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A B S T R A C T   

Background: Perfluoroalkyl substances (PFAS) and phthalates are synthetic chemicals widely used in various 
types of consumer products. There is epidemiological and experimental evidence that PFAS and phthalates may 
alter thyroid hormone levels; however, studies in children and adolescents are limited. 
Aim: To investigate the association of exposure to PFAS and phthalate with serum levels of thyroid hormones in 
European adolescents. 
Methods: A cross-sectional study was conducted in 406 female and 327 male adolescents (14–17 years) from 
Belgium, Slovakia, and Spain participating in the Aligned Studies of the HBM4EU Project (FLEHS IV, PCB cohort, 
and BEA, respectively). Concentrations of perfluorooctanoic acid (PFOA), perfluorooctane sulfonate (PFOS), 
perfluorononanoic acid (PFNA), free thyroxine (FT4), free triiodothyronine (FT3), and thyroid-stimulating 
hormone (TSH) were measured in sera from study participants, and urinary metabolites of six phthalates 
(DEP, DiBP, DnBP, BBzP, DEHP, and DiNP) and the non-phthalate plasticizer DINCH® were quantified in spot 
urine samples. Associations were assessed with linear regression and g-computational models for mixtures. Effect 
modification by sex was examined. 
Results: In females, serum PFOA and the PFAS mixture concentrations were associated with lower FT4 and higher 
FT3 levels; MEP and the sums of DEHP, DiNP, and DINCH® metabolites (

∑
DEHP, 

∑
DiNP, and 

∑
DINCH) were 

associated with higher FT4; 
∑

DEHP with lower FT3; and the phthalate/DINCH® metabolite mixture with higher 
FT4 and lower FT3. In males, PFOA was associated with lower FT4 and the PFAS mixture with higher TSH levels 
and lower FT4/TSH ratio; MEP and 

∑
DiNP were associated with higher FT4; and MBzP, 

∑
DEHP, and the 

phthalate/DINCH® metabolite mixture with lower TSH and higher FT4/TSH. PFOA, mono-(2-ethyl-5-hydrox
yhexyl) phthalate (OH-MEHP), mono-(2-ethyl-5-oxohexyl) phthalate (oxo-MEHP), and monocarboxyoctyl 
phthalate (MCOP) made the greatest contribution to the mixture effect. 
Conclusions: Results suggest that exposure to PFAS and phthalates is associated with sex-specific differences in 
thyroid hormone levels in adolescents.  
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1. Introduction 

Perfluoroalkyl substances (PFAS) are synthetic chemicals used in a 
wide range of industrial applications and consumer products, including 
fire-fighting foams, alkaline cleaners, floor polishes, cosmetics, soil- and 
stain-resistant coatings for fabrics, carpets, and leather, and grease- and 
oil-resistant coatings for paper products (Bergman et al., 2012; Renner, 
2001). PFAS are highly resistant to degradation and compounds with 
longer chains have a long half-life in humans (e.g., up to 8.5 years for 
perfluorohexane sulfonate [PFHxS]) (Bartell et al., 2010; Olsen et al., 
2007, 2009), and they tend to bioaccumulate and biomagnify in food 
chains (Bergman et al., 2012). The main exposure source to PFAS in 
general populations is the diet, particularly food contact materials, 
drinking water, and specific food items (Fábelová et al., 2023; Domingo 
et al., 2012; Vestergren et al., 2008), and the indoor environment (Haug 
et al., 2011). Human biomonitoring studies have shown that virtually all 
inhabitants of developed and developing countries have measurable 
blood concentrations of four PFAS: perfluorooctanoic acid (PFOA), 
perfluorooctane sulfonate (PFOS), PFHxS, and perfluorononanoic acid 
(PFNA) (Kannan et al., 2004; Fromme et al., 2009; Kato et al., 2011; 
Lopez-Espinosa et al., 2012; Manzano-Salgado et al., 2016; Zhao et al., 
2012). PFAS regulations are mainly focused on PFOS and PFOA, which 
are included in the Stockholm Convention on persistent organic pol
lutants and have been banned in the European Union (EU) since 2008 
(Stockholm Convention - Home page, n.d.). Other PFAS, such as PFHxS and 
perfluorohexanoic acid (PFHxA), are also subject to restrictions in the 
EU (Perfluoroalkyl chemicals (PFASs) - ECHA, n.d.). 

Phthalates are another class of high-production industrial chemicals 
widely used as plasticizers in food packaging materials, medical equip
ment, toys, furniture, and cosmetics (Koch and Calafat, 2009). 
High-molecular weight phthalates, such as di(2-ethylhexyl) phthalate 
(DEHP), are used as plasticizers to impart flexibility to polyvinyl chlo
ride (PVC) materials (Coltro et al., 2014), while low-molecular weight 
phthalates such as di-ethyl phthalate (DEP) are often used as solvents in 
personal care products, and in adhesives, varnishes, and coatings (Wit
tassek et al., 2011). In recent years, di-iso-nonyl phthalate (DiNP) and 
the non-phthalate plasticizer di-iso-nonyl-cyclohexane-1, 
2-dicarboxylate (DINCH®) have been replacing DEHP and other 
phthalates in these applications (ECHA, 2009. Data on Manufacture, 
Import, Export, …- n.d.). Humans are exposed to phthalates through 
ingestion, dermal absorption, and inhalation (Schettler, 2006); these 
compounds are rapidly metabolized, and their metabolites have been 
detected in urine from the general population, including adolescents 
(Bastiaensen et al., 2021; Johns et al., 2015; Koch et al., 2003). 

PFAS and phthalates are well-known groups of endocrine-disrupting 
chemicals (EDCs), and some disrupt thyroid hormone homeostasis 
(Breous et al., 2005; Coperchini et al., 2021; Dong et al., 2019; Jensen 
and Leffers, 2008; Wenzel et al., 2005). Thyroid hormones are crucial for 
numerous physiological processes in children and adults, including fetal 
and child growth and development, energy balance, metabolism, and 
other functions of reproductive, nervous, and cardiovascular systems 
(Diamanti-Kandarakis et al., 2009; Miller et al., 2009). Thyroid hor
mones are especially important for neurodevelopmental processes such 
as myelination, which is not completed until adolescence (Rice and 
Barone, 2000; Schug et al., 2015). Animal studies demonstrated that 
exposure to the phthalates DEHP and di-butyl-phthalate (DBP) altered 
thyroid hormone levels (O’Connor et al., 2002; Sun et al., 2022). 
Cross-sectional studies in adults (Albert et al., 2018; Choi et al., 2020; 
Donat-Vargas et al., 2021; Huang et al., 2007; Meeker et al., 2007; 
Meeker and Ferguson, 2011; Souter et al., 2020; F. Wang et al., 2018; 
Yue et al., 2023) and longitudinal and cross-sectional analysis in preg
nant women (Derakhshan et al., 2021; Huang et al., 2007; Kuo et al., 
2015; Nakiwala et al., 2022; Romano et al., 2018) have variously re
ported positive, negative, or null associations between urinary phthalate 
metabolites and serum levels of thyroxine (T4), triiodothyronine (T3), or 
thyroid-stimulating hormone (TSH). Studies in children and adolescents 

have been more limited but provide evidence of an association between 
urinary phthalate metabolites, particularly DEHP and DBP metabolites, 
and concurrent thyroid hormone levels (Boas et al., 2010; Huang et al., 
2020a,b; Hyun Kim et al., 2018; Meeker and Ferguson, 2011; Morgen
stern et al., 2017; Zhao et al., 2022). However, the direction of the as
sociations is not consistent among studies, and the age of study 
participants has ranged from 3 years (Morgenstern et al., 2017) to 19 
years (Meeker and Ferguson, 2011; Zhao et al., 2022). Likewise, data on 
the association between prenatal, childhood, or adult exposure to PFAS 
and thyroid function have been inconclusive (Ballesteros et al., 2017; 
Blake et al., 2018; Boesen et al., 2020; Byrne et al., 2018; Coperchini 
et al., 2021; Hyun Kim et al., 2018; Lewis et al., 2015). However, results 
obtained in adults indicate a mainly positive association of PFAS expo
sure with TSH, and an inverse association with T3 and T4 (Boesen et al., 
2020), while cross-sectional studies in children and adolescents provide 
some evidence of a positive association of serum PFNA and PFOA with 
higher total or free T4 levels, observing varied results for other PFAS 
such as PFOS (Caron-Beaudoin et al., 2019; Freire et al., 2023; Lewis 
et al., 2015; Lin et al., 2013; Lopez-Espinosa et al., 2012). 

