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ARTICLE INFO ABSTRACT

Keywords: Background: Exposure to benzophenone-1 (BP-1) and benzophenone-3 (BP-3), widely used as UV filters in per-
Benzophenone sonal care products, has been associated with adverse health effects. However, epidemiological evidence is
uv ﬁ_her limited and inconclusive, particularly in vulnerable populations such as teenagers.

[O\E::g Objective: To examine the relation between BP-1 and BP-3 concentrations and obesity, cardiometabolic bio-
HBMA4EU markers, and asthma/allergy outcomes in European teenagers, including possible sex-specific associations.
PARC Methods: A multi-country cross-sectional study was conducted using pooled data from six aligned studies from
Endocrine disruption the Human Biomonitoring for Europe Initiative (HBMA4EU). Sociodemographic data, cardiometabolic bio-

markers, and asthma/allergy outcomes were collected through questionnaires. Anthropometric data and BMI z-
scores were calculated (n = 1339). Plasma/serum cardiometabolic biomarkers and asthma/allergy outcomes
were available for a subsample (n = 173-594). Urinary BP-1 and BP-3 concentrations were adjusted for creat-
inine dilution using the traditional standardization (trad.) and the covariate-adjusted creatinine standardization
(CAS) method. Generalized additive models, linear, logistic, and multinomial mixed models were applied, and
sex-interaction terms were tested.
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Results: Each natural log-unit increase in urinary BP-3 (CAS) concentrations was associated with higher odds of
obesity in the whole population (OR: 1.20; 95%CI: 1.04-1.38). Sex-specific associations were also found with BP-
1 (CAS) and BP-3 (CAS) concentrations, which were associated with higher odds of obesity in male teenagers
(OR: 1.25; 95% CI: 1.01-1.55; OR: 1.34; 95%CI: 1.09-1.65, respectively). Linear mixed models showed consistent
findings toward higher BMI z-scores. A negative association was found between BP-1 (CAS) concentration and
serum adiponectin levels in females (% change per log.-unit increase: -3.73, 95%CI: -7.32, -0.10). BP-3 (CAS)
concentrations were also associated with higher odds of non-food allergies in males (OR: 1.27; 95%CI: 1.00-
1.63). Traditional creatinine adjustment showed similar or slightly attenuated estimates compared to the CAS

method.

Conclusions: BP-1 and BP-3 exposure was cross-sectionally associated with higher odds of obesity in European
male teenagers, highlighting the need to update regulations and keep exposure levels as low as practically
achievable. Longitudinal studies are needed to confirm these findings.

1. Introduction

Benzophenone 3 (BP-3; 2-hydroxy-4-methoxybenzophenone) and its
major metabolite, benzophenone 1 (BP-1; 2,4-dihydroxybenzophe-
none), are chemical compounds widely used as ultraviolet (UV) filters,
predominantly found in sunscreens, cosmetics and personal care prod-
ucts (PCPs) (Ding et al., 2018; Li and Kannan, 2022; Tschersich et al.,
2021), and to a lesser extent, in food packaging materials building and
electronic materials, furniture, textiles, toys and inks (ECHA, 2021;
Krause et al., 2018; Zhang et al., 2018). Due to their extensive appli-
cation, BP-1 and BP-3 are widespread in the environment, with dermal
absorption being the primary and most direct human exposure route
(Morrison et al., 2017; Song et al., 2020; Zhang et al., 2018), entering
rapidly into systemic circulation and avoiding first-pass metabolism
(Matta et al., 2020). Despite their short half-lives and relatively rapid
urinary excretion within hours to days (Kim and Choi, 2014), chronic
and ubiquitous exposure has resulted in urinary detection of BP-1 and
BP-3 in 96 % of teenagers and 83-86 % of adults in European bio-
monitoring studies (Govarts et al., 2023).

Both BP-1 and BP-3 are considered potential endocrine-disrupting
chemicals (EDCs) (Krause et al., 2012; Mustieles et al., 2023), exhibit-
ing in vitro and in vivo agonism of nuclear estrogen receptors alpha (ERa)
and beta (ERf) (Ghazipura et al., 2017; Lee et al., 2018; Molina-Molina
et al., 2008), antagonism of the androgen receptor (Kim and Choi, 2014;
Molina-Molina et al., 2008; Watanabe et al., 2015), and agonism of the
thyroid receptor (Lee et al., 2018; Schmutzler et al., 2007), among other
modes of action (Mustieles et al., 2023). Human exposure in young adult
males and premenopausal females has been associated with hormonal
alterations, including increased levels of progesterone and decreased
estrogen levels, follicle-stimulating hormone and luteinizing hormone
(Adoamnei et al., 2018; Pollack et al., 2018), as well as increased thyroid
hormone levels (Berger et al., 2018). Urinary BP-3 concentrations were
also associated with decreased total testosterone levels in U.S. teenagers
(Scinicariello and Buser, 2016).

Previous in vitro studies have shown that BP-3 also acts as a full
agonist of peroxisome proliferator-activated receptor y (PPARy), a key
nuclear receptor involved in the regulation of lipid homeostasis, energy
balance and adipogenesis (Shin et al., 2020; Wnuk et al., 2019). Given
the high prevalence of overweight and obesity, currently reaching
approximately 50 % of the worldwide population (GBD, 2021), along
with its related metabolic disorders, it is crucial to investigate the
contribution of environmental risk factors such as exposure to obeso-
genic and metabolic disruptors (Mustieles et al., 2024). Regarding BP-1
and BP-3, previous epidemiological studies have yielded mixed and
inconsistent results with obesity. Thus, a prospective study in Spanish
preadolescents found an association between BP-3 and higher BMI
z-scores (Giiil-Oumrait et al., 2022), while other prospective studies
reported inverse associations, particularly when exposure was assessed
during pregnancy (Berger et al., 2021; Buckley et al., 2016; Deierlein
et al.,, 2017; Wang et al., 2022). Thus, Berger et al. (2021) and Buckley
et al. (2016) examined prenatal exposure to BP-3 and reported lower

adiposity in children at age 5 and between ages 4 and 9, respectively.
Similarly, Deierlein et al. (2017) found that prenatal BP-3 exposure was
associated with reduced adiposity in girls during early adolescence.
Wang et al. (2022) investigated children aged 7-15 years observing
negative associations between UV filter mixtures (including BP-3) and
adiposity measures. In contrast, a small pilot study among Indian chil-
dren aged 2-14 years found no significant associations (Xue et al.,
2015). These variations in results across studies may be related to dif-
ferences in age groups, exposure windows (e.g., prenatal vs. adoles-
cence), and population characteristics. Additionally, there is limited
evidence available regarding human BP-1 and BP-3 exposure in relation
to cardiometabolic biomarkers including adipokines, serum lipids,
glucose, insulin and hormones (Li et al., 2018; Salamanca-Fernandez
et al., 2020; Wang et al., 2020). Furthermore, BP-3 has been associated
with higher urinary levels of the oxidative stress marker 8-hydroxydeox-
yguanosine (8-OHdG) (Ferguson et al., 2019; Rocha et al., 2018), as well
as immune-inflammatory markers related to an increased odds of
asthma and allergies (Buckley et al., 2018).

