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Summary 

Introduction 

Humans are exposed to thousands of natural and man-made chemical substances. It is 

known that some of these chemicals could exert adverse effects on human health, 

however, the health impact over a lifetime associated with this exposure is not 

completely understood. The use of biomarkers of effect in Human biomonitoring (HBM) 

studies could help to understand the mechanisms of action by which environmental 

chemicals cause adverse human health outcomes. 

Objective 

The main purpose of the present doctoral thesis was to select, describe, test, and 

implement effect biomarkers for the assessment of exposure-health associations during 

critical windows of human development, related to cognitive and behavioral alterations. 

For this goal, the following specific objectives were proposed: 

Objective 1: To identify and prioritize existing biomarkers of effect for BPA, 

metals, pesticides, and complex mixtures of chemicals. 

Objective 2:  To provide relevant mechanistic and adverse outcome pathway 

(AOP) information in order to cover knowledge gaps and better interpret effect 

biomarker data. 

Objective 3:  To investigate the effects of chemical exposure with cognitive 

domains, intelligence quotient (IQ), and behavioral function among Spanish 

adolescent males from the INMA-Granada cohort. 

Materials and Methods 

Boys from the INMA-Granada cohort were evaluated at three different periods of 

development: prenatal, childhood (9-11 years), and adolescence (15-17 years). Relevant 

chemical compounds as BPA, metals, pesticides, and mixtures of lipophilic compounds, 

were measured in human samples (spot urine and placenta samples). Several effect 

biomarkers were also assessed (Brain-derived neurotrophic factor (BDNF) protein 

levels and BDNF gene DNA methylation) in non-fasting serum, urine, and whole blood 

samples. Moreover, five in vitro/in vivo biomarkers of combined activity (for 

estrogenicity, anti-androgenicity, AhR, and anti-thyroid functioning) were used to 

quantify the combined biological activities exerted by the mixture of lipophilic 

compounds present in the placenta extracts. 
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Results  

Article 1:  As a result of a comprehensive literature search, promising novel biomarkers 

of effect related to bisphenols and also with altered neurodevelopmental (BDNF) and 

reproductive outcomes (kisspeptin, Kiss) were selected. This is the first effort to 

comprehensively identify effect biomarkers for HBM purposes. 

Article 2 and 3: Urinary BPA concentrations were longitudinally and positively 

associated with thought problems and somatic complaints at adolescence. BPA 

concentrations were also longitudinally associated with increased BDNF DNA 

methylation at CpG6 in a dose-dependent manner. However, urinary childhood BPA 

concentrations were not associated with cognitive abilities, except for poorer working 

memory 

Article 4: Urinary arsenic (As) and cadmium (Cd) were associated with more 

internalizing and externalizing problems, respectively. However, inverse associations 

were found for mercury (Hg) and lead (Pb). Higher As levels were associated with higher 

BDNF DNA methylation at CpGs 3 to 6, while Cd was associated with lower serum BDNF 

protein levels. Urinary Hg and Pb did not show any association with effect biomarkers. 

Article 5: Higher urinary levels of IMPy, TCPy, and ETU were associated with more 

behavioral problems. IMPy, MDA, DETP, and 1-N were also significantly associated with 

decreased serum BDNF levels, while MDA, 3-PBA, and ETU with higher DNA methylation 

percentages at several CpGs. WQS models suggested a mixture effect on higher 

behavioral problems and BDNF DNA methylation, with MDA showing the highest weight 

within the WQS mixture approach. Interestingly, when MDA was assessed individually, 

only showed an association with lower serum BDNF levels.  

Article 6: Most placentas showed estrogenic activities, since induced ER-mediated 

transactivation and ER-dependent cell proliferation, with a strong inhibition of thyroid 

hormone (TH) signaling and the AR transactivity; however, the induction of the AhR was 

found in few placental extracts. All placental extracts agonized or antagonized at least 

three of the selected endpoints. Effects found in the two estrogenic bioassays were 

positively and significantly correlated and the AR-antagonism activity showed a positive 

correlation with both estrogenic bioassay activities. However, the in vivo anti-thyroid 

activities of placental extracts were not correlated with any of the tested in vitro assays. 

