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• Effects of single and multiple parabens on
asthma were assessed in mice and
humans.

• Adverse and preventive effects of single
parabens on asthma were found in mice.

• Paraben mixtures revealed no effects in
mouse or in a mother-child cohort.

• Mixtures should be considered in evalua-
tion of individual specific disease risks.
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asthma-reducing effect after direct exposure of adult mice to n-butyl paraben (nBuP) as well as an asthma-promoting
effect after maternal exposure to ethyl paraben (EtP) in the female offspring. Interestingly, exposure of mice to a mix-
ture of EtP and nBuP starting prenatally until the end of asthma induction in the adult offspring was without effect on
allergic airway inflammation. In addition, parabens were determined within the German prospectivemother-child co-
hort LINA and their single and mixture effect on asthma development in children within the first 10 years of life was
estimated by logistic and Bayesian kernel machine regression (BKMR). Both approaches revealed no adverse effects of
parabens on children's asthma development, neither when stratified for being at risk due to a positive family history of
atopy nor when analysed separately for sex specificity. Therefore, we conclude that although single parabens might
differentially impact asthma development, an adverse effect could not be seen in a multiple paraben exposure setting.
Consequently, not only the time point of exposure but also multiple exposure scenarios to parabens should be consid-
ered in the evaluation of individuals' specific disease risk.
Keywords:
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Asthma
Murine model
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Single and mixture effect
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1. Introduction

Parabens are alkyl esters with antimicrobial activity that are extensively
used as preservatives in consumer product like cosmetics and food (Halla
et al., 2018) and can also be found in the human environment (Wei et al.,
2021). A ubiquitous exposure to single parabens was described in several
studies, however it seems to be even more realistic that individuals are fac-
ing a multiple exposure scenario (Berger et al., 2020).

Parabens are considered to have endocrine disrupting activity and are
therefore indicated as chemicals of emerging concern that exert adverse
human health effects. Exposure to these chemicals has been linked to breast
cancer (Darbre et al., 2004), reproductive malfunctions (Nishihama et al.,
2016), and childhood overweight development (Leppert et al., 2020). Fur-
thermore, several studies associated the use of paraben-containing products
with allergic immunoreaction, causing contact dermatitis (Yim et al., 2014)
and an increasing risk for atopic eczema (Lowe et al., 2019; Mitsui-Iwama
et al., 2019; Thurmann et al., 2021).

Interestingly, with regard to allergic asthma most of the epidemiologi-
cal studies did not find a correlation between exposure to parabens and
the prevalence for asthma (Lee-Sarwar et al., 2018; Spanier et al., 2014;
Vindenes et al., 2021). One study showed a positive association of chil-
dren's urinary paraben concentrations and their asthma-related emergency
department visits between 6 and 19 years (Quiros-Alcala et al., 2019),
while, in the same survey, no association was found between their paraben
concentrations and asthma prevalence until the age of 18 years (Spanier
et al., 2014). So far, there is only one study indicating a correlation between
in-utero exposure to ethyl paraben (EtP) and an increased asthma risk in
children, while other parabens or their sum were without effect (Vernet
et al., 2017). Another study showed even decreased odds of probable
asthma in association with propyl paraben (PrP) levels (Berger et al.,
2018). Thus, although several epidemiological studies suggest that expo-
sure to parabens has the potential to alter immune functions and the risk
of allergic diseases in childhood, the association to asthma is not well stud-
ied and inconsistent.