Due to its frequent use and potential health risks, the European
Union (EU) limited BP-3 content to a maximum of 6 % in sunscreens and
up to maximum 0.5 % in other cosmetic products (EU, 2017). However,
this limit is currently deemed insufficient to ensure consumer safety
(SCCS, 2021). The European Human Biomonitoring Initiative HBM4EU
prioritized the measurement of BP-1 and BP-3 in human biomonitoring
studies, promoting a more thorough evaluation of their regulatory status
within the EU (Santonen et al., 2023; Schoeters et al., 2020), an effort
now continued in the Partnership for the Assessment of Risks from
Chemicals (PARC) European project.

Adolescence constitutes an understudied critical period of vulnera-
bility to environmental exposures due to significant hormonal and
metabolic changes that differ between boys and girls (Buckley et al.,
20165 Przybyla et al., 2018). Adolescence is also a period characterized
by a higher use of cosmetics and PCPs (Harley et al. 2016, 2019), which
can result in higher exposure to BP-1 and BP-3 (Liao and Kannan, 2014;
Panico et al., 2019). Given the scarce data available on this field, the aim
of this study was to examine the associations of BP-1 and BP-3 exposure
with obesity, cardiometabolic biomarkers and asthma/allergy outcomes
in a large sample of European teenagers from six HBM4EU Aligned
Studies, including the examination of potential sex-specific associations.

2. Methods
2.1. Study population

A multi-country cross-sectional study was conducted, including
teenagers from the HBM4EU Aligned Studies. Detailed information on
study selection and data harmonization within HBM4EU was previously
reported (Gilles et al. 2021, 2022; Govarts et al., 2023). Briefly, the
HBMA4EU Aligned Studies consist of a survey conducted across 23
countries aimed at generating harmonized and comparable human
biomonitoring data at EU level to characterize internal exposure to
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priority environmental chemicals. The inclusion criteria were (i) studies
with available biobanked samples collected between 2014 and 2021, (ii)
studies that fully adhered to HBM4EU protocols, (iii) studies targeting
the general population, (iv) availability of a basic set of covariates, and
(v) chemical analyses performed in the qualified laboratories of the
HBMA4EU Quality Assurance/Quality Control (QA/QC) program labo-
ratories (Esteban Lopez et al., 2021; Gilles et al. 2021, 2022).

Out of the initial eleven Aligned Studies focusing on teenagers
(12-19 years old), six provided available data on urinary concentrations
of BP-1 and/or BP-3. Therefore, ESTEBAN (Etude de santé sur l’envir-
onnement, la biosurveillance, I’activité physique et la nutrition, France, n =
299), BEA (Biomonitorizacion en Adolescentes, Spain, n = 282), Riks-
maten Adolescents (Sweden, n = 300), POLAES (Polish Aligned Envi-
ronmental Study, Poland, n = 249), NEB II (Norwegian Environmental
Biobank II, Norway, n = 149) and GerES V (subsample of the fifth cycle
of the German Environmental Survey, Germany, n = 60) were included
in this study, resulting in a total study population of 1339 (685 female
and 654 male) European teenagers (Fig. 1). All participants signed and
provided their informed consent, and all studies were approved by their
local ethical committees, in accordance with the Principle of the
Declaration of Helsinki.

2.2. BP-1 and BP-3 exposure

First-morning (ESTEBAN and GerES V), random spot (Riksmaten
adolescents, POLAES, and NEB II), and a combination of first-morning
and random spot (BEA) urine samples were collected and immediately
frozen at —20 °C or —80 °C until analyses. Urinary concentrations of BP-
1 and BP-3 were measured using liquid chromatography-tandem mass
spectrometry (LC-MS/MS) in accordance with HBM4EU QA/QC pro-
tocols (Esteban Lopez et al., 2021). Due to variability in the limits of
detection (LOD) and quantification (LOQ) across different studies, the
LOQ was used as a cut-off value for reporting quantifiable data. LOQ of
urinary BP-1 concentrations were 0.01 pg/L (ESTEBAN, BEA, Riksmaten
adolescents and POLAES) and 0.5 pg/L (GerES V). LOQ of urinary BP-3
concentrations were 0.03 (ESTEBAN, BEA, Riksmaten adolescents, and
POLAES), 0.10 pg/L (NEB II), and 2.00 pg/L (GerES V).

To adjust for urine dilution, urinary creatinine (mg/dL) was deter-
mined, and two dilution-adjustment approaches were applied: the
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traditional standardization method, calculated by division of the urinary
BP-1 or BP-3 concentration by the measured creatinine concentration
(pg/g creatinine), and the novel covariate-adjusted creatinine stan-
dardization (CAS) method (pg/L) (O’Brien et al.,, 2016). The CAS
method aims to remove the influence of causal creatinine predictors
such as age, sex and body mass index (BMI), before the standardization
is performed. First, we predicted the urinary creatinine concentration
(Pred_Ucr) that would have been obtained if all participants had similar
characteristics, by  regressing age, sex and BMI on
natural-log-transformed urinary creatinine concentrations. Second, we
divided the Pred Ucr by the measured urinary creatinine (Ucr) con-
centration to obtain the creatinine ratio. Finally, the benzophenone
concentration was multiplied by the creatinine ratio to calculate CAS
levels, as represented in the following formula (O’Brien et al., 2016):

CAS BP concentration = [Urinary BP concentration] x (Pred_Ucr/Ucr)

2.3. Cardiometabolic biomarkers and asthma/allergy outcomes

BMI (kg/mz) was considered our primary outcome (n = 1339) and
was calculated using the continuous variables weight and height, which
were available in all studies. To standardize comparisons with interna-
tional studies and align with adult thresholds for overweight and
obesity, age- and sex-specific BMI z-scores were calculated using the
2007 World Health Organization (WHO) growth reference standards (de
Onis et al., 2007). This approach accounts for the significant age- and
sex-dependent variability in BMI among adolescents, ensuring consis-
tency and accuracy in classifying overweight and obesity across pop-
ulations. BMI z-scores were categorized into different weight categories
(severe thinness, thinness, normal weight, overweight and obesity),
based on WHO BMI z-score cut-offs (de Onis et al., 2007). A grouping of
categories was used for further analyses, including (i) dichotomous
outcome: normal weight or lower versus overweight-obesity, and (ii)
categorical outcome: normal weight or lower versus overweight, and
obesity.