Conclusion 

In this PhD thesis, it has been shown that boys of the INMA-Granada birth cohort are 

exposed to all the selected environmental chemical compounds, BPA, non-persistent 
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pesticides, and toxic metals from birth to adolescence. Our results highlight the role of 

BDNF as a promising, toxicologically-supported effect biomarker for brain function that 

may help to improve the inference of causal relationships in observational studies 

addressing environmental exposures and neurodevelopment in children. The 

implementation and assessment of selected mechanistically-based effect biomarkers of 

combined activity will also help to better characterize the signaling pathways through 

which mixtures of lipophilic chemical compounds could elicit adverse health outcomes 

in humans.
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Resumen 

Introducción 

Los seres humanos están expuestos a miles de sustancias químicas tanto naturales como 

artificiales. Se sabe que algunos de estos productos químicos podrían ejercer efectos 

adversos sobre la salud humana, sin embargo, el impacto en la salud asociado con esta 

exposición a lo largo de la vida no se comprende completamente. El uso de 

biomarcadores de efecto en estudios de biomonitorización humana (HBM) podría 

ayudar a comprender los mecanismos de acción por los que los contaminantes 

ambientales causan efectos adversos para la salud. 

Objetivo 

El objetivo principal de la presente tesis doctoral fue seleccionar, describir, probar e 

implementar biomarcadores de efecto para la evaluación de asociaciones exposición-

salud durante ventanas críticas del desarrollo humano, relacionadas con alteraciones 

cognitivas y conductuales. Para este fin, se propusieron los siguientes objetivos 

específicos: 

Objetivo 1: Identificar y priorizar los biomarcadores de efecto existentes para 

BPA, metales, pesticidas y mezclas complejas de productos químicos. 

Objetivo 2: Proporcionar información relevante sobre mecanismos y vías del 

efecto adverso (AOP) para cubrir las lagunas de conocimiento y mejorar la 

interpretación de los biomarcadores de efecto. 

Objetivo 3: Investigar los efectos de la exposición a contaminantes ambientales 

sobre la función cognitiva, el cociente intelectual (CI) y la función conductual en 

adolescentes varones españoles de la cohorte INMA-Granada. 

Materiales y métodos 

Los niños de la cohorte INMA-Granada fueron evaluados en tres períodos diferentes del 

desarrollo: prenatal, niñez (9-11 años) y adolescencia (15-17 años). Se midieron 

compuestos químicos relevantes como BPA, metales, pesticidas y mezclas de 

compuestos lipofílicos en muestras humanas (orina y placenta). También se evaluaron 

varios biomarcadores de efecto (niveles proteicos del factor neurotrófico derivado 

cerebral (BDNF) y metilación del ADN del gen BDNF) en muestras de suero, orina y 

sangre total. Además, se utilizaron cinco biomarcadores in vitro / in vivo de actividad 

combinada (estrogenicidad, anti-androgenicidad, AhR y funcionamiento anti-tiroideo) 
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para cuantificar las actividades biológicas de la misma mezcla de compuestos lipofílicos 

presente en extractos de placenta. 

Resultados 

Artículo 1: Como resultado de una búsqueda exhaustiva de la literatura, se 

seleccionaron biomarcadores de efecto novedosos relacionados con la exposición a 

bisfenoles y con alteraciones en el desarrollo neurológico (BDNF) y reproductivo 

(kisspeptina, Kiss). Este estudio constituyó el primer esfuerzo para identificar de manera 

integral los biomarcadores de efecto dirigidos a programas de biomonitorización. 

Artículo 2 y 3: Las concentraciones urinarias de BPA se asociaron longitudinal y 

positivamente con problemas de pensamiento y quejas somáticas en la adolescencia. Las 

concentraciones de BPA también se asociaron longitudinalmente con un aumento de la 

metilación del ADN del gen BDNF, a nivel de la CpG6, de forma dosis-dependiente. Sin 

embargo, las concentraciones de BPA en la orina durante la infancia no se asociaron con 

la función cognitiva, excepto por una peor memoria de trabajo. 

Artículo 4: El arsénico (As) y el cadmio (Cd) urinarios se asociaron con más problemas 

internalizantes y externalizantes, respectivamente. Sin embargo, se encontraron 

asociaciones inversas para el mercurio (Hg) y el plomo (Pb). Los niveles más altos de As 

se asociaron con una mayor metilación del ADN del gen BDNF en las CpGs 3, 4, 5 y 6, 

mientras que el Cd se asoció con niveles más bajos de proteína BDNF en suero. Hg y Pb 

urinarios no mostraron asociación con los biomarcadores de efecto. 