In this context, data from animal experiments could provide additional
information to the sparse epidemiological data but, so far, there are no ex-
perimental in vivo studies investigating the effect of paraben exposure on
asthma to clarify the inhomogeneous picture. Therefore, the current study
aims to characterize the impact of paraben exposure on asthma using an ex-
perimental mouse model and epidemiological analyses from a well-
characterized mother-child cohort by outlining different exposure time
points and exposure scenarios.
2. Material and methods

2.1. Animals

2.1.1. Mice
Female BALB/cByJ mice (6 – 8 weeks of age) were obtained from the

Elevage Janvier Laboratory (Le Genest St Isle, France). Mice were bred and
maintained in the animal facility at the University of Leipzig (Germany)
under conventional conditionswith 23 °C room temperature, 60%humidity,
and 12 h day/night rhythm. All mice received phytoestrogen-free diet
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(C1000 from Altromin, Lage, Germany) and water ad libitum. Experiments
involving induction of allergic airway inflammation included groups of 4 –
6 mice/cage and were performed at least two times according to institu-
tional and state guidelines. Animal protocols used in this study were ap-
proved by the Committee on Animal Welfare of Saxony/Leipzig (Permit
Number: TVV01/15, 14/18).

2.1.2. Exposure protocols to parabens
To evaluate the effect of parabens on asthma development, we exposed

Balb/cmice to a representative of a short-chain (ethyl paraben, EtP) as well
as a long-chain (n-butyl paraben, nBuP) paraben using different exposure
protocols in an established mouse asthma model (Jahreis et al., 2018;
Petzold et al., 2014; Polte et al., 2015). Both parabens used were already
shown to have the most disease-affecting impact compared to other
parabens of a comparable chain length (Leppert et al., 2020; Thurmann
et al., 2021; Vernet et al., 2017). Doses used in the mouse model were esti-
mated from an acceptable daily intake in humans based on No Observed
Adverse Effect Levels of 1000 mg kg−1 bodyweight (EtP) and 2 mg kg−1

bodyweight (nBuP), respectively (EFSA, 2004; Fisher et al., 1999).
First, 6 to 8-week-old female mice were directly exposed to EtP

(10 mg kg−1 bodyweight/day) and nBuP (20 μg kg−1 bodyweight/day)
starting one week prior house dust mite (HDM) sensitization until the end
of the asthma protocol (Supplementary Fig. E1A). Application was per-
formed by subcutaneous (s.c.) injection of 0.875 mg EtP or 1.75 μg nBuP
(Sigma-Aldrich Chemie GmbH, Munich, Germany) in 100 μl corn oil
twice per week. Control dams received only the vehicle. In a second proto-
col and to study the effects of maternal exposure on the progeny, micewere
exposed to EtP or nBuP starting before mating until weaning when pups
were 3 weeks old (perinatal exposure, Supplementary Fig. E1B). Third,
and based on the results seen in the first and second protocol, the effect
of a paraben mixture of EtP and nBuP was evaluated while mice were ex-
posed to the parabens starting one week before mating until the end of
the asthma protocol induced in the offspring at 6 – 8weeks (Supplementary
Fig. E1C). Each exposure protocol was performed at least two times with at
least 3 dams per group/condition resulting in≥7 pups per group/condition
(each female or male, with a maximum of 3 pups per sex per dam).

2.1.3. Asthma induction
To induce an asthma-like phenotype with airway hyperresponsiveness,

eosinophilic inflammation, elevated allergen-specific IgE levels and an in-
creased production of the T helper 2 (Th2) cytokines IL-4, IL-5 and IL-13
Balb/c mice were sensitized via the airways with 25 μg house dust mite ex-
tract (HDM, endotoxin: 1.273 EU/ml, Greer Laboratories, USA) in 40 μl sa-
line on day 1. This was followed by 5 μg HDM given intranasally (i.n.) on
days 7 to 11 and 14 to 16. Control mice received normal saline i.n. Airway
hyperreactivity (AHR) was measured on day 17 and mice were sacrificed
on day 18 (Supplementary Fig. 1).

2.1.4. Measurement of airway responsiveness
To measure lung resistance (RL) mice were anesthetized (100 mg kg−1

ketamine and 10 mg kg−1 xylazine, Bayer, Leverkusen, Germany),
intubated, andmechanically ventilated at a tidal volume of 0.2ml and a fre-
quency of 150 breath/min. Baseline RL and responses to aerosolized saline
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(0.9%NaCl) weremeasuredfirst, followed by responses to increasing doses
(2.5 to 40 mg/ml) of aerosolized methacholine.