Blood plasma/serum levels of triglycerides (mg/dL), total cholesterol
(mg/dL), high-density lipoproteins (HDL) (mg/dL), low-density lipo-
proteins (LDL) (mg/dL), leptin (nug/L), adiponectin (pg/mL), glucose

‘Whole population
N=1864

Benzophenone 3

Benzophenone 1
FAEOSURE N=1389 N=1208
BMI z-score Cardiometabolic biomarkers| Asthma/allergy
OUTCOME N=1339 N=173-471 N=288-594
Study cohort Study cohort Study cohort
Age Age Age
Sex Sex Sex
Active smoking Active smoking Active smoking
COVARIATES : . 5 . : N
Passive smoking Passive smoking Passive smoking
Sampling scason Sampling scason Sampling scason
Educational level Educational level Educational level
BMI z-score BMI z-score
<2% 0-5%
MISSING . . Except educational levels 8
COVARIATES Except p?;i‘o‘/e) smoking (5-8%) and BMI z-score =<1%
o (10-18%)

Fig. 1. Flow chart of study population.
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(pg/L), insulin (pIU/mL), homeostasis model assessment of insulin
resistance (HOMA-IR), and kisspeptin 54 (pg/mL) were determined in
both BEA and NEB II studies (n = 173-471). These measurements were
conducted at the Hospital Universitario Clinico San Cecilio (HUSC) of
Granada (Spain), except for leptin, adiponectin, and kisspeptin 54,
which were quantified at the Center of Biomedical Research (CIBM) at
the University of Granada (Spain). Urinary concentrations of 8-hydrox-
ydeoxyguanosine (8-OHdG) were only determined in BEA at the
Research Centre for Toxic Compounds in the Environment (RECETOX),
Masaryk University (Czech Republic), using LC-MS/MS (Blahova et al.,
2023), and were adjusted for urine dilution using both standardized and
CAS methods.

Triglycerides, total cholesterol, HDL, and LDL levels were measured
using colorimetric enzymatic assays (TRIGL, CHOL 2, HDLC3, LDLC3
tests, respectively), and glucose was assessed by UV radiation (GLUC3
test), following Beckman Coulter protocols. Leptin and adiponectin
levels were determined using enzyme-linked immunosorbent assay
(ELISA) kits from ENZO Life Sciences (Farmingdale, NY), while kiss-
peptin 54 levels were measured with an ELISA kit from Biotek Synergy
HT, MyBiosource (San Diego, CA). Insulin levels were quantified using
the electrochemiluminescence immunoassay Elecsys iNSULIN (Roche
Diagnostics, Basel), and HOMA-IR was calculated using the following
formula (Matthews et al., 1985):

HOMA-IR = [insulin levels (pIU/mL)*glucose levels (mmol/L)]/22.5

Asthma and allergy outcomes were only available in ESTEBAN,
POLAES and GerES V cohorts (n = 288-594). Information was gathered
from parental interviews, including asthma, eczema, food and non-food
allergies. Questions focused on whether participants had ever received a
medical diagnosis at any point in their life.

2.4. Covariates

Covariates were gathered through self-reported questionnaires from
the Aligned Studies and then harmonized according to the HBM4EU
Aligned Studies codebook (https://hbm.vito.be/peh-data-platform).
The covariates included in this study were age (years), sex (male/fe-
male), sampling season (spring, summer, autumn, and winter), highest
education level of the household according to the International Standard
Classification of Education (ISCED) [low (ISCED 0-2), medium (ISCED
3-4), and high (ISCED 5-8], family income as the monthly total gross
income of household at time of sampling (low, medium and high), and
current and passive smoking (Yes/No). The missing covariate percent-
age ranged from 0 % to 5 %, with the exception of education level (5-8
%) and passive smoking (24 %).

2.5. Statistical analysis

A descriptive analysis was conducted on teenager’s sociodemo-
graphic characteristics, cardiometabolic biomarkers, and asthma/al-
lergy outcomes, considering both the whole population and sex-
stratified groups. Continuous variables were expressed as means =+
standard deviation (SD), while frequencies (percentages) were used for
categorical variables. Raw, creatinine-standardized, and CAS urinary
BP-1 and BP-3 concentrations were reported as means + SD, along with
minimum and maximum values and the 5th, 10th, 25th, 50th, 75th,
90th, and 95th percentiles. For values below the LOQ (<5 % of all
measurements), single-value random imputation was applied using a
log-normal distribution, as described by Lubin et al. (2004). Urinary
concentrations of BP-1 and BP-3, cardiometabolic biomarkers, and
continuous covariates with skewed distributions were natural
log-transformed to standardize their distributions and minimize the in-
fluence of extreme values.
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2.5.1. Associations between BP-1/BP-3 and obesity

BMI z-score and obesity, available for a larger sample size (n = 1339)
compared to cardiometabolic biomarkers (n = 173-471) and asthma/
allergy outcomes (n = 288-594), were the primary outcomes of this
study. Generalized Additive Models (GAMs) between exposure concen-
trations and BMI z-scores showed no departures from linearity (Figs. S1
and S2). Associations between BP-1 and BP-3 concentrations and each
outcome were evaluated using multivariable generalized linear mixed
models (for continuous outcomes), mixed-effects logistic (for binary
outcomes) and multinomial regression models (for categorical out-
comes), with study cohort included as a random effect to account for
both within- and between-cohort variability. Exposure variables were
standardized for creatinine dilution using both the traditional and CAS
methods. Potential sex interactions were evaluated by including cross-
product terms (exposure x sex) in the models. Sex-stratified analyses
were performed when interaction terms yielded a p-value <0.10, indi-
cating potential sex-specific associations.

2.5.2. Associations between BP-1/BP-3 and cardiometabolic biomarkers

GAM models showed evidence of linearity for most associations
(Fig. S2). Multivariable linear regression mixed models were applied.
When data were available from a single study, standard linear/logistic
regression models were used instead of mixed models. Sex-stratified
analyses were performed when exposure-sex interaction terms yielded
a p-value <0.10.

2.5.3. Associations between BP-1/BP-3 and asthma/allergy outcomes

Multivariable mixed-effects logistic models were performed to
explore the associations between exposure concentrations and asthma,
as well as food and non-food allergies. A standard logistic regression
model was conducted for eczema, since this outcome was available in
only one cohort. Sex-stratified analyses were performed when exposure-
sex interaction terms yielded a p-value <0.10.

2.5.4. Covariate adjustment

Potential confounders were selected in advance based on prior evi-
dence from epidemiological research using a directed acyclic graph
(DAG) specified in the HBM4EU project’s statistical analysis plan
(Govarts et al., 2020). Age (continuous), sex (binary), active smoking
(binary), passive smoking (binary), sampling season (categorical),
household educational level based on the International Standard Clas-
sification of Education [ISCED: low (0-2), medium (3-4) and high (>5)]
and family income (categorical), were identified as potential con-
founders and were included in the models as fixed effects, while study
cohort was included as a random effect to account for both within- and
between-cohort variation. To explore the associations between exposure
concentrations and cardiometabolic biomarkers or asthma/allergy out-
comes, BMI z-score was also included as a fixed effect in the models. The
few missing data for covariates were imputed using the mode for cate-
gorical variables and the median for continuous variables.