In general, there have been few human studies with comparable data 
on the relationship between exposure to PFAS or phthalates and thyroid 
hormones, and research in children and adolescents has been limited. 
The European Human Biomonitoring Initiative HBM4EU (HBM4EU - 
science and policy for a healthy future, n.d.) has listed PFAS and phthalates 
as priority substances for human biomonitoring and further review of 
their regulation in the EU. The purpose of the present study was to 
investigate the association of exposure to PFAS and phthalate metabo
lites with serum levels of thyroid hormones in European adolescents in 
the context of HBM4EU. Given that thyroid hormones are modulated by 
sex steroids (and vice versa) (Tahboub and Arafah, 2009), it was also 
explored whether PFAS and phthalate metabolites are associated with 
thyroid hormones in a sex-specific manner. 

2. Methods 

2.1. Study population 

This cross-sectional study included participants from HBM4EU 
aligned studies (Gilles et al., 2022). The aim was to collect and 
harmonise human biomonitoring (HBM) data to support chemical’s risk 
assessment and risk management in Europe. HBM4EU builds on existing 
capacity for HBM in the participating countries. The present study 
included the aligned studies with data available on adolescents (12–19 
years old) and their serum PFAS, urinary phthalate/DINCH® metabo
lites, and serum thyroid hormone levels, i.e., FLEHS IV (Flemish Envi
ronment and Health Study IV, Belgium, n: 300, age range: 14–15 years), 
PCB cohort (Endocrine Disruptors and Health in Children and Adoles
cents in Slovakia; Slovakia, n: 294, age range: 15–17 years), and BEA 
(Biomonitorización en Adolescentes, Spain, n: 300, age range: 14–16 
years). These studies met the following eligibility criteria (Gilles et al., 
2021): i) initiated before the start of the HBM4EU project or, if new, 
fully compliant with HBM4EU protocols; ii) biological sample collection 
in 2014–2020, to evaluate recent exposure (i.e., FLESH IV: 2017–2018; 
PCB cohort: 2019–2020; BEA: 2017–2018), and iii) performance of 
chemical analyses by laboratories in the HBM4EU Quality Assur
ance/Quality Control (QA/QC) program (Nübler et al., 2022). After 
excluding participants with no available data on exposure biomarkers or 
serum thyroid hormones, the final sample comprised 733 male and fe
male adolescents. BEA and FLEHS IV were cross-sectional studies, while 
PCB study was a longitudinal cohort study. All parents and adolescents 
signed informed consent. Detailed information on study selection and 
data harmonization within the HBM4EU was previously reported (Gilles 
et al., 2021, 2022). 
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2.2. PFAS, phthalate metabolites, and thyroid hormones 

Frozen serum and urine samples were collected from their respective 
studies and immediately kept at − 80 ◦C until analyses. PFAS and 
phthalate metabolites were respectively measured in serum and urine 
samples at laboratories fulfilling HBM4EU QA/QC protocols (Este
ban-López et al., 2021). PCB cohort collected fasting serum samples, and 
FLEHS IV and BEA collected non-fasting serum samples. FLEHS IV and 
PCB cohort collected random urine samples, while BEA primarily 
collected first-morning urine samples. In all studies, PFAS were deter
mined with liquid chromatography-tandem mass spectrometry and 
phthalate metabolites with ultra-performance liquid 
chromatography-tandem mass spectrometry; the QA/QC protocol and 
sample measurements are reported in detail elsewhere (Esteban-López 
et al., 2021; Mol et al., 2022). Twelve PFAS, fifteen phthalate metabo
lites, and two metabolites of the non-phthalate plasticizer DINCH® were 
initially measured, but only compounds with detection frequencies 
above 75% were selected for the present study. Reported detection 
limits (LODs) and quantification limits (LOQs) varied among studies; 
therefore, the LOQ served as cut-off value for reporting quantifiable data 
(Supplementary Material, Table S1 and Table S2). Consequently, the 
main analysis included three PFAS (PFOA, PFNA, and PFOS); ten urinary 
monoester metabolites of phthalates: mono-ethyl phthalate (MEP), 
metabolite of DEP; mono-benzyl phthalate (MBzP), metabolite of BBzP; 
mono-iso-butyl phthalate (MiBP), metabolite of DiBP; mono-n-butyl 
phthalate (MnBP), metabolite of DnBP; mono-(2-ethyl-hexyl) phtha
late (MEHP), mono-(2-ethyl-5-hydroxyhexyl) phthalate (OH-MEHP), 
and mono-(2-ethyl-5-oxohexyl) phthalate (oxo-MEHP), primary me
tabolites of DEHP; mono-(2-ethyl-5-carboxypentyl) phthalate 
(cx-MEPP), metabolite of MEHP; mono-hydroxyisononyl phthalate 
(MHNP) and monocarboxyoctyl phthalate (MCOP), secondary metabo
lites of DiNP; and two DINCH® metabolites: cyclohexane-1, 
2-dicarboxylate-mono-(7-hydroxy-4-methyl)octyl ester (OH-MINCH) 
and cyclohexane-1,2-dicarboxylate-mono-(7-carboxylate-4-methyl) 
heptyl ester (cx-MINCH). Additionally, the arithmetic sum of PFOS, 
PFNA, and PFOA concentrations was calculated (

∑
PFAS= PFOA +

PFNA + PFOS) (μg/L), and the molar-weight (mw) adjusted sum of the 
three primary urinary metabolites of DEHP was calculated by dividing 
each metabolite concentration by its molecular weight and then sum
ming. Thus, the sum of DEHP metabolites (

∑
DEHP) was 

(MEHP*1/mw) + (OH-MEHP*1/mw) + (oxo-MEHP*1/mw) (μmol/L); 
and the same procedure was applied for the two metabolites of DiNP, 
calculating 

∑
DiNP=(MHNP*1/mw) + (MCOP*1/mw) and DINCH®: 

∑
DINCH=(OH-MINCH*1/mw) + (cx-MINCH*1/mw), respectively. 
Serum levels of free T4 (FT4), free T3 (FT3), and TSH were measured 

in all participants, calculating the FT4/TSH ratio as marker of the 
negative feedback control mechanism of the hypothalamus-pituitary- 
thyroid (HPT) axis. Thyroid hormones were measured by immuno
assay using the UniCel DxI 600 Access Immunoassay System of Beckman 
Coulter® at the facilities of San Cecilio University Hospital in Granada 
(Spain). Briefly, FT4 was determined using a ruthenium chelate-labeled 
anti-T4 antibody (Tris (2,2′-bipyridine) ruthenium (II) chelate (Ru 
(bpy)), and FT3 with the Elecsys T3 test, which uses a 8-anilino-1-naph
thalenesulfonic acid (ANS) that competes with the biotinylated deriva
tive of exogenously added T3 to occupy binding sites on ruthenium 
complex-labeled antibodies (Tris Complex (2,2′-bipyridine) ruthenium 
(II) (Ru (bpy)). TSH was measured using the Elecsys TSH test with 
monoclonal antibodies specifically directed against human TSH. Strict 
QA/QC protocols were also performed, as previously reported 
(Fernández et al., 2021). Finally, urinary creatinine levels were deter
mined using the CRJ2U colorimetric kinetic test based on the Jaffé 
method. 