Artículo 5: Los niveles urinarios más altos de IMPy, TCPy y ETU se asociaron con más 

problemas de comportamiento. IMPy, MDA, DETP y 1-N también se asociaron 

significativamente con niveles disminuidos de BDNF en suero, mientras que MDA, 3-PBA 

y ETU con mayores porcentajes de metilación de ADN en varios CpGs. Los modelos WQS 

sugirieron un efecto de mezcla con más problemas de comportamiento y mayor 

porcentage de metilación del ADN del gen BDNF. MDA mostró la mayor influencia dentro 

del enfoque de mezcla WQS. Curiosamente, cuando MDA se evaluó individualmente, solo 

mostró asociaciones con niveles más bajos de BDNF en suero. 

Artículo 6: La mayoría de las placentas mostraron actividad estrogénica, ya que 

indujeron transactivación mediada por ER y proliferación celular dependiente del ER, 

con una fuerte inhibición de la señalización de la hormona tiroidea (TH) y la 

transactividad de AR; sin embargo, la inducción de AhR se encontró en pocos extractos 

placentarios. Todos los extractos placentarios agonizaron o antagonizaron al menos tres 

de los criterios de valoración seleccionados. Los efectos encontrados en los dos 
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bioensayos estrogénicos se correlacionaron positiva y significativamente, además 

también se correlacionaron positivamente con la actividad antiandrogénica. Sin 

embargo, las actividades antitiroideas in vivo de los extractos de placenta no se 

correlacionaron con ninguno de los ensayos in vitro testados. 

Conclusión 

En la presente tesis doctoral se ha demostrado que los niños de la cohorte de nacimiento 

INMA-Granada están expuestos a todos los contaminantes ambientales seleccionados, 

BPA, pesticidas no persistentes y metales tóxicos desde el nacimiento hasta la 

adolescencia. Nuestros resultados destacan el papel del BDNF como un biomarcador de 

efecto sobre la función cerebral que puede ayudar a mejorar la inferencia de las 

relaciones causales en los estudios observacionales que abordan la exposición ambiental 

y el desarrollo neurológico en los niños. La implementación y evaluación de 

biomarcadores de efecto de actividad combinada basados en mecanismos seleccionados 

también ayudarán a caracterizar mejor las vías de señalización a través de las cuales las 

mezclas de compuestos químicos lipofílicos podrían provocar resultados adversos para 

la salud en los seres humanos. 
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1 Introduction 

1.1 Human Biomonitoring 

Humans are exposed to myriads of natural and man-made chemical substances, 

present in the air, ingested food, water, workplace, and numerous consumer products. It 

is known that some of these chemicals could exert adverse effects on human health, 

however, the health impact over a lifetime associated with this exposure is not 

completely understood.  

Different strategies have been performed to characterize the exposure to 

environmental chemicals, mainly based on their measurement from its source (e.g., 

factories smoke, contaminated lakes, etc.); or the individual’s environment (chemicals 

substances present indoor, or at the workplace). Although these approaches were useful 

to describe the extent of exposure in ecological systems or occupational settings, they 

were not enough since the amount of exposure needed to exert an effect (biologically 

relevant dose) is not necessarily given by the degree of contact with a certain chemical 

substance (Sexton et al., 2004). Consequently, Human Biomonitoring (HBM), which is 

defined as “the method for assessing human exposure to chemicals or their effects by 

measuring these chemicals, their metabolites, or reaction products in human specimens” 

(CDC, 2005), was considered the ‘gold standard’ strategy. The main target in HBM studies 

is measuring the total body burden of environmental chemicals exposure using 

biomonitoring to assess its impact on human health. The accumulation of chemicals into 

the human body at detectable levels is known as the body burden, determined by two 

types of factors: general factors, including the concentration of the pollutant in a given 

environment, its physicochemical properties and exposure timing; and the individual 

factors, which involves the uptake, the metabolism and the excretion rates of a given 

environmental chemical (Sexton et al., 2004). Additionally, biomonitoring makes 

reference to the measurement of chemical pollutants in bodily fluids, such as blood, 

urine, saliva, or breast milk, and other species such as hair, nails, teeth, and feces.  