2.5.5. Effect estimation

Beta coefficients and 95 % confidence intervals (CIs) from linear
regression mixed models were reported for BMI z-score, while for car-
diometabolic biomarkers, the percentage change for each natural log-
unit increase (equivalent to each 2.7-fold increase) in BP-1 and BP-3
concentration was calculated [(eﬁ-l)*IOO]. For logistic regression
models, multivariable-adjusted odds ratios (ORs) with 95 % CIs were
reported to assess the odds of categorical outcomes (obesity and asthma/
allergy) for each log-unit increase in BP-1/BP-3 concentration.

2.5.6. Sensitivity analyses

The influence of the additional inclusion of log-transformed creati-
nine as a covariate was examined in all exposure-BMI z-score models, as
well as in exposure-cardiometabolic biomarkers and exposure-asthma/
allergy models. Additionally, we considered the exclusion of extreme
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values (values lower and higher than the 5th and 95th percentiles) for
both exposure and effect variables. As an additional sensitivity analysis,
BP-1 and BP-3 concentrations were categorized into tertiles in mixed-
effects models with BMI z-scores and obesity (the primary outcome).
Finally, given that BP-1 is the primary metabolite of BP-3, we conducted
exploratory analyses by creating a cumulative benzophenone exposure
metric (3 BPs), calculated as the molar sum of BP-1 and BP-3 concen-
trations, obtained by dividing each concentration by its respective mo-
lecular weight, and expressed in ng/mL equivalents of BP-3 (Deierlein
et al., 2017).

2.5.7. Software

SPSS v28.0.1.0 (IBM, Chicago, IL) and the R statistical computing
environment v4.4.1 (http://www.r-project.org/) were used for data
analyses. Statistical significance was set at a two-tailed p-value <0.05.

3. Results
3.1. Characteristics of the study population

A detailed description of the participants’ sociodemographic char-
acteristics is provided in Table 1. Briefly, 1339 teenagers (51 % females)
were included. The mean (SD) age of the whole, male and female pop-
ulation was 14.07 (1.53), 14.02 (1.50) and 14.13 (1.56) years, respec-
tively. Most teenagers reported a high family educational level (63 %),
and a medium/high family income (39 %). Up to 7 % of adolescents
were active smokers, while up to 26 % were exposed to environmental
tobacco smoke. Sociodemographic characteristics of each individual
study are shown in Table S1A.

The mean (SD) BMI z-score for the whole population was 0.24 (1.08),
being 0.27 (1.12) for males and 0.22 (1.05) for females. The prevalence
of overweight/obesity in the 1339 adolescents was 25.0 %, 27.7 %, and
22.5 %, for the whole population, males and females, respectively
(Table 1). Cardiometabolic biomarker levels were quantified in a subset
of the population (n = 173-471) (Fig. 1), and sex-dependent differences
were found with females showing higher cholesterol, HDL, LDL, leptin,
insulin and kisspeptin 54 levels than males (Table 1). The prevalence of
asthma, eczema, food allergies and non-food allergies were 11.3 %, 39.9
%, 3.90 %, and 32.6 %, respectively, available in 288-594 participants
(Table 1). The prevalence in each individual cohort is shown in
Table S1A.

Raw, traditional creatinine-standardized [BP-1 (trad.) and BP-3
(trad.)], and CAS [BP-1 (CAS) and BP-3 (CAS)] urinary concentrations
of BP-1 and BP-3 are displayed in Table 2 and Table S1B. Both BP-1 and
BP-3 were detected in over 95 % of the study population. Median (P25-
P75) raw concentrations were 1.06 (0.37-3.37) ug/L for BP-1 and 2.43
(0.83-7.39) pg/L for BP-3. Traditional creatinine-adjusted median
concentrations (P25-P75) were 0.88 (0.31-2.57) pg/g for BP-1 and 2.05
(0.71-5.79) pg/g for BP-3. CAS concentrations were 1.10 (0.39-3.21)
for BP-1, and 2.50 (0.89-7.18) for BP-3. For both BP-1 and BP-3,
regardless of the creatinine adjustment method, females showed
higher concentrations compared to males (e.g., median BP-3 (trad.):
2.83 pg/g in females vs 1.50 pg/g in males) (Table 2). Spearman cor-
relation coefficients indicated a strong correlation between BP-1 and BP-
3 (r = 0.81-0.87) (Table S2).

3.2. Associations between BP-1/BP-3 and obesity (n = 1339)

In the whole population, each natural log-unit increase in urinary BP-
3 (CAS) concentrations was associated with a higher BMI z-score (§ =
0.03; 95 % CI: 0.00-0.06) (Fig. 2, Table S3). In the dichotomized model
(normal weight or lower versus overweight-obesity), urinary BP-3
(trad.) was marginally associated with increased odds of overweight-
obesity (OR = 1.06; 95 % CI: 0.99-1.14), while BP-3 (CAS) was signif-
icantly associated (OR = 1.07; 95 % CI: 1.00-1.15). In the multinomial
model (normal weight or lower versus overweight, and obesity), higher
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urinary concentrations of both BP-3 (trad.) and BP-3 (CAS) were asso-
ciated with increased odds of obesity (OR = 1.17; 95 % CI: 1.02-1.35;
and OR = 1.20; 95 % CI: 1.04-1.38, respectively) (Fig. 2, Table S3).

We found evidence of a potential interaction by sex (p-int<0.10) in
almost all BMI and obesity associations (Table S4). Sex-stratified models
showed that urinary BP-1 (trad.), BP-1 (CAS), BP-3 (trad.) and BP-3
(CAS) concentrations were significantly and positively associated with
higher BMI z-scores only in male teenagers (p = 0.07; 95 % CIL:
0.02-0.013; p = 0.08; 95 % CI: 0.03-0.13; p = 0.08; 95 % CI: 0.03-0.12;
and p = 0.08; 95 % CL 0.04-0.13, respectively) (Fig. 3, Table S5).
Among males, higher BP-1 (CAS) concentrations were marginally asso-
ciated with the odds of overweight/obesity in logistic models (OR =
1.11; 95 % CI: 0.99-1.24) and significantly associated with obesity in
multinomial models (OR = 1.25; 95 % CI: 1.01-1.55). Higher BP-3
(trad.) and BP-3 (CAS) concentrations were associated with increased
odds of overweight/obesity in binary logistic models (OR = 1.14; 95 %
CL: 1.03-1.27; and OR = 1.16; 95 % CI: 1.04-1.28, respectively), and
with obesity in multinomial logistic models (OR = 1.32; 95 % CI:
1.07-1.62; and OR = 1.34; 95 % CI: 1.09-1.65, respectively) (Fig. 3,
Table S5).