2.3. Statistical analysis 

Serum PFAS, urinary phthalate and DINCH® metabolites, and serum 

thyroid hormones were natural log-transformed to centralize distribu
tion skewness. Concentrations of PFAS and phthalate/DINCH® metab
olites below the limit of quantification (LOQ) were imputed by random 
imputation from the estimated with truncated lognormal distribution 
(Lubin et al., 2004). Phthalates and DINCH® metabolites were also 
standardized by urinary creatinine (μg/g for single biomarkers and 
μmol/g for sum-parameters) to correct for urine dilution (O’Brien et al., 
2016). Pairwise Spearman correlation coefficients were used to examine 
correlations between PFAS and phthalate/DINCH® metabolites 
(Table S3). The association of each individual PFAS and urinary 
phthalate/DINCH® metabolite with each thyroid parameter was 
assessed using linear regression models. All variables were entered in the 
model as fixed variables. Confounders were selected a priori using a 
directed acyclic graph (DAG) (Textor et al., 2011) (Fig. S1) based on 
previous evidence of their relevance to thyroid hormones and 
PFAS/phthalate exposure, and included: age (continuous, in years) and 
BMI z-score (zBMI) (standardized for age and sex according to the World 
Health Organization (WHO, 2022) using the ‘anthroplus’ package in R), 
which influence several maturational processes (Gillison et al., 2017); 
sex, to account for sex-dependent differences (Lee et al., 2018); study of 
origin (FLEHS IV/BEA/PCB), to account for potential differences by 
country of residence; household educational level, based on the Inter
national Standard Classification of Education (ISCED: low, ISCED 
0–2/medium, ISCED 3–4/high, ISCED 5–8), as indicator of socioeco
nomic status (Jackson et al., 2017); and urine creatinine levels, to cor
rect for potential error bias in measurements (O’Brien et al., 2016). To 
assess potential non-linear relationships, exposure biomarkers were 
categorized based on quartiles. Regression estimates were transformed 
to represent the percentage of difference in each thyroid parameter 
associated with a log-unit increase in each exposure biomarker with 
corresponding 95% confidence interval (CI) or 4th/3rd/2nd quartile 
versus 1st quartile concentrations. 

The mixture effect of PFAS and phthalate/DINCH® metabolites was 
evaluated by quantile g-computation using the ‘qgcomp’ package in R 
(version 3.6.1) with 1000 bootstraps. Quantile g-computation was per
formed by categorizing urinary biomarkers of exposure to PFAS/ 
phthalates in quartiles. Each exposure biomarker was assigned a weight 
representing its relative contribution to the estimated effect in a positive 
or negative direction (Keil et al., 2020). If the individual compound 
showed a different direction of the effect, the weight was interpreted as 
the proportion of the partial effect in the negative or positive direction. 
Because serum PFAS concentrations provide information on long-term 
PFAS exposure and urinary phthalate metabolites reflect recent expo
sure to parent compounds, their mixture effects were considered 
separately. 

A sensitivity analysis excluding zBMI from the models was conducted 
to explore whether results changed substantially from those of the main 
analyses, possibly reflecting mediation. Finally, we assessed the poten
tial association between PFHxS and thyroid hormones, including the 
effect of the PFAS mixture, in the sub-sample of participants (FLEHS IV 
and PCB cohort, N = 463) with available data for PFHxS. P-values were 
based on two-sided tests, setting the cut-off for statistical significance at 
0.05. 

3. Results 

3.1. Characteristics of study participants 

Characteristics of the total sample of participants and those in the 
different studies (FLEHS IV, PCB cohort, and BEA) are displayed in 
Table 1. The mean (standard deviation, SD) age and zBMI of adolescents 
was 14.96 (0.86) years and 0.13 (1.13), respectively; 45% were male 
and 55% were females. Around 85% of their parents had a medium or 
high educational level at time of recruitment (Table 1). 

None of the adolescents had thyroid hormone levels outside the 
laboratory reference range (Radicioni et al., 2013; Lewandowski et al., 
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2015) (Table 2). The median (interquartile range) of thyroid hormone 
levels was 1.81 (1.33–2.43) μlU/mL for TSH, 0.84 (0.77–0.94) ng/dL for 
FT4, 0.35 (0.32–0.38) ng/dL for FT3, and 0.47 (0.34–0.66) for FT4/TSH 
ratio (Table 2). Central dispersion of serum PFAS and urinary phthalate/ 
DINCH® metabolite concentrations is shown in Table 2. Belgian ado
lescents had the highest serum PFAS concentrations, whereas Slovakian 
and Spanish adolescents had the highest urinary concentrations of 
phthalate and DINCH® metabolites, respectively. 

3.2. Association of individual environmental chemicals with thyroid 
hormones 

In single-exposure models, serum PFOA, PFOS, and 
∑

PFAS were 
significantly associated with lower FT4 levels [% difference (95% CI): 
4.52 (− 6.60;-2.40), − 9.01 (− 11.22;-6.75), and − 2.55 (− 4.27;-0.79) per 
log-unit increase in concentrations, respectively]; PFOA and 

∑
PFAS 

were also associated with a lower FT4/TSH ratio (Table 3). Urinary MEP 
was associated with higher FT4 and FT4/TSH levels [% difference (95% 
CI): 2.69 (1.70; 3.69) and 4.82 (1.55; 8.20), respectively]; MBzP with 
higher FT4/TSH [% difference (95% CI): 3.93 (0.09; 7.92)]; 

∑
DEHP 

with higher FT4 and FT4/TSH [% difference (95% CI): 2.05 (0.38; 3.75) 
and 10.82 (5.08; 16.88), respectively] and lower TSH and FT3 [% dif
ference (95% CI): 7.92 (− 12.32;-3.29) and − 2.23 (− 3.70;-0.74), 
respectively]; and 

∑
DiNP and 

∑
DINCH® with higher FT4 [% differ

ence (95% CI): 3.05 (1.54; 4.58) and 1.60 (0.16; 3.07), respectively] 
(Table 3). Analysis based on quartiles showed some non-linear associ
ations of MEP with TSH and of MBzP, MiBP, MEHP, and OH-MINCH 
with FT4 (Table S4). Sensitivity analysis excluding zBMI from the 
models showed similar results (Table S5). 

In males, PFOA was associated with lower FT4 and FT4/TSH [% 
difference (95% CI): 6.81 (− 10.64;-2.81) and − 12.54 (− 22.54;-1.25), 
respectively]; MEP was associated with higher FT4 and FT4/TSH [% 
difference (95% CI): 2.64 (1.16; 4.14) and 5.32 (0.96; 9.86), respec
tively], 

∑
DEHP with lower TSH and higher FT4/TSH [% difference 

(95% CI): 14.42 (− 20.28;-8.13) and 19.35 (10.33; 29.12), respectively], 
and 

∑
DiNP with higher FT4 [% difference (95% CI): 3.03 (0.88; 5.22)] 

(Fig. 1, Table S6). In females, associations were closer to those observed 
in Table 3, including associations of 

∑
PFAS, MEP, and 

∑
DEHP with 

FT4 [% difference (95% CI): 5.36 (− 7.98;-2.67), 2.63 (1.29; 3.99), and 
2.18 (0.11; 4.30), respectively]; associations of 

∑
PFAS and 

∑
DEHP 

Table 1 
Sociodemographic characteristics of the study population.  