2.1.5. Collection of bronchoalveolar lavage (BAL) fluid
To assess eosinophilic inflammation in the BAL all cells within the la-

vage fluid were counted using a hemocytometer. Diffquick® (Medion
Diagnostics AG, Düdingen, CH) stained cytospins were differentiated into
eosinophils, macrophages, lymphocytes and neutrophils according to mor-
phological criteria as described previously (Bickert et al., 2009; Polte et al.,
2008).

2.1.6. Lung histology
Left lung was fixed in 10% formalin and stained with Haematoxylin &

Eosin (H&E, MERCK, Darmstadt, Germany) to analyze inflammatory infil-
trates in the airways (Petzold et al., 2014; Polte et al., 2015).

2.1.7. HDM-specific IgE assay
HDM-specific IgE serum levels were measured by ELISA according to

a standard protocol. Briefly, 96-well microtiter plates (Nunc, Roskilde,
Denmark) were coated overnight with 25 μg/ml HDM. After washing
and blocking plates, serum was added and incubated at 4 °C overnight.
Subsequently, 96-well plates were washed and 100 μl of biotin-anti-
mouse IgE (BioLegend, CA, USA) was added and incubated for 1 h.
The wells were washed with PBS followed incubation with avidin-
horse radish peroxidase (Biolegend) for 30 min. TMB substrate solution
(100 μl) was added and incubated in the dark for 30 min. The OD was
determined at 450 nm using a BioTek microplate reader (BioTek Instru-
ments, Bad Friedrichshall, Germany).

2.1.8. Cytokine production
One day after airway function test splenocytes or mediastinal lymph

node cells (1 × 107 cells/ml per well) were isolated and re-stimulated
in vitro with 200 μg/ml OVA in culture medium (RPMI medium supple-
mented with 10% FBS, 100 U/ml Penicillin, 100 μg/ml Streptomycin).
After three days of culture cytokines were measured in supernatant using
DuoSet® ELISA kits (R&D Systems, Minneapolis, MN, USA) according to
the manufacturer's instructions.

2.2. Human cohort

2.2.1. LINA study design and sample collection
To further address the paraben-asthma relationship with epidemiologi-

cal data we used the German prospective mother-child cohort LINA
(Lifestyle and environmental factors and their Influence on Newborns Al-
lergy risk). LINA recruited 622 mothers (629 children) at 34 weeks of ges-
tation between May 2006 and December 2008 in Leipzig, Germany (Hinz
et al., 2010;Weisse et al., 2013). Mothers with severe immune or infectious
diseases during pregnancywere excluded from the study. Standardised self-
administered questionnaires were collected annually starting in pregnancy,
assessing general information, personal lifestyle, housing and environmen-
tal conditions as well as family history of atopy (FHA) and disease state (see
Supplementary Table E1).

Study participationwas voluntary andwritten informed consentwas ob-
tained by all participants. The study was approved by the Ethics Committee
of the University of Leipzig (file ref # 046-2006, 160-2008, 160b/2008,
144-10-31052010, 113-11-18042011, 206-12-02072012, #169/13-ff,
#150/14-ff, 008/17-ek).

2.2.2. Analysis of urinary paraben concentrations in human samples
Urinary concentrations of eight paraben species were determined in

504 maternal urine samples of the 34th week of gestation. The samples
were prepared and analysed as described and validated by Schlittenbauer
et al. (2016). In brief, urine samples, quality controls, and solvent blanks
were thawed at room temperature, vortexed, and centrifuged. Aliquots
were spiked with internal standard solution and a deconjugation standard.
Hydrolysis was achieved by adding enzyme buffer solution and incubation
3