3.3. Associations between BP-1/BP-3 and cardiometabolic biomarkers (n
= 173-471)

In the whole population, higher BP-3 (CAS) concentrations were
marginally associated with higher 8-OHdG urinary levels (% change =
2.43; 95% CI: -0.40-5.34). No significant associations were found be-
tween BP-1 and BP-3 exposure and other cardiometabolic biomarkers
(Fig. S3, Table S6).

Sex-specific associations between urinary concentrations of BP-1 and
BP-3 (trad. and CAS) in relation to HDL serum levels were found
(Table S4), with a positive trend in males and a negative trend in fe-
males, although these associations did not reach statistical significance
(Fig. S4, Table S5). Sex-specific associations between BP-1 (trad.) and
BP-1 (CAS) concentrations in relation to adiponectin levels were also
found, with a non-significant positive association in males (% change =
0.40; 95% CI: -4.78-5.87) and a significant negative association in fe-
males (% change = -3.73; 95% CI: -7.32- -0.10) (Fig. S4, Table S5).

3.4. Associations between BP-1/BP-3 and asthma/allergy outcomes (n =
288-594)

No associations between urinary concentrations of BP-1 and BP-3
and asthma, eczema, food and non-food allergies were found (Fig. S5,
Table S7). However, sex-specific associations were observed between
BP-3 (trad.) and BP-3 (CAS) concentrations and the odds of non-food
allergies (Fig. S6, Table S5), showing a positive trend in males (OR =
1.27; 95 % CI: 1.00-1.63), and a non-significant negative trend in fe-
males (OR = 0.89; 95 % CI: 0.74-1.09) (Fig. S6, Table S5).

3.5. Sensitivity analyses

Sensitivity analyses, including creatinine as an adjustment variable
in the models (Tables S8A and S9A) and removing outliers (Tables S8B
and S9B), did not substantially change the effect estimates or the sig-
nificance of the associations. Minor changes were observed, with some
associations being slightly attenuated, such as those between BP-1
(trad.) and BP-1 (CAS) concentrations and adiponectin levels in fe-
males after including creatinine as an adjustment variable. Tertile-based
models (Table S10) showed consistent associations compared to results
of models evaluating benzophenone concentrations as continuous vari-
ables. In males, positive associations were found between the third
tertile of BP-1 (Trad.), BP-3 (Trad.), and BP-3 (CAS) and BMI z-score (B
= 0.31; 95 % CI: 0.07-0.55; § = 0.33; 95 % CI: 0.09-0.57 and p = 0.28;
95 % CIL: 0.06-0.50, respectively), compared to the first tertile. In
addition, higher odds of obesity were found in the third tertile of BP-3
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Table 1
Sociodemographic characteristics and outcome variables of the study population.
Whole population Male population Female population p-
Sociodemographic characteristics value®
N/Mean %/SD Sample N/Mean %/SD Sample N/Mean %/SD Sample
size size size
Age (years) 14.1 + 1.53 1339 14.02 + 1.50 654 1413 £ 1.56 685 0.153
Creatinine (mg/L) 1.40 =+ 0.64 1339 1.41 + 0.61 654 139 + 0.67 685 0.355
Cohort ESTEBAN 299 22.3 1339 144 22.0 654 155 22.6 685 0.055
(France)
BEA (Spain) 282 21.1 134 20.5 148 21.6
Riksmaten 300 22.4 150 22.9 150 21.9
Adolescents
(Sweden)
POLAES (Poland) 249 18.6 140 21.4 109 15.9
NEB II (Norway) 149 11.1 61 9.30 88 12.8
GerES V 60 4.48 25 3.80 35 5.10
(Germany)
Sampling season Spring 241 18.0 1339 116 17.7 654 125 18.2 685 0.092
Summer 156 11.7 64 9.80 92 13.4
Autumn 710 53.0 366 56.0 344 50.2
Winter 232 17.3 108 16.5 124 18.1
Family educational Low education 99 7.50 1316 35 540 643 64 9.50 673 0.018
level (ISCED 0-2)
Medium 389 29.6 198 30.8 191 28.4
education (ISCED
3-4)
High education 828 62.9 410 63.8 418 62.1
(ISCED>5)
Family income Low 40 6.90 579 17 6.10 277 23 7.60 302 0.113
Medium 224 38.7 118 42.6 106 35.1
High 151 26.1 75 27.1 76 25.2
Don’t know/don’t 164 28.3 67 24.2 97 32.1
want to share
Active smoking Yes 72 7.30 989 31 6.30 496 41 8.30 493 0.211
Passive smoking Yes 267 26.2 1021 128 25.9 495 139 26.4 526 0.837
OUTCOMES
BMI z-score and cardiometabolic biomarkers
BMI z-score 0.24 + 1.08 1339 0.27 + 1.12 654 0.22 + 1.05 685 0.323
Categorized Severe thinness 1 0.07 1339 1 0.20 654 0 0.00 685 0.119
BMI z-score” Thinness 27 2.02 15 2.30 12 1.80
Normal 976 72.9 457 69.9 519 75.8
Overweight 270 20.2 147 22.5 123 18.0
Obesity 65 4.85 34 5.20 31 4.50
Cardiometabolic Triglycerides 76.0 + 43.5 464 65.9 + 41.1 215 75 + 45.2 249 0.623
biomarkers (mg/dL)
Cholesterol (mg/ 188 + 64.9 463 178 + 61.1 215 196 + 67.2 248 0.002
dL)
HDL (mg/dL) 50.8 + 12.8 472 49.3 + 12.6 217 52.0 + 12.9 255 0.003
LDL (mg/dL) 94.8 + 23.8 472 90.4 + 19.9 217 98.2 + 26.4 255 <0.001
Leptin (pg/L) 10.5 + 9.99 173 6.15 =+ 5.97 76 13.9 + 11.2 97 <0.001
Adiponectin (ug/ 10.6 + 5.59 469 10.3 + 5.33 217 10.9 + 5.81 252 0.281
mL)
Glucose (mg/dL) 46.7 + 21.7 295 46.2 + 22.7 141 46.9 + 21.0 154 0.645
Insulin (pIU/mL) 14.8 + 15.0 467 12.8 + 12.3 216 16.5 + 16.8 251 0.004
HOMA-IR 1.62 + 2.58 291 1.43 + 2.29 140 1.79 + 2.83 151 0.241
Kisspeptin 54 (pg/ 2224 + 318 463 2175 + 230 215 2266 + 374 248 <0.001
mL)
8-OHdG (pg/L) 5.68 + 3.29 299 5.64 + 3.20 143 5.71 + 3.37 156 0.876
8-OHdG (Trad.) 4.43 =+ 1.49 299 427 £ 1.32 143 459 =+ 1.67 156 0.233
(1g/8)
8-OHdG (CAS) 503 =+ 1.67 299 494 £ 1.64 143 5.08 =+ 1.84 156 0.814
(ng/L)
Asthmayallergy outcomes
Asthma Yes 67 11.3 594 27 12.3 300 30 10.2 294 0.404
Eczema Yes 115 39.9 288 56 41.2 136 59 38.8 152 0.739
Food allergies Yes 21 3.90 543 8 290 278 13 4.90 265 0.224
Non-food allergies Yes 179 32.6 549 85 30.2 281 94 35.1 268 0.239