Characteristics FLEHS IV (Belgium) PCB cohort (Slovakia) BEA (Spain) All participants 

n = 237 n = 226 n = 270 n = 733 

Mean ± SD or n (%) 

Age (years) 14.43 ± 0.58 15.78 ± 0.59 14.74 ± 0.76 14.96 ± 0.86 
Sex, male/female 103 (44)/134 (56) 95 (42)/131 (58) 129 (48)/141 (52) 327 (45)/406 (55) 
zBMI − 0.02 ± 1.13 0.25 ± 1.17 0.16 ± 1.08 0.13 ± 1.13 
Overweight/obesea 45 (19.0) 57 (25.2) 62 (23.0) 164 (22.4) 
Urinary creatinine (mg/dL) 155.87 ± 71.75 191.64 ± 108.87 128.25 ± 59.63 156.73 ± 85.35 
Household education 
Low 17 (7.2) 28 (12.4) 68 (25.2) 113 (15.4) 
Medium 90 (38.0) 183 (81.0) 80 (29.6) 353 (48.2) 
High 130 (54.9) 15 (6.6) 122 (45.2) 267 (36.4)  

a Based on BMI z-score standardized for age and sex (WHO, 2022). 

Table 2 
Concentrations of serum PFAS, urinary phthalate/DINCH® metabolites, and serum thyroid hormones in adolescents from HBM4EU aligned studies.  

Chemicals/thyroid hormones FLEHS IV (Belgium) n = 237 PCB cohort (Slovakia) n = 226 BEA (Spain) n = 270 All participants n = 773 
Median P25 P75 Median P25 P75 Median P25 P75 Median P25 P75 

Serum PFAS (μg/L)rowhead 
PFOA 1.10 0.88 1.40 0.77 0.55 0.98 0.66 0.52 0.79 0.79 0.59 1.07 
PFNA 0.31 0.23 0.44 0.18 0.11 0.27 0.28 0.21 0.39 0.27 0.17 0.38 
PFOS 2.20 1.50 3.40 1.36 0.87 2.42 1.38 0.93 1.86 1.60 1.00 2.50 
∑

PFAS 3.93 2.99 5.45 2.53 1.82 3.97 2.51 1.93 3.17 2.89 2.05 4.18 
Urinary phthalate metabolites (μg/g creatinine) and sum of phthalate metabolites (μmol/g creatinine)rowhead 
MEP 15.15 8.77 36.27 34.28 17.81 66.58 68.57 38.00 136.92 36.83 16.33 85.93 
MBzP 1.41 0.78 3.08 0.94 0.42 1.62 1.34 0.82 2.27 1.19 0.68 2.18 
MiBP 14.09 8.90 24.81 20.75 10.97 39.01 16.46 11.63 25.10 16.07 10.47 29.47 
MnBP 10.92 7.42 17.68 57.66 33.60 111.31 12.98 8.19 19.20 16.86 9.19 38.21 
DEHP metabolitesrowhead 
MEHP 0.86 0.50 1.36 2.29 1.28 4.17 1.65 1.05 2.59 1.45 0.80 2.64 
OH-MEHP 3.88 2.48 6.10 20.16 12.00 33.70 7.09 4.93 10.51 7.38 4.15 15.28 
oxo-MEHP 2.39 1.63 3.80 4.27 2.69 7.19 4.99 3.52 7.28 3.85 2.35 6.56 
∑

DEHP 7.13 4.81 11.18 26.75 16.69 49.43 13.76 9.49 20.37 13.57 7.95 24.15 
cx-MEPP 10.07 7.17 14.19 5.42 3.49 9.37 9.30 6.22 13.66 8.46 5.40 12.45 
DiNP metabolitesrowhead 
MHNP 2.67 1.70 4.21 9.61 6.01 17.22 3.29 2.13 5.77 4.05 2.31 8.31 
MCOP 1.21 0.79 1.79 4.59 2.44 7.42 5.45 3.44 8.13 3.38 1.59 6.38 
∑

DiNP 3.95 2.49 5.90 14.76 9.20 25.26 8.93 5.81 14.12 7.95 4.44 14.84 
DINCH® metabolitesrowhead 
OH-MINCH 0.76 0.48 1.51 0.89 0.53 1.76 1.38 0.97 2.31 1.09 0.63 1.84 
cx-MINCH 0.71 0.49 1.06 0.45 0.25 0.87 0.79 0.55 1.46 0.68 0.43 1.09 
∑

DINCH 1.50 0.98 2.50 1.33 0.82 2.71 2.12 1.53 3.76 1.77 1.07 2.94 
Thyroid hormonesrowhead 
TSH (μIU/mL) 1.84 1.42 2.50 2.00 1.43 2.62 1.65 1.24 2.11 1.81 1.33 2.43 
FT4 (ng/dL) 0.76 0.70 0.83 0.86 0.80 0.95 0.91 0.84 1.01 0.84 0.77 0.94 
FT3 (ng/dL) 0.35 0.33 0.38 0.37 0.34 0.41 0.33 0.31 0.37 0.35 0.32 0.38 
FT4/TSH 0.41 0.30 0.55 0.46 0.32 0.60 0.54 0.42 0.77 0.47 0.34 0.66 

P25, P75: 25th and 75th percentiles; TSH: thyroid stimulating hormone; FT4: free thyroxine; FT3: free triiodothyronine; FT4/TSH: ratio of FT4 to TSH concentrations. 
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with FT3 [% difference (95% CI): 2.30 (0.13; 4.51) and − 2.57 (− 4.06;- 
1.06), respectively]; and associations of 

∑
DiNP and 

∑
DINCH with 

higher FT4 [% difference (95% CI): 3.27 (1.15; 5.44) and 2.47 (0.45; 
4.52), respectively] (Fig. 1, Table S7). 

In the sub-analysis of the effect of PFHxS on thyroid hormones in 
FLEHS IV and PCB cohorts, PFHxS was associated with higher FT3 and 
TSH in the total sample and in males and females (Table S8). 

Figure shows the % difference (95% CI) per one log-unit increase in 
exposure according to sex. Models are adjusted by study of origin 

(FLEHS IV, PCB cohort, BEA; random effect), age (years), sex (male, 
female), zBMI (continuous), household education (low, medium, high), 
and urinary creatinine concentration (only for phthalate metabolites). 
Triangles highlight associations found in male participants and dots 
associations found in female participants. 

3.3. Mixture effect of PFAS/phthalates on thyroid hormones 

The mixture of three PFAS was significantly associated with lower 

Table 3 
Adjusted associations of serum PFAS and urinary phthalate/DINCH® metabolite concentrations with thyroid parameters (n = 733).  

Exposure biomarkers TSH FT4 FT3 FT4/TSH 

% 95% CI % 95% CI % 95% CI % 95% CI 

LL UL LL UL LL UL LL UL 

PFAS metabolites 
PFOA 2.88 − 4.59 10.93 − 9.01* − 11.22 − 6.75 1.10 − 1.21 3.47 − 11.56* − 18.48 − 4.04 
PFNA 0.89 − 4.24 6.31 − 0.59 − 2.33 1.18 0.90 − 0.71 2.53 − 1.47 − 6.91 4.29 
PFOS 2.63 − 2.67 8.23 ¡2.55* − 4.27 − 0.79 1.42† − 0.23 3.08 − 5.05† − 10.37 0.59 
∑