in an ultrasonic bath. The enzymewas removed by centrifugation/filtration
using Amicon® Ultra-0.5 filters. LC-MS analysis was performed on a
UPLC™ system (ACQUITY I-Class, Waters Cooperation Milford, MA, USA)
coupled to a triple quadrupole mass spectrometer (Xevo TQ-S, Waters
Cooperation, Manchester, UK) equipped with an electrospray ionization
(ESI) source. For each analyte (MeP, EtP, nPrP, iBuP, nBuP), a quantifica-
tion (Q) and a confirmation (q) MRM transition was selected. Quality
criteria for positive confirmation of peaks were (i) presence of both MRM
transitions, (ii) a retention time within 0.03 min, and (iii) a relative ion
ratio within 50 to 150% compared to a standard. The limits of quantifica-
tion (LOQ) were 0.5 μg/l for MeP and 0.1 μg/l for the others parabens
(EtP, nPrP, iBuP, nBuP). Levels below the LOQ were included in the
model analyses as half of the detection limit. For 498 participants valid
paraben concentrations above the detection limit were obtained, for 274
of them also information about asthma prevalence until the age of
10 years as well as confounding factors were available (cases and paraben
concentrations used within asthma analyses are shown in Supplementary
Table E2). For iPrP, sBuP and BzP more than 70% of samples had concen-
trations below the LOQ and, therefore, were excluded from further analysis.
For paraben analysis of mouse samples 20 μl urine and 180 μl milliQ water
was mixed and the same protocol as described above was applied.

2.2.3. Asthma prevalence of children
Respiratory health of children was assessed by questionnaires asking

parents annually for physician diagnosed respiratory diseases like asthma,
obstructive bronchitis, wheezing etc. From that information, the prevalence
for the 10-year lifetime prevalence of asthma was used for the present re-
gression and BKMR analyses. As controls, only children who had never ex-
perienced any respiratory diseases like asthma, obstructive bronchitis or
wheezing within the first 10 years were included. All model analyses with
respect to paraben exposure and asthma risk were performed in all children
of the sub-cohort, sex-specific as well as in children at risk for atopic dis-
eases due to a positive family history of atopy (at least one parent positive).
Analyses could not be performed separately in children without a family
history of atopy (FHA) due to low case numbers of asthma positive children
in that group (n = 4).

2.3. Statistical analysis

Experimental data sets from in vivo mouse studies were processed and
analysed in GraphPad PRISM 7.02 for windows (GraphPad Soft-ware,
Inc.). Data were expressed as mean ± SEM and P values of less than 0.05
were considered significant by t-test and Wilcoxon-Mann-Whitney test.
With respect to the epidemiological data, only cases with complete data
on prenatal urine paraben concentration, asthma prevalence within the
first 10 years of life and relevant confounding factors were included in
the statistical analyses (n = 274). The Chi2-test (categorical parameters)
or Mann-Whitney U test (continuous parameters) was used to compare
the analysed sub-cohort (n = 274) until the age of 10 years with the total
cohort (n= 629) according general study characteristics/confounders. Lo-
gistic regression and Bayesian kernel machine regression (BKMR) models
were performed with STATISTICA for Windows, Version 13 (Statsoft Inc.)
and R (version 3.6.1; R development Core Team) for the bkmr package
(Bobb et al., 2018), each considering the following confounders: smoking
during pregnancy (as maternal log urine cotinine levels), maternal age at
delivery, sex of the child (except for the analyses stratified for sex), family
history of atopy (except for the analyses stratified for FHA), number of sib-
lings, parental school education (low/medium/high) and urine creatinine
levels. BKMR was performed with 50,000 iterations according to Bobb
et al. (2018) and Preston et al. (2020) while paraben concentrations were
ln-transformed and z-scored. BMKR analyses with respect to the asthma
risk within the first 10 years of life revealed the following aspects: (A) over-
all/cumulative effect (pictures the comparisonwhen all of themixture com-
ponents/all parabens were fixed at their median value, with when all of the
mixture components/all parabens are at a particular (same) percentile),
(B) the univariate exposure-response function (which pictures the full