@ p-value was calculated using the Mann-Whitney and Chi-square tests, for continuous and categorical variables, respectively. SD: standard deviation; BMI: body
mass index; ISCED: international standard classification of education; HDL: high density lipoproteins; LDL: low density lipoproteins; HOMA-IR: homeostatic model
assessment for insulin resistance; 8-OHdG: 8-hydroxydeoxyguanosine; Trad: creatinine-adjusted benzophenone concentrations (ug/g) were calculated by dividing
benzophenone concentrations by urinary creatinine levels (traditional method); CAS: creatinine-adjusted benzophenone concentrations (pg/L) were calculated using
the covariate-adjusted standardization method.

b BMI categorization according to the World Health Organization. Bold text indicates p-value <0.05.
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Table 2
Urinary concentrations of benzophenones (pg/L).

Whole population

DF (%) Mean SD Min Percentile Max
5 10 25 50 75 90 95
BP-1 (pg/L) 6.70 27.7 <LOD 0.07 0.15 0.37 1.06 3.37 12.3 26.0 563
BP-1 (Trad.) (ug/g) 96.4 5.60 27.0 <LOD 0.05 0.12 0.31 0.88 2.57 9.7 19.7 531
BP-1 (CAS) (pg/L) 6.92 32.6 <LOD 0.07 0.15 0.39 1.10 3.21 12.2 25.5 615
BP-3 (pug/L) 26.5 274 <LOD 0.15 0.34 0.83 2.43 7.39 27.4 64.4 9422
BP-3 (Trad.) (pg/g) 95.6 19.9 180 <LOD 0.09 0.27 0.71 2.05 5.79 22.2 49.3 5866
BP-3 (CAS) (pg/L) 24.3 218 <LOD 0.12 0.34 0.89 2.50 7.18 27.1 64.1 7083
Male population
DF (%) Mean SD Min Percentile Max
5 10 25 50 75 90 95
BP-1 (ug/L) 3.33 10.0 <LOD 0.05 0.12 0.26 0.69 2.17 6.20 15.5 144
BP-1 (Trad.) (1g/g) 96.0 2.71 9.95 <LOD 0.04 0.09 0.22 0.58 1.58 5.17 12.8 189
BP-1 (CAS) (pg/L) 3.45 12.6 <LOD 0.06 0.11 0.28 0.72 2.06 6.52 16.5 237
BP-3 (ug/L) 24.9 370 <LOD 0.13 0.28 0.67 1.78 5.27 15.4 39.2 9422
BP-3 (Trad.) (1g/g) 95.7 16.5 229 <LOD 0.08 0.23 0.55 1.50 4.07 11.0 30.7 5866
BP-3 (CAS) (pg/L) 20.2 276 <LOD 0.11 0.30 0.70 1.83 5.05 13.3 38.9 7083
Female population
DF (%) Mean SD Min Percentile Max
5 10 25 50 75 920 95
BP-1 (pg/L) 10.1 37.6 <LOD 0.09 0.20 0.58 1.63 4.89 18.8 39.5 563
BP-1 (Trad.) (pg/g) 96.7 8.48 36.6 <LOD 0.07 0.20 0.51 1.36 4.02 13.3 26.0 531
BP-1 (CAS) (pg/L) 10.4 44.1 <LOD 0.09 0.25 0.61 1.64 5.02 16.0 31.7 615
BP-3 (pg/L) 28.0 128 <LOD 0.17 0.41 1.08 3.31 10.4 41.6 929 2090
BP-3 (Trad.) (1g/g) 95.5 23.2 116 <LOD 0.11 0.34 0.94 2.83 7.92 31.3 67.7 2020
BP-3 (CAS) (pg/L) 28.3 141 <LOD 0.14 0.42 1.15 3.35 9.34 38.2 79.5 2396

DF: detection frequency; SD: standard deviation; LOD: limit of detection; BP-1: benzophenone 1; BP-3: benzophenone 3; Trad.: creatinine-adjusted benzophenone
concentrations (ug/g) were calculated by dividing benzophenone concentrations for urinary creatinine levels (traditional method); CAS: creatinine-adjusted benzo-
phenone concentrations (pg/L) were calculated using the covariate-adjusted standardization method. Significant differences were found between the male and female
population for benzophenone 1 and 3, regardless of the creatinine adjustment method (p-value <0.01).
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Fig. 2. Associations between BP-1 and BP-3 concentrations in relation to obesity risk.

1Reference category: normal/thinness/severe thinness. f: beta coefficient; OR: odds ratio; CI: confidence intervals; BP-1: benzophenone 1; BP-3: benzophenone 3;
Trad: creatinine-adjusted benzophenone concentrations (jg/g) were calculated by dividing benzophenone concentrations for urinary creatinine levels (traditional
method); CAS: creatinine-adjusted benzophenone concentrations (jg/L) were calculated using the covariate-adjusted standardization method; BMI: body mass index.
Circles and error bars represent linear or logistic mixed effect estimates with their corresponding 95 % confidence intervals for each association explored. Models
were adjusted for age, sex, active smoking, passive smoking, sampling season, and family educational level, considering the study cohort as a random effect. Numeric
data corresponding to this figure can be found in Table S3.

(Trad.) and BP-3 (CAS) concentrations (OR = 1.64; 95 % CI: 1.04-2.61, 4. Discussion

and OR = 1.72; 95 % CI: 1.08-2.73, respectively) compared to the first

tertile. In females, inverse associations emerged between the second -but
not third-tertile of exposure and BMI z-score, although no significant
associations were observed for categorized obesity outcomes. When the
molar sum of BP-1 and BP-3 concentrations was examined as a cumu-
lative measure, associations with BMI z-scores and the odds of obesity
were consistent with those observed for individual BP-1 and BP-3 con-
centrations analyzed separately, showing similar direction, effect
magnitude and significance (Fig. S7).