PFAS 3.29 − 3.29 10.31 − 4.52* − 6.60 − 2.40 1.65 − 0.39 3.72 − 7.56* − 13.93 − 0.73 
Phthalate/DINCH® metabolites 
MEP − 2.03 − 4.86 0.88 2.69* 1.70 3.69 − 0.72 − 1.61 0.18 4.82* 1.55 8.20 
MBzP − 3.18 − 6.48 0.23 0.63 − 0.54 1.81 − 0.82 − 1.87 0.24 3.93* 0.09 7.92 
MiBP − 2.56 − 6.47 1.53 0.46 − 0.92 1.86 − 0.66 − 1.90 0.60 3.09 − 1.40 7.80 
MnBP − 3.56 − 7.86 0.94 − 0.35 − 1.87 1.19 − 1.33† − 2.70 0.06 3.33 − 1.67 8.59 
DEHP 
MEHP − 5.82* − 9.64 − 1.84 1.67* 0.26 3.10 − 1.69* − 2.94 − 0.43 7.96* 3.22 12.92 
OH-MEHP − 6.29* − 10.45 − 1.93 1.33† − 0.21 2.90 − 2.16* − 3.52 − 0.79 8.13* 2.92 13.61 
oxo-MEHP − 7.91* − 12.17 − 3.45 2.88* 1.26 4.53 − 1.91* − 3.33 − 0.47 11.72* 6.14 17.60 
∑

DEHP − 7.92* − 12.32 − 3.29 2.05* 0.38 3.75 − 2.23* − 3.70 − 0.74 10.82* 5.08 16.88 
cx-MEPP − 2.95 − 8.15 2.56 0.05 − 1.79 1.93 − 0.97 − 2.64 0.72 3.09 − 2.91 9.46 
DiNP 
MHNP 2.62 − 1.82 7.26 0.48 − 1.01 1.99 0.12 − 1.23 1.49 − 2.09 − 6.69 2.74 
MCOP − 3.07† − 6.58 0.58 4.34* 3.09 5.61 − 1.18* − 2.29 − 0.05 7.64* 3.44 12.02 
∑

DiNP − 0.07 − 4.40 4.45 3.05* 1.54 4.58 − 0.54 − 1.88 0.83 3.13 − 1.72 8.21 
DINCH® 
OH-MINCH − 1.39 − 5.22 2.58 1.90* 0.56 3.25 − 0.14 − 1.35 1.08 3.34 − 1.01 7.87 
cx-MINCH 2.01 − 1.98 6.16 0.91 − 0.44 2.27 0.22 − 1.01 1.45 − 1.08 − 5.28 3.31 
∑

DINCH − 0.63 − 4.79 3.71 1.60* 0.16 3.07 0.12 − 1.19 1.44 2.24 − 2.40 7.10 

All models are adjusted by study of origin (FLEHS IV, PCB, BEA; random effect), age (years), sex (male, female), zBMI (continuous), household education (low, 
medium, high), and urinary creatinine concentration (only for phthalate metabolites). 
Estimates are expressed as the percentage difference in thyroid hormone level for one log-unit increase in the exposure biomarker. 
%: percentage difference; CI: Confidence interval; LL: Lower level; UL: Upper level. 
*p ≤ 0.05; †p < 0.10. 

Fig. 1. Association of serum PFAS and urinary phthalate/DINCH® metabolites with thyroid hormones in males (n = 317, squares) and females (n = 406, circles).  
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FT4 levels [% difference (95% CI): 2.60 (− 3.92;-1.19) per quartile in
crease in the mixture concentration and marginally associated with a 
lower FT4/TSH ratio [% difference (95% CI): 4.00 (− 7.96; 0.10)] 
(Table 4), with PFOA being the major contributor to these effects 
(weights: 0.81 and − 0.72, respectively) (Fig. 2). In contrast, the mixture 
of urinary phthalate/DINCH® metabolites was significantly associated 
with higher FT4 levels [% difference (95% CI): 2.59 (0.40; 4.81)] and a 
higher FT4/TSH ratio [% difference (95% CI): 9.13 (0.00; 15.60)] 
(Table 4), with MCOP and oxo-MEHP contributing most to these effects 
(weights for MCOP: 0.38 and 0.18; weights for oxo-MEHP: 0.29 and 
0.27, respectively; Fig. 2), and marginally associated with lower FT3 [% 
difference (95% CI): 2.09 (− 4.30; 0.20)] (higher weights for OH-MEHP: 
0.24 and MCOP: 0.22) (Table 4, Fig. 2). Exclusion of zBMI from the g- 
computation model showed similar results, although some associations 
were attenuated (Table S9). 

In females, higher concentrations of the PFAS mixture were signifi
cantly associated with lower FT4 levels [% difference (95% CI): 3.00 
(− 4.78;-1.19)]. In males, the mixture was significantly associated with a 
lower FT4/TSH ratio [% difference (95% CI): 5.67 (− 10.95;-0.10)] and 
marginally associated with higher TSH [% difference (95% CI): 4.81 
(− 0.50; 10.41)] (Table 4). PFOA was the major contributor to these 
associations (Supplementary material, Figs. S2 and S3). Regarding 
phthalate/DINCH® metabolites, higher concentrations of the mixture 
were significantly associated with lower FT3 [% difference (95% CI): 
2.26 (− 4.40;-0.10)] and marginally associated with higher FT4 [% dif
ference (95% CI): 2.69 (− 0.20; 5.65)] in females (Table 4), with oxo- 
MEHP and MCOP contributing most to the overall mixture effect 
(Fig. S3). In males, the phthalate metabolite mixture was significantly 
associated with a higher FT4/TSH ratio [% difference (95% CI): 10.97 
(− 0.40; 23.61)] (Table 4), with OH-MEHP and oxo-MEHP being the 
major contributors (Fig. S2). In the sub-analysis including PFHxS, no 
significant association was found between the PFAS mixture and any 
thyroid parameter (Table S8). 

4. Discussion 

To our best knowledge, this is the first study on the association of 

PFAS and phthalate exposure with thyroid function in a relatively large 
sample of European adolescents. In females, higher concentrations of 
PFOA and the PFAS mixture were associated with lower FT4 and higher 
FT3 levels; higher MEP, 

∑
DEHP, 

∑
DiNP, and 

∑
DINCH with higher 

FT4; higher 
∑

DEHP with lower FT3; and higher concentrations of the 
phthalate mixture with higher FT4 and lower FT3. In males, higher 
concentrations of PFOA were associated with lower FT4 and the PFAS 
mixture with a lower FT4/TSH ratio, whereas MBzP, 

∑
DEHP, and the 

phthalate mixture were associated with lower TSH and higher FT4/TSH, 
and MEP and 

∑
DiNP with higher FT4. These results support the hy

pothesis that exposure of adolescents to mixtures of PFAS and mixtures 
of phthalate metabolites may be associated with mild subclinical dif
ferences in thyroid hormone levels and that the effects are sex 
dependent. 

4.1. PFAS and thyroid hormones 

Data have recently been published on PFAS concentrations in serum 
or plasma collected in 2014–2021 and related factors in adolescents 
(12–18 years) from nine European countries participating in HBM4EU 
aligned studies, including FLEHS IV, PCB cohort, and BEA (Richterová 
et al., 2023). PFOS was the most abundant PFAS in serum/plasma from 
adolescents, with concentrations that were two-fold higher than PFOA 
concentrations, and PFAS exposure levels were higher in Northern and 
Western European countries (Richterová et al., 2023). Internal PFAS 
concentrations in European adolescents are similar to those observed in 
North American adolescents for the same period (Centers for Disease 
Control and Prevention., n.d.; Health Canada, 2019, 2021). 

