Methyl Paraben

Propyl Paraben Ethyl Paraben

0.75 0.50 0.25 0.25 0.50 0.75
Negative weights Positive weights

0.750.50 0.25 0.25 0.50 0.75
Negative weights Positive weights

Fig. 2. Relative weights representing the effect proportion for the individual paraben in the mixture for the association with different measures of blood pressure
using quantile g-computation. The weights are considered fixed for the overall exposure effect and therefore do not have confidence intervals or p-values. The models
A and B, analyzing the mixture effect of parabens on respectively systolic and diastolic blood pressure were adjusted for the child’s sex, age at follow-up exami-
nations, BMI z-score, maternal parity, education, current household smoking, season and hour of examination and osmolality of the child’s urine as fixed effect

variables and time point of measurement (child ID) as random effects variable.

3.5. Time-specific associations between parabens, and repeated measures
of AGEs and BP at ages 4 and 10 years

In the SEM models including the AGEs and BP measurements at 4 and
10 years and various covariates, the paraben mixture had a direct effect
on SBP at 4 years (standardized estimate (est.std) = 0.50, 95 % Boot CI:
0.10, 0.82) and PrP alone on DBP at ages 4 and 10 combined (est.std =
0.55, 95 % Boot CI: 0.08, 0.92) (Supplementary Table S4). We observed a
statistically significant indirect effect of parabens on DBP at 10 years and
at 4 and 10 years combined via AGEs in the SEM model containing all
parabens, showing an inverse direction (est.std = —0.21, 95 % Boot.CI:
—0.41, —0.05 and est.std = —0.20, 95 % Boot.CI: —0.44, —0.03 respec-
tively) (Supplementary Table S4). Because the direct effect was positive,
the indirect effect via AGEs partially cancelled out the direct effect.

In the models containing only one paraben ester, we also found for
PrP significant inverse indirect effects via AGEs on DBP at 10 years and
at 4 and 10 years combined (est.std = —0.16, 95 % Boot.Cl: —0.32,
—0.04 and est.std = —0.15, 95 % Boot.CIl: —0.33, —0.02 respectively)
(Supplementary Table S4). When performing the complete-case anal-
ysis, standardized estimates and corresponding 95 % bootstrapped
confidence intervals were comparable to those of the main analysis
(Supplementary Table S5).

Furthermore, the association between AGEs measured at 4 years and
at 10 years with DBP measured at 10 years was statistically significant
(est.std = 0.34, 95 % Boot.CI: 0.10, 0.54 and est.std = 0.26, 95 % Boot.
CI: 0.04, 0.51 respectively) (Supplementary Table S6).

In the additional SEM analysis for the statistically significant results
in the linear mixed models, the unstandardized estimate for the associ-
ation between PrP and AGEs at 4 years (B = —0.17, 95 % CI: —0.30,
—0.02) (Supplementary Fig. S4) was comparable with the estimate in
the linear mixed model.

4. Discussion

The primary discovery from our research highlights a link between
paraben exposure and lower AGE levels in children in a longitudinal
setting, driven by PrP.

4.1. Parabens and AGEs

The observed inverse association between parabens and AGEs has
not been described in literature before. Other environmental exposures
including cigarette smoke (Cerami et al., 1997; Nicholl and Bucala,
1998), air pollution (Gursinsky et al., 2006), and nickel (Lai et al.,
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Table 3

Linear regression coefficients, 95 % confidence intervals and p value for the
change in advanced glycation end products and blood pressure measured
longitudinally at 4 and 10 years for a one-unit increase in the natural log-
transformed values of the individual urinary parabens in linear mixed models
adjusted for potential confounders (166 observations for all analyses).

p 95 % CI P

Advanced glycation end products®

Methyl Paraben —0.098 -0.21, 0.012 0.10

Ethyl Paraben -0.013 -0.13,0.10 0.83

Propyl Paraben —0.15 —2.51, —0.049 0.0072%**
Systolic blood pressure”

Methyl Paraben —0.41 —1.61, 0.80 0.50

Ethyl Paraben 0.63 —0.64,1.91 0.33

Propyl Paraben 0.27 —0.89, 1.43 0.64
Diastolic blood pressure”

Methyl Paraben —0.21 -1.11, 0.70 0.65

Ethyl Paraben —0.44 —1.44, 0.57 0.39

Propyl Paraben 0.47 —0.46, 1.41 0.31

Significance levels *< 0.05, **< 0.01 and ***<0.001.

@ Adjusted for the child’s sex, age at FU examination, BMI z-score, and urinary
osmolality, parity, maternal education, current household smoking and season
of the examination as fixed effects variables and participant as random effects
variable.

b Adjusted as in ® and additionally for hour of examination.