Fig. 1. Exposure to EtP or nBuP has different effects on allergic airway inflammation in a mouse asthma model. Cell number in BAL fluid (A), airway inflammation (B, H&E,
×100), lung resistance (C), HDM-specific IgE (D), and cytokine (E) levels were examined in offspring from paraben-exposed dams or directly exposed adult mice. Mean ±
SEM, n ≥ 7 mice/group, P < 0.05, *HDM vs. EtP, #HDM vs. nBuP; BAL – bronchoalveolar lavage, HDM – house dust mite, CON - control, scale bar - 100 μm.
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Fig. 2. Exposure to a mixture of EtP and nBuP has no effects on allergic airway inflammation in a mouse asthma model. Total cell number in BAL fluid (A), airway
inflammation (B, H&E, ×100), lung resistance (C), HDM-specific IgE (D), and cytokine (E) levels were examined in offspring from paraben-exposed dams. Mean ± SEM,
n ≥ 7 mice/group, scale bar - 100 μm.
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Table 1
Association of prenatal exposure to different parabens [μg/l] and asthma develop-
ment within the first 10 years of life within the LINA cohort. Displayed are the ef-
fects for all children (A) and for those with a positive family history of atopy
(FHA+; B), as well as separately for boys (C) and girls (D).

(A)

All (n = 274)

Crude Adjusteda

OR 95% CI p-Value OR 95% CI p-Value

MeP 1.00 0.999 1.002 0.477 1.00 0.999 1.001 0.936
EtP 1.01 0.996 1.016 0.264 1.00 0.993 1.015 0.474
nPrP 1.00 0.999 1.005 0.289 1.00 0.997 1.004 0.649
iBuP 1.03 0.964 1.096 0.403 1.02 0.955 1.096 0.513
nBuP 1.00 0.970 1.023 0.768 0.99 0.970 1.020 0.679

(B)

FHA+ (n = 191)

Crude Adjusteda

OR 95% CI p-Value OR 95% CI p-Value

MeP 1.00 0.999 1.002 0.741 1.00 0.999 1.001 0.988
EtP 1.01 0.995 1.016 0.272 1.01 0.994 1.018 0.317
nPrP 1.00 0.997 1.004 0.615 1.00 0.997 1.004 0.772
iBuP 1.03 0.970 1.103 0.300 1.03 0.959 1.101 0.432
nBuP 1.00 0.974 1.021 0.809 1.00 0.974 1.020 0.784

(C)

Boys (n = 134)

Crude Adjusteda

OR 95% CI p-Value OR 95% CI p-Value

MeP 1.00 0.999 1.002 0.335 1.00 0.999 1.002 0.693
EtP 1.01 0.996 1.018 0.219 1.01 0.995 1.019 0.281
nPrP 1.00 0.998 1.005 0.312 1.00 0.997 1.004 0.646
iBuP 1.04 0.974 1.109 0.242 1.05 0.975 1.134 0.191
nBuP 1.00 0.975 1.026 0.996 1.00 0.978 1.019 0.864

(D)

Girls (n = 140)

Crude Adjusteda

OR 95% CI p-Value OR 95% CI p-Value

MeP 1.00 0.990 1.004 0.406 1.00 0.989 1.003 0.287
EtP 1.00 0.973 1.025 0.916 0.99 0.954 1.019 0.399
nPrP 1.00 0.990 1.010 0.978 0.99 0.983 1.007 0.387
iBuP 0.27 0.031 2.396 0.237 0.33 0.038 2.803 0.302
nBuP 0.96 0.844 1.081 0.468 0.95 0.843 1.077 0.435

CI – confidence interval, OR – odds ratio.
a Logistic regression model adjusted for smoking during pregnancy (as urine co-

tinine levels), urine creatinine levels during pregnancy, number of siblings, mater-
nal age at delivery, parental school education, family history of atopy (except
B) and sex (except C and D). For specific case numbers and paraben concentrations
see Supplementary Table E2.
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range of one mixture component/one paraben when simultaneously all
other mixture components/all other parabens are held at their median con-
centrations) and (C) the interaction analyses, that pictures the difference in
asthma risk when one mixture component/one paraben changes from its
25th to 75th percentile while all other mixture components/all other
parabens are fixed at their 25th percentile, as compared to when all other
mixture components/parabens are fixed at their 75th percentile.