Among children and adolescents, serum PFNA concentrations 
several-fold higher than in the present study (mean: 1–3 μg/L serum vs. 
median: 0.27 μg/L plasma) were associated with slight increases in free 
or total T4 levels in cross-sectional studies conducted in Taiwan (age of 
participants: 12–30 years) (Lin et al., 2013), a Native Community in 
Quebec (age: 6–19 years) (Caron-Beaudoin et al., 2019), and the vicinity 
of a Teflon manufacturing facility in the USA (age: 1–17 years) (Lope
z-Espinosa et al., 2012). In the present study, PFOA was the only PFAS 
associated with thyroid hormones both in males and females, and the 
association between serum PFOA and lower FT4 (males and females) 
and higher FT3 (females) is not supported by previous reports on 
children/adolescents exposed to higher PFOA levels, which showed 
positive or null cross-sectional associations with FT4 or FT3 (Car
on-Beaudoin et al., 2019; Lewis et al., 2015; Lopez-Espinosa et al., 
2012). This is of interest, given that associations could be expected to be 
more evident at higher exposure levels. However, most EDCs are likely 
to have low-dose effects that are not predicted by effects at higher doses, 
and nonlinearity is not uncommon after exposure to hormones and 
endocrine disruptors in experimental and human studies (Vandenberg 
et al., 2012). However, Freire et al. (2023) recently observed an asso
ciation of PFOA and the mixture of ten PFAS in plasma with higher 
rather than lower FT4 levels in Spanish male adolescents (15–17 years) 
exposed to PFAS concentrations in the range of those in the present 
study. In addition, the inverse association of PFOS with FT4 observed in 
this study is not consistent with the positive association found for chil
dren and adolescents living near a Teflon factory (Lopez-Espinosa et al., 
2012), although differences in the age of participants may hamper direct 
comparison with previous findings. 

Results of g-computation analysis indicated that PFOA made the 
greatest contribution to the overall mixture effect. In the study of 
Spanish male adolescents, PFOA was not among the PFAS contributing 
most to the effect of the PFAS mixture on FT4 levels (Freire et al., 2023). 
In pregnant women participating in the Project Viva cohort (USA), 
higher plasma concentrations of a PFAS mixture were associated with 
lower maternal FT4 index, and PFOA was among the main contributors 
to this mixture effect (Preston et al., 2020); however, findings in ado
lescents are not comparable to those in pregnant women. On the other 
hand, the present observation of a mixture effect of PFAS on higher TSH 

Table 4 
Serum PFAS and urinary phthalate/DINCH® metabolite mixture effects on 
thyroid hormones.  

Thyroid 
parameters 

PFAS mixture Phthalate/DINCH® mixture 

% 95% CI % 95% CI 

LL UL LL UL 

All participants (n = 733) 
TSH 1.46 − 2.37 5.44 − 4.59 − 10.86 2.02 
FT4 − 2.60* − 3.92 − 1.19 2.59* 0.40 4.81 
FT3 0.73 − 0.50 1.92 − 2.09† − 4.30 0.20 
FT4/TSH − 4.00† − 7.96 0.10 9.13* 0.00 15.60 
Males (n = 327) 
TSH 4.81#x2020; − 0.50 10.41 − 7.42 − 16.05 2.12 
FT4 − 1.13 − 3.40 1.21 2.74 − 0.50 6.08 
FT3 − 0.05 − 2.37 2.33 − 2.08 − 6.01 2.02 
FT4/TSH − 5.67* − 10.95 − 0.10 10.97† − 0.40 23.61 
Females (n = 406) 
TSH − 0.65 − 5.73 4.71 − 1.97 − 12.19 9.42 
FT4 − 3.00* − 4.78 − 1.19 2.69† − 0.20 5.65 
FT3 0.96 − 0.50 2.43 − 2.26* − 4.40 − 0.10 
FT4/TSH − 2.36 − 7.69 3.36 4.75 − 6.57 17.47 

PFAS mixture components: PFNA, PFOS, PFOA; Phthalate/DINCH metabolite 
mixture components: MEP, MBzP, MiBP, MnBP, MEHP, OH-MEHP, oxo-MEHP, 
cx-MEPP, MHNP, MCOP, OH-MINCH, and cx-MINCH. All models are adjusted by 
study of origin (FLEHS IV, PCB cohort, BEA), age (years), sex (male, female), 
zBMI (continuous), household education (low, medium, high), and urinary 
creatinine concentration (only for phthalate metabolites). Estimates are 
expressed as percentage of difference in thyroid hormone parameter per each 
quartile increase in the mixture concentration. %: percentage of difference; CI: 
Confidence interval; LL: Lower level; UL: Upper level. *p ≤ 0.05; †p < 0.10. 
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in males alone is in partial agreement with findings derived from the U. 
S. National Health and Nutrition Examination Survey (NHANES), which 
found positive associations of serum PFNA and PFOS with TSH levels in 
male but not female adolescents (Lewis et al., 2015). In females from 
NHANES, however, PFOA was associated with lower TSH (Lewis et al., 
2015), whereas no association between PFOA and TSH was found in the 
present females. In the study of children and adolescents living near a 
Teflon factory, PFOA was associated with increased odds of self-reported 
hyperthyroidism (Lopez-Espinosa et al., 2012). Although PFOA expo
sure was considerably lower in the present study (median: 29 μg/L 
serum vs. 0.79 μg/L plasma), the inverse association of the PFAS mixture 
with the FT4/TSH ratio in the present males is consistent with the 
promotion of hypothyroid-inducing effects. 

PFAS have been reported to interfere with thyroid function at several 
levels (Coperchini et al., 2021), influencing thyroid hormone biosyn
thesis, homeostasis, transport, and metabolism and interfering with 
thyroid receptors (Noyes et al., 2019). For instance, several PFAS, 
including PFOA, PFOS, and PFNA, can competitively bind to the human 
thyroid hormone transport protein transthyretin (TTR) (Weiss et al., 
2009). In addition, PFOS has been shown to enhance the hepatic uptake 
and metabolism of T4 (Yu et al., 2009, 2011) and increase the conver
sion of T4 to biologically active T3 via upregulation of type 1 deiodinase 
(Yu et al., 2009). These mechanisms would explain the inverse associ
ation found between PFAS exposure and T4 levels; however, the 
concomitant increase in TSH that could be expected from feedback 
stimulation was not observed in the present study, because the associ
ation of the PFAS mixture with lower FT4 was seen in females alone and 
the association with higher TSH and FT4/TSH in males alone; therefore, 
further research is warranted. 

4.2. Phthalate metabolites and thyroid hormones 

The urinary concentrations of phthalate/DINCH® metabolites in the 
present adolescents were within the range published by other studies of 
European children (Govarts et al., 2023; Vogel et al., 2023; Bastiaensen 
et al., 2021; Fillol et al., 2021; Schwedler et al., 2020) and by in
vestigations of the association between phthalates and thyroid function 
(Boas et al., 2010; Hyun Kim et al., 2018; Meeker and Ferguson, 2011). 
In the present study, several phthalate/DINCH® biomarkers, including 
MEP, MBzP, 

∑
DEHP, 

∑
DiNP, and 

∑
DINCH, were associated with 

altered levels of thyroid hormones, particularly higher FT4 and lower 

FT3 in females and higher FT4 and lower TSH in males. Some of the 
associations observed in adults, including pregnant women, are consis
tent or partially consistent with these findings. In this way, DEHP uri
nary metabolites were associated with lower FT3 in a large sample of 
Korean adults (Choi et al., 2020) and subfertile U.S. women (Souter 
et al., 2020), while MEHP and MBzP were associated with lower TSH in 
Chinese men (Y. X. Wang et al., 2018) and pregnant U.S. women 
(Romano et al., 2018), respectively. Regarding DINCH®, exposure of 
pregnant women to this non-phthalate plasticizer has been associated 
with higher maternal total T3 levels (Derakhshan et al., 2021) and un
changed newborn thyroid hormone levels (Coiffier et al., 2023), which is 
not consistent with the present study. Nonetheless, these results may 
have been influenced by between-study differences in the profile and 
concentrations of phthalate mixtures and in the age, sex, race, and other 
sociodemographic characteristics of study populations that may be 
associated with thyroid hormone levels. 