2020), but not benzene (Costa et al., 2016; Spatari et al., 2012), have
been reported to increase AGEs in epidemiological and in in vitro studies.
Oxidative stress may contribute to higher levels of AGEs in the skin due
to both the body’s natural aging and pathological processes (Q. Chen
et al., 2022), which could be further exacerbated by parabens that have
been reported to increase oxidative stress and reactive oxygen species
(ROS) production in animal studies (Nagar et al., 2020; Shah and Verma,
2011), in vitro (Martin et al., 2010) and in epidemiological studies (Wei
et al., 2022; Zhao et al., 2021). Conversely, we found an inverse asso-
ciation between the paraben mixture and PrP individually with skin
AGEs. The underlying mechanism for the observed direction of associ-
ation may be found in a lowering of endogenous glucose levels by par-
abens. Glucose levels were not available for the children in this study,
but previously our group and others have demonstrated an inverse as-
sociation between glucose levels and EtP (Reimann et al., 2021) in
newborns, for PrP in pregnant women (Bellavia et al., 2019), and in the
general U.S. public for different parabens including PrP (Ward et al.,
2020). In addition, other compounds have been described to possess
AGEs lowering properties, for example aminoguanidine derivatives,
which inhibit the formation of AGEs by reacting with reactive carbonyl
species (Hou et al., 1998). These compounds often possess functional
groups capable of nucleophilic addition to carbonyl groups. Phenolic
compounds such as polyphenols from natural sources have also been
described to inhibit endogenous AGE formation through their antioxi-
dant properties. These antioxidant properties stem from a hydroxyl
group (-OH) attached directly to an aromatic ring (Kumar and Goel,
2019). Parabens also have a hydroxyl group, not attached directly to the
aromatic ring, but to a carboxylic acid moiety via ester linkage (Palacios
Colon et al., 2023). Despite the different position of the hydroxyl group,
parabens may still exert antioxidant effects through other mechanisms,
albeit different from those of phenolic compounds. However, their
antioxidant properties generally have been described as less potent than
those of true phenolic compounds (Velika and Kron, 2012).

When investigating potential indirect effects of parabens via AGEs in
the longitudinal association with BP at 10 years by SEM, we observed
that the lowering of AGEs also ameliorated the adverse direct effect of
PrP on DBP measured six years later. The SEM with integration of both
time-points of AGEs and BP measurements might represent a more
realistic assessment of the longitudinal effects.
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4.2. Parabens and BP

In the linear mixed models with repeated measures we did not
observe a significant association between the combined or individual
parabens and BP parameters. Parabens have previously been found to
increase BP, but also studies reporting no significant, or inverse asso-
ciations exist. In a cross-sectional study in 1405 individuals of the gen-
eral Chinese population a 2.10-fold (95 % CI: 1.40, 3.00), 1.83-fold (95
% CI: 1.27, 2.62) and 1.84-fold (95 % CI: 1.27, 2.65) increased risk of
hypertension was found by comparing the first exposure with the fourth
quartile group participants using Bayesian kernel machine regression
(BKMR) models (Zhang et al., 2023). Furthermore, in the same study,
higher urinary EtP, PrP, and > PBs levels were found to increase the
levels of systolic and diastolic BP (Zhang et al., 2023). A study in 73
Mexican women found the odds of hypertension to be 3.77 (95 % CI:
0.76, 18.62, p < 0.10) times higher for every IQR increase in PrP
(Zamora et al., 2021), while a study performed with 9756 participants
(31.1 % with high BP) from NHANES found no association between
different parabens and hypertension (Shiue, 2014). Another study in
152 pregnant women from Spain, France and Norway found a decrease
in systolic BP for increased levels of MeP (p = —0.75 mmHg; 95 % CI:
—1.44, —0.07 per doubling of MeP concentrations), and decreases in
systolic BP in association with higher concentrations of EtP in the second
semester only (Warembourg et al., 2019). The only study to our
knowledge investigating the effect of parabens on BP in children did not
observe a statistically significant association between paraben concen-
trations in maternal pregnancy spot-urine samples and macrovascular
health in 416 Spanish 11-year olds (Montazeri et al., 2022).

Interestingly, we did find statistically significant direct and total
effects for the combined parabens and SBP in the cross-sectional
assessment at 4 years using SEM, indicating adverse effects even when
accounting for the inverse indirect effects via AGEs.

4.3. The role of AGEs in the association between parabens and BP

Applying SEM, we found evidence of an increased DBP at 10 years in
the cross-sectional and longitudinal assessment with AGEs.