3. Results

3.1. Effect of single exposure to EtP or nBuP on allergic asthma in a HDM-induced
murine asthma model

First, adult exposure to nBuP diminished eosinophilic inflammation in
the bronchoalveolar lavage (BAL) fluid (Fig. 1A) and airway inflammation
in the lung as demonstrated byH&E-stained lung sections (Fig. 1B) and ver-
ified by an objective, investigator-independent computer analysis (Supple-
mentary Fig. E2). Furthermore, nBuP exposure significantly decreased
airway hyperreactivity (AHR, Fig. 1C) and HDM-specific IgE levels
(Fig. 1D) and slightly reduced the production of the Th2 cyrokines IL-13
and IL-5 (Fig. 1E), while exposure to EtP was without significant effect on
the asthma phenotype (Fig. 1A–E).

Second, maternal paraben exposure on allergic airway inflammation in
the progeny was assessed (Supplementary Fig. E1B). Thereby, exposed
dams showed urine paraben levels in a comparable range to those detected
in highly exposed mothers of our cohort (highest quintile urine concentra-
tion: EtP 18.1 μg/l, nBuP 5.9 μg/l; mean urine concentration in exposed
mice: EtP 25.9 μg/l, nBuP 19.6 μg/l).Maternal exposure to EtP significantly
increased the number of eosinophils within the BAL fluid in female off-
spring (Fig. 1A) and led to substantially more inflammatory infiltrates in
the airways compared to female offspring from non-exposed dams
(Fig. 1B). Furthermore, HDM-specific IgE levels were elevated in mater-
nally exposed female offspring compared to control (Fig. 1D), while no sig-
nificant effect on AHR was observed (Fig. 1C). Moreover, HDM-re-
stimulated splenocytes from female offspring of EtP-exposed dams pro-
duced significantly more of the Th2 cytokine IL-5 and in trend of IL-13,
while there was no significant effect on the Th1 cytokine IFN-γ (Fig. 1E). In-
terestingly, maternal exposure to nBuP had no significant effect on the
asthma-like phenotype in female offspring (Fig. 1A–E). In addition, male
offspring were not affected by any paraben (Fig. 1A–E). Taken together,
within our mouse studies we observed varying effects of a single paraben
exposure on asthma development depending on the applied paraben, sex
and the time point of exposure.

3.2. Effect of exposure to a mixture of EtP and nBuP on allergic asthma in a
murine asthma model

To further explore these contradictory effects of single EtP or nBuP at
different time points, we exposed mice to a mixture of both parabens by
also combining the exposure time points (Supplementary Fig. E1C). Inter-
estingly, under these conditions we did not observe any effect of the
paraben mixture on eosinophilic inflammation, AHR, antigen-specific IgE
or Th2 cytokine levels in HDM-sensitized mice independent of the sex
(Fig. 2A–E, Supplementary Fig. E3).

3.3. Association between prenatal exposure to single parabens and asthma
development in children within the first 10 years

The epidemiological analysis was done in a subgroup of 274 LINA chil-
dren with available maternal exposure data and disease outcome informa-
tion until the age of 10 years. There were no differences in general
characteristics comparing this sub-cohort compared to the total LINA co-
hort (Supplementary Table E1). Within the analysed sub-cohort, 26 chil-
dren (9.5%) developed asthma within the first 10 years of life. Our
logistic regression models - mimicking exposure to a single paraben - re-
vealed neither effects in the analysed total sub-cohort nor when stratified
6

for children being at risk due to a positive family history of atopy or
when analysed separately for boys and girls (Table 1A–D). Corresponding
paraben concentrations within these analysed groups are outlined in
Supplementary Table E2.