In this multi-country cross-sectional study, higher urinary BP-1 and
BP-3 concentrations were associated with higher odds of obesity in 1339
European teenagers from six HBM4EU Aligned Studies. This association
was especially observed among males. In a subsample of the population,
BP-3 concentrations were also associated with higher odds of non-food
allergy also in male teenagers, while an inverse association between
BP-1 and adiponectin levels was observed in females. No significant
associations were found for the remaining outcomes. This is one of the
very first studies evaluating associations between exposure to
benzophenone-type UV filters and the studied outcomes, suggesting that
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Fig. 3. Sex-stratified associations between BP-1 and BP-3 concentrations in relation to obesity risk.

Reference category: normal/thinness/severe thinness. f: beta coefficient; OR: odds ratio; CI: confidence intervals; BP-1: benzophenone 1; BP-3: benzophenone 3;
BMI: body mass index; Trad: creatinine-adjusted benzophenone concentrations (pug/g) were calculated by dividing benzophenone concentrations for urinary
creatinine levels (traditional method); CAS: creatinine-adjusted benzophenone concentrations (ug/L) were calculated using the covariate-adjusted standardization
method. Circles and error bars represent mixed models effect estimates with their corresponding 95 % confidence intervals for each association explored. Models
were adjusted for age, sex, active smoking, passive smoking, sampling season, and family educational level, considering the study cohort as a random effect. Numeric

data corresponding to this figure can be found in Table S5.

adolescence may be a critical window of susceptibility for potential
adverse effects of endocrine-disrupting chemicals.

To our best knowledge, this is the first study applying the novel CAS
approach to urinary BP-1 and BP-3 concentrations, in addition to testing
traditional creatinine standardization for dilution adjustment. Urinary
creatinine, a byproduct of muscle metabolism, is influenced by BMI,
muscle mass, age, and sex (Barr et al., 2005). These factors can introduce
several types of biases when performing traditional standardization, and
collider stratification bias when creatinine is used as a covariate in
relation to BMI as an outcome, potentially distorting associations be-
tween chemical exposures and health outcomes (Greenland, 2003). The
CAS method helps mitigate this potential bias, offering more accurate
assessments of biomarker-health risk relationships (O’Brien et al.,
2016). In this study, both traditional creatinine standardization and the
CAS method yielded similar results for most outcomes. However, the
association between BP-3 and BMI z-score, as well as obesity/over-
weight, slightly differed between methods. The traditional approach
showed no significant associations, while the CAS method identified
positive associations. These results are in consonance with previous
epidemiological studies, showing significant associations between uri-
nary bisphenol A concentrations and obesity odds when using the CAS
approach, but not the traditional method (Moon et al., 2021). For the
remaining associations, both methods reported similar results, with the
CAS method providing slightly more precise estimates.

4.1. BP-1/BP-3 and obesity

Despite growing concern over the potential obesogenic effects of BP-
1 and BP-3, epidemiological studies remain limited and inconsistent.
Our findings align with a recent study, showing a positive association
between BP-3 exposure and higher BMI z-scores in teenagers
(Giiil-Oumrait et al., 2022). Both studies suggest that BP-3 may play a
role in obesity, underscoring the importance of critical exposure win-
dows, such as prenatal and adolescent stages.

The potential obesogenic effect of BP-3 may result from a complex
interaction of estrogen-like and anti-androgenic activities (Kim and
Choi, 2014; Watanabe et al., 2015), disruption of thyroid hormone
balance (Lee et al., 2018), and upregulation of PPARy (Shin et al., 2020;
Wnuk et al., 2019). A previous in vitro study showed that BP-3 signifi-
cantly enhances PPARy gene transcription and the expression of key
enzymes involved in lipid metabolism in human epidermal keratino-
cytes, a primary site for UV filters in the skin (Shin et al., 2020).
Although evidence on mechanisms is more limited for BP-1, its struc-
tural similarity to BP-3, and similar estrogenic and anti-androgenic

activity (Mustieles et al., 2023), suggest that both compounds may act
through comparable pathways (Shin et al., 2020).

Previous studies using chemical mixture models have reported sex-
specific associations, showing a non-monotonic relationship between
BP-3 and BMI z-scores in preadolescent girls (Giiil-Oumrait et al., 2022).
In contrast, our study found a positive association between BP-1/BP-3
exposure and obesity odds in adolescent males. These discrepant re-
sults highlight the need for further investigation into sex-specific asso-
ciations, as the influence of other compounds in mixture models may
affect the observed associations. Furthermore, sex-specific associations
were found between maternal prenatal urinary BP-3 concentrations and
birth weight, with higher and lower levels among boys and girls,
respectively (Messerlian et al., 2018; Philippat et al., 2019; Wolff et al.,
2008). The trend towards higher birth weight observed in males is
consistent with our current results. Sex-specific associations between
BP-3 and obesity are biologically plausible based on interactions with
sex hormones, such as estrogens and androgens, which differentially
regulate fat metabolism and distribution in boys and girls (Philippat
et al., 2019; Wolff et al., 2008).

Conversely, different epidemiological studies reported null or nega-
tive associations between BP-3 exposure and obesity outcomes. A pilot
study reported a null effect, and no significant differences were found
between 49 obese and 27 non-obese Indian children (2-14 years) (Xue
et al., 2015). Contrary to our results, four prospective longitudinal
studies indicated a potential anti-adipogenic effect of BP-3 (Berger et al.,
2021; Buckley et al., 2016; Deierlein et al., 2017; Wang et al., 2022).
Berger et al. (2021) found an inverse association between prenatal BP-3
exposure and BMI z-scores in five-year-old children. Another prospec-
tive birth cohort study, involving 173 US mother-child pairs, found that
maternal urinary BP-3 concentrations during pregnancy were associated
with areduced fat mass percentage in girls, with no association observed
in boys (Buckley et al., 2016). Similarly, a prospective study including
1017 US girls reported that BP-3 exposure was associated with lower
levels of adiposity starting at age 10, with significant reductions in waist
circumference observed at ages 12 and 13 (Deierlein et al.,, 2017).
Another study, including 327 Chinese children aged 7-15 years old,
reported a negative association between exposure to a mixture of UV
filters, including BP-3, and different adiposity measures, such as BMI
z-score, body fat percentage, subscapular skinfold thickness, waist
circumference and waist-to-height ratio (Wang et al., 2022).

Discrepancies in epidemiological studies could be explained by
different methodological challenges, such as exposure assessment dur-
ing different critical windows including pregnancy, childhood, puberty
and adolescence (Romano et al., 2014), modest sample sizes that limited
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the study of sex-specific associations, exposure misclassification due to
the collection of one or few urine samples to characterize exposure to
these short-lived chemicals, the failure to control for some confounders
such as diet and physical activity, and the anthropometric outcome
evaluated (birthweight, BMI z-scores, body fat and lean mass, etc.).
Additionally, as adiposity gradually increases throughout childhood and
catch-up growth effects may take place (Rallis et al., 2021), it may be
easier to identify associations during late childhood and adolescence
than at earlier stages (Romano et al., 2014).