Some cross-sectional analyses in children and adolescents may also 
partially support the present results. For instance, Boas et al. (2010) 
found that urinary 

∑
DEHP metabolites were inversely related to total 

T3 and FT3 in Danish children aged 4–9 years and that 
∑

DEHP was 
significantly associated with FT3 in the girls alone. However, they found 
a suggestive inverse association between the DiNP metabolite MCOP 
and total T3 in boys but not girls, whereas in the present study, 

∑
DiNP 

was associated with higher FT4 in both males and females. In a birth 
cohort study in the USA, Morgenstern et al. (2017) reported inverse 
associations of MEP, MnBP, MiBP, MEHP, and MEOHP measured at the 
age of 3 years with FT4 at the same age in the girls alone but found no 
association with FT3 levels. In their study of Korean children and ado
lescents (<19 years), Hyun Kim et al. (2018) described inverse associ
ations of serum DEHP with TSH in the adolescents, although this 
association was observed in females alone. By contrast, a study of ado
lescents (aged 12–19 years) in the USA found a positive association 
between urinary DEHP metabolites and total T3 or TSH; however, re
sults were not stratified by sex (Meeker and Ferguson, 2011). Likewise, a 
positive association of urinary DEHP metabolites with FT4 levels was 
reported in Taiwanese children (2–18 years) (Huang et al., 2020a,b) and 
in Chinese adolescent and young adult males (16–19 years) (Zhao et al., 
2022), while MEP was not associated with any thyroid parameter in the 
Taiwanese study (Huang et al., 2020a,b). Moreover, the inverse asso
ciation of MBzP and DEHP with TSH observed in this study is not 
consistent with previous findings that phthalate exposure may increase 

Fig. 2. G-computational regression models for the mixture effect of PFAS/phthalate metabolites on thyroid hormones among male and female adolescents (n = 733). 
PFAS mixture components: PFNA, PFOS, PFOA; Phthalate/DINCH metabolite mixture components: MEP, MBzP, MiBP, MnBP, MEHP, OH-MEHP, oxo-MEHP, cx- 
MEPP, MHNP, MCOP, OH-MINCH, and cx-MINCH. Dark bars colors refer to those components of the mixture with effects showing the same direction to the 
overall effect. Light bars colors refer to those compounds with effects in the opposite direction to the overall effect. 
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TSH levels (Kim et al., 2019). However, these results may have been 
affected by differences in the design of studies and in the age and 
characteristics of participants. 

According to the analysis of mixture effects, combined exposure to 
multiple phthalate metabolites may lead to a higher FT4/TSH ratio in 
males and lower FT3 and higher FT4 levels in females, largely driven by 
DEHP metabolites and the DiNP metabolite MCOP. In this line, a recent 
Spanish study of adults found a positive association between exposure to 
a mixture of phthalates and FT4, although a sex-stratified analysis was 
not conducted (Donat-Vargas et al., 2021). In a study of pregnant 
women (Villanger et al., 2020), exposure to a mixture of urinary 
phthalate metabolites was related to a decrease in plasma FT3 and total 
T3 levels, with 

∑
DEHP and 

∑
DiNP making a major contribution to the 

effect. Finally, Souter et al. (2020) described MEHHP as primary 
contributor to the association found between a mixture of DEHP me
tabolites and FT3 and total T3 in subfertile women. 

The precise mechanisms underlying the effects of phthalate metab
olites on altered thyroid function remain unknown; however, experi
mental studies have indicated that phthalates might affect thyroid 
hormone biosynthesis, biotransformation, transportation, receptor 
levels, and metabolism (Wu et al., 2021). Some phthalates, including 
BBzP, DEHP, and DiNP, induce changes in the iodide uptake of thyroid 
follicular cells in vitro by altering the transcriptional activity of the 
sodium-iodide symporter (NIS), with the consequent effect on T4 levels 
(Breous et al., 2005; Wenzel et al., 2005). BBzP was shown to block T3 
cellular uptake (Shimada and Yamauchi, 2004), weakly inhibit T3 
binding to TTR (Ishihara et al., 2003), and interfere with expression of 
the thyroid receptor beta gene. BBzP and DEHP have demonstrated 
competitive binding affinities for integrin αvβ3, a thyroid hormone 
membrane receptor (Li et al., 2020). In rats, treatment with DEHP 
decreased serum levels of T3, T4, FT3 and FT4 and protein and mRNA 
levels of TSH receptor (Sun et al., 2022). Recent animal and in vitro 
studies also showed that DEHP might competitively bind to 
thyroid-binding globulin (TBG) (Sheikh and Beg, 2022), increase protein 
and mRNA levels of thyroid transcription factor 1, NIS, and thyroid 
peroxidase (Dong et al., 2019), and upregulate the gene expression of 
TSH subunit beta, deiodinase 1, deiodinase 2, and thyroid hormone 
receptor alpha and beta (Horie et al., 2022). Interestingly, a study of 
Korean adults found a positive association between urinary DEHP me
tabolites and TBG levels (Choi et al., 2020), which could partly explain 
the present observation of an inverse association between DEHP and 
FT3. In the Korean study, DEHP was also associated with higher total T3 
and greater peripheral deiodinase activity (Choi et al., 2020). Indeed, 
information on total T3 measurements, which were not available in the 
present study, would provide further insight into possible mechanistic 
pathways involved in these associations. In addition, Zhao et al. (2022) 
found that DEHP metabolites in adolescents were positively associated 
with mRNA levels of thyroglobulin, the main precursor of thyroid hor
mones, and thyroid transcription factor 1 and paired box gene 8, which 
play a role in regulating genes expressed in the thyroid. Upregulation of 
the expression of these genes could explain the increase in FT4 levels and 
decrease in TSH observed in the mixture analysis. 

Our findings strongly suggest that exposure to PFAS and phthalate 
metabolites may disrupt thyroid hormone homeostasis in a sex-specific 
manner. This is plausible because thyroid hormones indirectly regu
late the synthesis, secretion, and action of sex steroid hormones, which 
are distributed differently between girls and boys (Ren and Zhu, 2022). 
Indeed, disturbances in thyroid function are more prevalent among 
women (Hollowell et al., 2002; McGrogan et al., 2008), and serum PFOA 
was associated with thyroid disease in female but not male adults from 
NHANES (Melzer et al., 2010). Sex-specific associations have also been 
observed for other child outcomes related to PFAS and phthalates 
exposure, such as cognitive impairment (Factor-Litvak et al., 2014; Liew 
et al., 2018; Whyatt et al., 2012) and behavioral problems (Lenters et al., 
2019; Oulhote et al., 2016). Although the mechanism of these potential 
sex differences is unclear, it may be related to the ability of PFAS and 

phthalates to disrupt sex steroid hormones (Bigambo et al., 2022; 
Lopez-Espinosa et al., 2016; Maisonet et al., 2015; Martinez-Arguelles 
et al., 2013; Sathyanarayana et al., 2008; Wang et al., 2021). 

4.3. Strengths and limitations 

This study has several strengths. The relatively large sample size 
allowed the examination of sex differences, and it was possible to 
analyze the effect of combined exposures to multiple PFAS/phthalate 
metabolites on thyroid function, which has been poorly investigated in 
adolescents. The quantile g-computation approach offered various ad
vantages in the mixture analysis, including the possibility to assess in
dividual exposure-effect relationships in opposite directions, generating 
an unbiased and highly interpretable estimate of the overall combined 
effect (Keil et al., 2020). This is the first study to examine the association 
between DINCH® exposure and thyroid function in adolescents. The 
harmonized approach of HBM4EU is an additional strength of the study. 
Finally, serum PFAS and urinary phthalate biomarker measurements 
from this sample of adolescents were within range of results obtained in 
other study populations, enhancing the external validity of the results. 