3.4. Effects of multiple paraben exposure on asthma development in children
within the first 10 years

Coherent with the murine experiments, we also considered a multiple
exposure situation within the epidemiological data via Bayesian kernel ma-
chine regression (BKMR; (Bobb et al., 2018; Junge et al., 2021)). Interest-
ingly, also the BKMR model did not outline an adverse effect of exposure
to multiple parabens and the asthma risk in children (shown for the total
sub-cohort/in children with FHA+, Fig. 3), and separately for both sexes



Fig. 3.Mixture analyses of prenatal paraben exposure and children's asthma risk within the first 10 years of life. Displayed are the effects for all children and for those with
positive family history of atopy (FHA+) analysed by BKMR and adjusted for sex, urine cotinine during pregnancy, number of siblings, parental school education, maternal
age at delivery, urine creatinine during pregnancy and FHA (except for the FHA+ sub-cohort). Shown are estimated differences in asthma risk and 95% credible intervals via
(A) overall/cumulative analyses, (B) univariate exposure-response function, (C) interaction analyses.
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Fig. 4. Sex-specific analyses of prenatal paraben exposure and children's asthma risk within the first 10 years of life. Displayed are effects for boys/girls analysed by BKMR
adjusted for urine cotinine during pregnancy, number of siblings, parental school education, and maternal age at delivery, urine creatinine during pregnancy, and FHA.
Shown are estimated differences in asthma risk and 95% credible intervals via (A) overall/cumulative analyses, (B) univariate exposure-response function, (C) interaction
analyses.
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(Fig. 4). Furthermore, in girls this association was rather inverse when in-
terpreting the cumulative simulation (Fig. 4A).

4. Discussion

Within this current study, experimental mouse and cohort data were
assessed regarding single andmultiple paraben exposure and asthma devel-
opment which has not been performed earlier neither in a mouse nor in a
translational setting. First, we investigated the impact of parabens in a
mouse asthma model using different exposure protocols. Exposure of
mice to EtP and nBuP that was estimated from an acceptable daily intake
in humans based on NOAEL led to urine paraben levels in a comparable
range to those detected in highly exposed mothers of our cohort. Still, it
needs to be considered that humans are facing additional exposure routes
(e.g. via ingestion or the lung) compared to the solely exposure via skin
in our mouse model that could lead to differences in toxicokinetics (Prah
et al., 2004).

Overall, our murine experimental data for single paraben exposure
show both, an asthma-reducing effect after direct exposure of adult mice
to nBuP as well as an asthma-promoting effect after maternal exposure to
EtP in the female offspring. This effect was not observed in the male off-
spring demonstrating sex-specific health effects of parabens that we
(Leppert et al., 2020) and others have shown previously for chemicals
with endocrine disrupting activity (Chang et al., 2022; Palanza et al.,
2021). The asthma-promoting effect in the offspring after maternal expo-
sure to EtP was in contrast to most of the recent epidemiological studies
that demonstrated no considerable correlation between any single paraben
exposure and asthma risk (Lee-Sarwar et al., 2018; Spanier et al., 2014;
Vindenes et al., 2021). However, one study showed a specific association
between maternal single EtP levels and an increased asthma rate in 5-
year-old children (Vernet et al., 2017) while no effects were seen for
other parabens. Another study demonstrated a decreased asthma risk in as-
sociation with PrP levels (Berger et al., 2018), similar to the result we ob-
served for nBuP in our mouse asthma model. These contradictory findings
of parabens might be explained by their chemical structure and different
chain length. In this context, it was shown before that PrP and nBuP have
a higher estrogenic activity in comparison to EtP (Routledge et al., 1998).
However, the underlying mechanisms why parabens can induce different
health effects have to be further explored.

Based on our observations we hypothesized that the diverse effects of
EtP and nBuP might be different in a setting more comparable to the real
life situation with multiple and long lasting or chronic exposure scenarios.
It was outlined recently that it is of high importance also to consider a mul-
tiple exposure situation, since individuals are certainly exposed to a mix-
ture of parabens in daily life (Huhn et al., 2021). In our experimental
study exposing mice over a long period (dams and their progeny into adult-
hood) aswell as to amixture of both parabens showed no effect on the adult
offspring asthma phenotype. This finding might suggest that in the mixed
application EtP and nBuP “neutralize” each other at the biological effect
level, in particular when exposure is long lasting.