4.2. BP-1/BP-3 and cardiometabolic biomarkers

To our knowledge, this is the first study in adolescents addressing the
associations between BP-1/BP-3 exposure and lipids such as tri-
glycerides, cholesterol, HDL, and LDL; adipokines such as leptin, and
adiponectin; glucose metabolism parameters such as glucose, insulin
and HOMA-IR, and hormonal peptides such as kisspeptin 54. Of note,
these markers could only be analyzed in a subsample (n = 173-471) of
the total population (n = 1389), and thus a considerably lower statistical
power is expected. While no significant associations were found when
boys and girls were analyzed together, we observed a trend towards
higher oxidative stress reflected as 8-OHdG urinary levels that is in line
with previous findings (Ferguson et al., 2019; Rocha et al., 2018),
together with higher serum levels of triglycerides and leptin, and lower
serum adiponectin levels. A sex-specific inverse association between
BP-1 and adiponectin levels was observed in females. Since low adipo-
nectin levels have been associated with metabolic syndrome risk factors,
including low-grade chronic inflammation, and BP-1/BP-3 can act
through PPARy at the adipose tissue level, potentially inhibiting adi-
ponectin and increasing leptin (Mustieles et al., 2023; Silva et al., 2019),
this potential association should be further investigated (Fantuzzi,
2008). BP-1 showed a marginal association with higher HDL levels in
boys and lower levels in girls, indicating potential links to lipid meta-
bolism. BP-3 exposure also showed a non-significant trend towards
higher serum levels of the novel marker kisspeptin. Since kisspeptin is an
upstream regulator of pituitary reproductive hormones, more research is
needed on this topic. Despite plausible biological links, the evidence
between BP-1 and BP-3 human exposure and cardiometabolic bio-
markers is very limited and further research in larger sample sizes is
warranted.

4.3. BP-1/BP-3 and asthma/allergy outcomes

An oxidative microenvironment may disrupt immune regulation and
promote systemic inflammation, increasing the odds of chronic inflam-
matory diseases such as asthma and allergies (Albano et al., 2022; Toniuc
et al., 2024). It is suspected that benzophenone-type UV filter exposure
may heighten this risk by modulating immune or inflammatory re-
sponses, potentially via endocrine disruption (Ao et al., 2018). Our study
identified a sex-specific association between BP-3 exposure and
non-food allergy, with higher odds observed in males. Although we did
not observe associations with asthma prevalence, previous mother-child
cohort studies have reported a protective association between prenatal
BP-3 exposure and wheezing symptoms in children aged 6-7 years,
along with a non-significant trend toward lower asthma odds (Buckley
et al., 2018; Vernet et al., 2017). No previous association was found
between BP-3 and eczema (Buckley et al., 2018). Although these pro-
tective effects in specific subgroups are not currently well-understood,
BP-3 has shown to have anti-inflammatory effects in certain tissues
through the inhibition of PGE2, which has been linked to allergic airway
diseases (Lee et al., 2020) and impaired lung function (Ye et al., 2023).
These findings highlight the complexity of benzophenone UV filters and
underscore the necessity for further research to better understand and
clarify these unexpected associations.
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4.4. Regulatory and public health implications

The widespread use of BP-1 and BP-3, particularly the frequent use of
cosmetics among teenagers, and their potential health effects highlight
the need for strengthened regulatory measures. Based on the latest SCCS
opinion (SCCS, 2021), a provisional HBM guidance value (HBM-GV) of
340 pg of BP-3 per g of urinary creatinine was derived in relation to a
reduction in the number of spermatocytes per seminiferous tubule in the
offspring of experimental animals (Santonen et al., 2023). In the current
dataset, only 0.94 % of adolescents surpassed this guidance value.
Notwithstanding, our findings suggest that effects could take place at
lower levels, supporting recommendations to reduce BP-3 concentra-
tions in sunscreens, cosmetics and PCPs, in line with current guidelines
(Matta et al., 2020; Rousselle et al., 2022; SCCS, 2021). Although
research on the health effects of BP-1/BP-3 exposure still remains
limited, the precautionary principle should be applied in regulatory
decision-making, especially given the potential risks associated with
low-level exposure. In this context, healthcare providers should guide
at-risk populations, including teenagers, towards mineral-based sun-
screens to minimize systemic absorption of organic UV filters while
keeping high UV protection standards (Mustieles et al., 2023). Since as
shown in our work and other toxicological studies BP-1 may also pose
health risks, policymakers should include both BP-1 and BP-3 in risk
assessments. Initiatives such as HBM4EU and PARC, which prioritize
biomonitoring of these compounds, are essential for revising regulatory
frameworks and supporting evidence-based policy changes (Schoeters
et al., 2021).

4.5. Strengths and limitations

Strengths of this study include the large sample size for obesity
measures and the pooling of data across six European surveys, which
allowed us to investigate sex-stratified associations. Second, we focused
on adolescence, an under-researched critical developmental period in
relation to chemical exposures. Third, standardized sampling and
adherence to QA/QC protocols developed inside the HBM4EU project
are expected to increase the confidence in the associations observed.
Finally, this is the first study to apply the novel CAS method to urinary
BP-1/BP-3 concentrations.

Our findings should be interpreted with caution due to the following
limitations. First, the cross-sectional design could lead to reverse cau-
sality issues. Second, exposure misclassification is possible since single-
spot urine samples only capture recent exposure due to the short half-life
of benzophenone-type UV filters. However, in general, this would tend
to result in attenuation bias and underestimation rather than over-
estimation of associations (Perrier et al., 2016). Third, data on com-
plementary obesity indicators like body fat percentage or
waist-to-height ratio was not available (Giiil-Oumrait et al., 2021).
Fourth, the large number of comparisons increases the risk of type I
errors, though our findings with BMI and obesity were consistent across
statistical models and supported by toxicological data. Fifth, despite
adjusting for confounders, residual confounding due to unmeasured
factors remains possible. Finally, while a large sample size was available
for obesity measures, the sample size was modest for assessing associ-
ations with cardiometabolic biomarkers and asthma/allergy outcomes,
especially in sex-stratified analyses.

5. Conclusions

BP-1 and BP-3 UV filters exposure was associated with increased
odds of obesity in a large sample of European male teenagers. In a
subsample of the population, BP-3 exposure was also associated with
higher odds of non-food allergy among males, while BP-1 exposure was
associated with lower serum adiponectin levels in females. These find-
ings underscore the importance of biomonitoring urinary BP-1 and BP-3
concentrations in Europe using harmonized surveys to increase the
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validity and representativeness of the data, providing useful information
to update risk assessments and implement strategies to reduce exposure,
especially in vulnerable populations such as teenagers. Given the study’s
cross-sectional design and the limited evidence available, further lon-
gitudinal epidemiological studies are warranted to confirm our results.
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