This study also has limitations. First, PFAS/phthalate exposure and 
thyroid function were assessed at the same time point, preventing 
evaluation of the temporal relationship between PFAS/phthalates and 
thyroid hormones and the possibility of reverse causation. However, it 
appears unlikely that thyroid hormones affect serum PFAS or urinary 
phthalate metabolite concentrations. Second, a single urine sample was 
collected from participants and may not represent their average expo
sure to phthalate metabolites, although it may be moderately predictive 
of individual exposure over a few months (Hauser and Calafat, 2005; 
Teitelbaum, 2018). Nonetheless, it was not possible to determine 
whether differences in thyroid hormone levels related to exposure to 
environmental chemicals are transient or sustained. Third, it is unclear 
whether the associations observed in single-exposure models represent 
cause-effect relationships or result from the performance of multiple 
comparisons; however, the mixture analysis corroborated the effect 
observed in single-exposure models. Fourth, the timing of biological 
sample collection varied among studies, and it is not known whether 
PFAS/phthalate metabolites/thyroid hormone concentrations differ 
between fasting and non-fasting samples, particularly in relation to 
phthalate metabolites. This issue should be addressed in future studies 
by measuring repeated urine samples. Finally, information was not 
available on the iodine status of adolescents, which is essential for 
thyroid health and could influence in part the relationship between 
PFAS/phthalate exposure and thyroid hormones (Freire et al., 2023; 
Villanger et al., 2020). 

5. Conclusion 

This is the first study on exposure to PFAS and phthalates and thyroid 
function among European adolescents. Results suggest that serum PFOA 
and certain urinary phthalate metabolite concentrations are associated 
with thyroid hormones, particularly FT4 and FT3 in females and FT4 
and TSH in males. However, given the cross-sectional design of the 
study, associations should be interpreted with caution. Further research 
is needed to characterize the associations of PFAS and phthalate expo
sure with thyroid hormone levels in young people and explore under
lying pathways. Longitudinal studies are required to establish whether 
exposure during childhood or adolescence increases the risk of later 
thyroid disease, while thyroid hormone alterations observed in adoles
cents may also have more immediate health repercussions. 
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Stigum, H., Eggesbø, M., 2019. Early-life exposure to persistent organic pollutants 
(OCPs, PBDEs, PCBs, PFASs) and attention-deficit/hyperactivity disorder: a multi- 
pollutant analysis of a Norwegian birth cohort. Environ. Int. 125, 33–42. https://doi. 
org/10.1016/j.envint.2019.01.020. 

Lewis, R.C., Johns, L.E., Meeker, J.D., 2015. Serum biomarkers of exposure to 
perfluoroalkyl substances in relation to serum testosterone and measures of thyroid 
function among adults and adolescents from NHANES 2011-2012. Int. J. Environ. 
Res. Publ. Health 12 (6), 6098–6114. https://doi.org/10.3390/IJERPH120606098. 

Li, J., Liu, H., Zuo, R., Yang, J., Li, N., 2020. Competitive binding assays for measuring 
the binding affinity of thyroid-disrupting chemicals for integrin αvβ3. Chemosphere 
249. https://doi.org/10.1016/J.CHEMOSPHERE.2020.126034. 

Liew, Z., Ritz, B., Bach, C.C., Asarnow, R.F., Bech, B.H., Nohr, E.A., Bossi, R., 
Henriksen, T.B., Bonefeld-Jørgensen, E.C., Olsen, J., 2018. Prenatal exposure to 
perfluoroalkyl substances and IQ scores at age 5; a study in the Danish national birth 
cohort. Environ. Health Perspect. 126 (6) https://doi.org/10.1289/EHP2754. 

Lin, C.Y., Wen, L.L., Lin, L.Y., Wen, T.W., Lien, G.W., Hsu, S.H.J., Chien, K.L., Liao, C.C., 
Sung, F.C., Chen, P.C., Su, T.C., 2013. The associations between serum 
perfluorinated chemicals and thyroid function in adolescents and young adults. 
J. Hazard Mater. 244 (245), 637–644. https://doi.org/10.1016/J. 
JHAZMAT.2012.10.049. 

Lopez-Espinosa, M.J., Mondal, D., Armstrong, B., Bloom, M.S., Fletcher, T., 2012. 
Thyroid function and perfluoroalkyl acids in children living near a chemical plant. 
Environ. Health Perspect. 120 (7), 1036–1041. https://doi.org/10.1289/ 
EHP.1104370. 

Lopez-Espinosa, M.J., Mondal, D., Armstrong, B.G., Eskenazi, B., Fletcher, T., 2016. 
Perfluoroalkyl substances, sex hormones, and insulin-like growth factor-1 at 6-9 
Years of age: a cross-sectional analysis within the C8 health project. Environ. Health 
Perspect. 124 (8), 1269–1275. https://doi.org/10.1289/EHP.1509869. 

Maisonet, M., Calafat, A.M., Marcus, M., Jaakkola, J.J.K., Lashen, H., 2015. Prenatal 
exposure to perfluoroalkyl acids and serum testosterone concentrations at 15 Years 
of age in female ALSPAC study participants. Environ. Health Perspect. 123 (12), 
1325–1330. https://doi.org/10.1289/EHP.1408847. 

Manzano-Salgado, C.B., Casas, M., Lopez-Espinosa, M.J., Ballester, F., Martinez, D., 
Ibarluzea, J., Santa-Marina, L., Vioque, J., Sunyer, J., Vrijheid, M., 2016. Variability 
of perfluoroalkyl substance concentrations in pregnant women by socio- 
demographic and dietary factors in a Spanish birth cohort. Environ. Int. 92 (93), 
357–365. https://doi.org/10.1016/j.envint.2016.04.004. 

Martinez-Arguelles, D.B., McIntosh, M., Rohlicek, C.V., Culty, M., Zirkin, B.R., 
Papadopoulos, V., 2013. Maternal in utero exposure to the endocrine disruptor di-(2- 
ethylhexyl) phthalate affects the blood pressure of adult male offspring. Toxicol. 
Appl. Pharmacol. 266 (1), 95–100. https://doi.org/10.1016/J.TAAP.2012.10.027. 

McGrogan, A., Seaman, H.E., Wright, J.W., De Vries, C.S., 2008. The incidence of 
autoimmune thyroid disease: a systematic review of the literature. Clin. Endocrinol. 
69 (5), 687–696. https://doi.org/10.1111/J.1365-2265.2008.03338.X. 

Meeker, J.D., Calafat, A.M., Hauser, R., 2007. Di(2-ethylhexyl) phthalate metabolites 
may alter thyroid hormone levels in men. Environ. Health Perspect. 115 (7), 
1029–1034. https://doi.org/10.1289/ehp.9852. 

Meeker, J.D., Ferguson, K.K., 2011. Relationship between urinary phthalate and 
bisphenol A concentrations and serum thyroid measures in U.S. Adults and 
adolescents from the national health and nutrition examination survey (NHANES) 
2007–2008. Environ. Health Perspect. 119 (10), 1396–1402. https://doi.org/ 
10.1289/ehp.1103582. 

Melzer, D., Rice, N.E., Lewis, C., Henley, W.E., Galloway, T.S., 2010. Association of 
urinary bisphenol A concentration with heart disease: evidence from NHANES 2003/ 
06. PLoS One 5 (1). https://doi.org/10.1371/journal.pone.0008673. 

Miller, M.D., Crofton, K.M., Rice, D.C., Zoeller, R.T., 2009. Thyroid-disrupting chemicals: 
interpreting upstream biomarkers of adverse outcomes. Environ. Health Perspect. 
117 (7), 1033–1041. https://doi.org/10.1289/EHP.0800247. 

Mol, H.G.J., Elbers, I., Pälmke, C., Bury, D., Göen, T., López, M.E., Nübler, S., 
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