With respect to our epidemiological data our findings were comparable
to other cohort studies (Lee-Sarwar et al., 2018; Spanier et al., 2014;
Vindenes et al., 2021): our logistic regression models –mimicking prenatal
exposure to a single paraben - revealed neither effects in the analysed total
sub-cohort nor when stratified for children being at risk due to a positive
family history of atopy or when analysed separately for boys and girls. Fur-
thermore, the associations in Leppert et al. (Leppert et al., 2020) showed
that pregnant mothers indeed are facing a multiple paraben exposure. To
address this multiple exposure scenario also in the current context, we
have used a mixture approach within our epidemiological data. Bayesian
kernel machine regression (BKMR) was applied for the LINA data as
described earlier (Bobb et al., 2018; Junge et al., 2021) because classical re-
gression models do not consider potential dynamic and kinetic interactions
between several parabens (Bobb et al., 2018). This statistic modelling ap-
proach adds important information on just considering raw sum associa-
tions via logistic regression models (Vernet et al., 2017) by mimicking
9

different interacting mixture scenarios. Herein, paraben combinations did
not indicate an adverse effect of prenatal paraben exposure on children's
asthma risk. Moreover, in girls this association was rather inverse when in-
terpreting the cumulative simulation. Still, this was based only on 10 fe-
male asthma cases and, therefore, should be deeper addressed in further
studies. This potential mixture effect could explain why there is only little
evidence from existing human epidemiological studies linking single
paraben exposure and asthma risk. However, the exposure situation in co-
horts can vary widely depending on the individual lifestyle but also on
population- or country-specific habits (WHO, 2009) making it difficult to
transfer our findings to different human environmental conditions. In addi-
tion, the recently shown adverse effect of paraben exposure on eczema risk
(Thurmann et al., 2021) needs to be mentioned. Nevertheless, eczema oc-
curs earlier in life than asthma with a potentially stronger impact of prena-
tal exposure. For asthma, the period after birth may play a more important
role. A different or longer usage of paraben-containing products in older
children may have caused different disease effects depending on the
parabens exposed.

A general limitation of the LINA study is the potential bias by high rates
of participating atopic parents who may have had special interest in the
topic of the study. We have considered this point by always including the
parental history of atopy as a confounding variable in the overall regression
and BKMR models. In addition, the outcome diagnosis (asthma, as well as
obstructive bronchitis or wheezing in controls) is a parental reported doc-
tor's diagnosis that may carry some minor inaccuracies. With respect to
the paraben analyses, it needs to be outlined that there are only one-time
spot urine samples available in LINA. However, it was shown earlier
within this cohort, that high maternal one-time urine concentrations
of the analysed parabens were related to mothers usage of leave-on cos-
metic products during the entire pregnancy (Leppert et al., 2020). This
shows on one hand a potential source of the preservatives, and on the
other hand that the measure of parabens at only one single time point
could be a valid surrogate for an overall paraben exposure during
pregnancy.

5. Conclusion

We investigated the effect of parabens on allergic airway inflammation
after exposure at different time points using a mouse asthma model. We
found an asthma-reducing effect after direct exposure of mice to nBuP
and an asthma-promoting effect in the female offspring after maternal ex-
posure to EtP. In our mother-child cohort LINA, we further examined single
and mixture effects on asthma development in children within the first
10 years of life by logistic and Bayesian kernelmachine regression. Both ap-
proaches revealed no adverse effects of parabens on children's asthma de-
velopment. Interestingly, exposure of mice to a mixture of EtP and nBuP
waswithout effect on allergic airway inflammation. To our best knowledge,
this is the first study assessing the effects of paraben exposure using an ex-
perimental asthmamodel and in addition, combining thiswithBKMR to an-
alyze joint effects of multiple parabens on children's asthma risk in a
mother-child cohort. Our results clearly highlight the importance of the
time point of exposure but also the role ofmixtures thatmay not only impli-
cate additive but also opposed effects, which should be considered in the
evaluation of individuals' specific disease risk.
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