In literature, AGEs have been associated with increased arterial
stiffness (Birukov et al., 2021; McNulty et al., 2007). As AGEs increase
the expression and release of inflammatory cytokines and generation of
ROS, via their interaction with the receptor for advanced glycation end
products (RAGE), they potentially affect the structures of arterial walls
or produce contraction of the arterial wall, both resulting in increased
arterial stiffness and changes in cell function (Prasad and Mishra, 2017;
Schmidt et al., 1999). Arterial stiffness increases systolic BP as shown in
a study that found higher plasma levels of AGEs in untreated hyper-
tensive patients than in normotensive subjects (7.84 + 0.94 vs. 2.97 +
0.94 pg/mL) (McNulty et al., 2007). For diastolic BP on the other hand,
plasma levels of carboxymethyl-lysine, a marker of circulating AGEs,
were inversely related to the diastolic pressure in a study of normoten-
sive non-diabetic individuals (Sourris et al., 2014), and in type-1- di-
abetics circulating levels of two different plasma AGEs
(Ne-(carboxymethyDlysine and Ne-(carboxyethyl)lysine) were posi-
tively associated with systolic pressure but inversely associated with
diastolic pressure (Schram et al., 2005). One possible explanation for the
discrepancy between our finding of positive associations between AGEs
and DBP instead of SBP could be that these studies assessed circulating
plasma AGEs and not dermal AGEs assessed by skin autofluorescence. In
a study comparing skin and plasma AGEs and their association with
different cardio-metabolic outcomes, it was demonstrated that even
though skin and plasma AGEs showed similar associations with gender
and diabetes or prediabetes, they may reflect distinct underlying pro-
cesses and hold different clinical significance, particularly in relation to
arterial stiffness (Liu et al., 2017).

To summarize our finding: for the first time, we investigated the
association between parabens, widely used biocides in personal care
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products, and AGEs, biomarkers of cardiometabolic risk, and found a
statistically significant inverse association for PrP. Furthermore, we
confirmed with a SEM approach prior evidence of adverse effects of
parabens and AGEs on BP. When decomposing the chronological
sequence of direct effects, We observed that parabens showed a cross-
sectional association with AGEs and BP, while AGEs predominantly
influenced BP at a later time point in longitudinal analyses, in line with
the understanding that AGEs exert adverse effects on the endothelium
via long-term cross-linking of extracellular matrix proteins (Hegab et al.,
2012).

Moreover, we observed inverse indirect effects of parabens via AGEs
on DBP, driven primarily by PrP, which reduced the total effect and thus
partially ameliorated their adverse impact on BP. In the analysis with
SEM using unstandardized estimates we observed comparable results for
the association between PrP and AGEs corroborating our results from
the linear mixed model.

The associations we observed are based on snapshots of the child’s
life, allowing us to hypothesize about potential effects. These effects in
early life might not only indicate negative impacts but also reflect
compensatory mechanisms. The inverse indirect effect of the paraben
mixture and PrP alone on DBP via AGEs needs further investigation by
mechanistic studies, however it might indicate that by decreasing AGE
levels the adverse effect of PrP on diastolic BP could be decreased.

We acknowledge particular strengths and limitations of our present
study. We are the first to investigate the association between urinary
paraben levels and AGEs, a cardiometabolic biomarker with prognostic
significance (Hegab et al., 2012; Lamprea-Montealegre et al., 2022). We
were also able to investigate the associations for repeated outcome
measures of AGE levels at 4 and 10 years of age. This longitudinal design
strengthens conclusions about the causal relationships found in the an-
alyses. Furthermore, a strength of this study is the additional use of SEM
to decompensate the direct and indirect effects for the different time
points. This enabled us to assess the effects for each time point also
separately and draw conclusions about the causal sequence of effects.
Nevertheless, we also have to recognize potential limitations. The
sample size was relatively small, which might have resulted in limited
power and prevented associations from reaching statistical significance.
Furthermore, the reported p-values were not adjusted for multiple
testing. Even though we cleaned the skin of participants who used body
lotion or sunscreen products before the examination with alcohol, this
procedure does not completely ameliorate their influence on the SAF
values (Noordzij et al., 2011). If participants who used paraben con-
taining body lotion or sunscreen before the examination would be more
likely to have higher paraben as well as higher SAF values the associa-
tion might be biased. In this case the estimated association would be
biased towards a stronger positive effect for children using these prod-
ucts before the examination. As we observed here an inverse effect be-
tween urinary PrP concentration and SAF levels there is no indication of
a bias in our analysis. 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 exercise which may influ-
ence AGEs and/or BP. Furthermore, we utilized spot-urine samples to
evaluate the levels of parabens in urine. The fluctuation over time in the
concentration of nonpersistent chemicals such as parabens might lead to
misclassification of exposure and bias in exposure-response relation-
ships (Casas et al., 2018). Nonetheless, the likelihood of measurement
errors is potentially restricted, given the relatively high and consistent
intraclass correlation coefficients reported for urinary parabens (with a
median of 0.52) (Roggeman et al., 2022). This consistency is likely
attributed to the gradual and consistent absorption of personal care
products through the skin (Roggeman et al., 2022).
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5. Conclusions

With this study we found inverse associations between urinary par-
abens and AGEs measured by skin-autofluorescence, which might indi-
cate still unknown properties of parabens in decreasing the adverse
impact of AGEs on cardiovascular health. While the association of PrP
with AGEs and BP may suggest protective effects, these findings must be
approached with caution as they represent only one potential mode of
action of parabens. Considering the growing body of evidence in the
literature regarding the adverse cardiometabolic effects of parabens, our
results contribute to the understanding of the complex relationships
underlying paraben exposure, cardiometabolic health, and associated
molecular mechanisms, and offer a basis for future mechanistic studies.
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