As a result, HBM data are the most valuable for public health, environmental health 

research, public health surveillance, awareness-raising, and ultimately for policy-making 

decisions (Schwedler et al., 2017; Sexton et al., 2004). Because HBM studies are 

performed longitudinally in time, they can address spatial and time trends, and even 

lifestyle factors contributing to the exposure, such as diet. HBM is also used for the 

prioritization of chemical compounds and their regulation, for the verification of 

whether policy regulation, such as substance ban or usage restrictions, lead to a decrease 
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of the internal dose; and as an alarm system when elevated body burden and internal 

exposure is highlighted by exposure biomarkers. The drastic reduction of blood lead 

after the banned of this compound in petrol is a good example of the valuable role of 

HBM. Additionally, individual absorption, metabolism, and excretion rates are key 

targets included in HBM data, which allows a precise assessment of population risks and 

the highlighting of susceptibility groups. For example, BPA was banned for its use in baby 

bottles by the European Commission in 2011 after the increasing evidence of its 

deleterious effects on children's development (Regulation (EU) No 10/2011).  

To assess the impact of chemicals exposure on human health, biomarkers of 

exposure, effect, and susceptibility, can be used in HBM studies combined with the health 

status of individuals, leading to the generation of exposure-effects associations, filling of 

gaps in knowledge, and new research hypothesis. For a better understanding of the 

cascade of events that occurred from the exposure to the disease, biomarkers are located 

into conceptual frameworks that organize and synthesize the scientific knowledge, 

called adverse outcomes pathways (AOP). The structure in which AOPs are formed 

begins with the first reaction between the stressor and the organism, known as the 

molecular initiating event (MIE), and the events that occurred from the MIE to the 

adverse outcome are called key events (KE). 

However, many biomarkers are poorly understood or not fully described within 

the HBM context. Thus, attention should be paid to defining their properties in detail. For 

example, evidence regarding the temporal variation of exposure biomarkers should be 

obtained (e.g., using the metabolite instead of the parent compound to assess the 

biologically relevant dose); and the biological meaning of some/novel effect biomarker 

should be validated previous to its use in HBM studies. These previous steps will help for 

a correct interpretation of exposure-effect relationships and increased confidence of 

obtained associations. Therefore, and citing the NRC ‘‘the ultimate objective of 

biomonitoring is to link information on exposures, susceptibility, and effects to understand 

the public health implications of exposure to environmental chemicals’’ (NRC, 2006). 

 

1.2 Environmental Pollutants 

Global environmental pollution, including greenhouse emissions, acid 

deposition, or water pollution, is due to the industrialization, urbanization, and energy 

consumption activities performed by humans (WHO, 2015). Environmental pollutants 

are chemical substances present in the environment, some of them with hazardous 
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potential for human health. They have been linked with a wide variety of adverse health 

outcomes, such as respiratory diseases, allergy, increased oxidative stress, 

cardiovascular-, reproductive- and mental disorders, malignancies, and other clinical 

alterations (La Merrill et al., 2020). However, less information is available regarding the 

threads of these compounds, or their possible implication, on chronic non-

communicable diseases, such as stroke, cancer, diabetes and, heart and chronic lung 

diseases (Kelishadi, 2012; Woodruff, 2015). Therefore they are considered public health 

concerns (Kelishadi, 2012).  

 

1.2.1 Endocrine Disruptors 

Some environmental pollutants can interact with the hormonal system leading to 

detrimental effects on human development. These compounds are known as endocrine 

disruptors (EDs). EDs are a heterogeneous group of man-made products used in the 

industry for several purposes, such as cosmetics (parabens, benzophenones), plastics 

(BPA and analogs, phthalates), lubricant and solvents (PCBs or PBDEs), and pesticides 

(malathion, diazinon, chlorpyrifos, mancozeb, etc.).  

Mechanisms through which EDs alter the endocrine system were summarized 

recently in ‘‘ten key characteristics of ED chemicals’’, as reported by La Merrill et al., 

(2020), and briefly summarized as follows: 1) Interacting or activating hormone 

receptors: EDs can bind to hormonal receptors, mainly nuclear receptors, eliciting 

signals that should not be produced. For example, BPA is a known activator of the 

estrogen receptor (ER) (De Falco et al., 2015; H.-R. Lee et al., 2013); 2) Antagonizing 

hormone receptors: nuclear receptors acting as ligand-dependent transcription factors 

can be inhibited by EDs, thus altering the genomic response. Phthalates, BPA, or 

alkylphenols are known inhibitors of the androgen receptor (AR) (De Falco et al., 2015); 

3) altering hormone receptor expression: EDs chemicals can modulate the 

expression, internalization, and degradation of hormone receptors, thereby changing the 

hormonal availability. For example, bisphenol A (BPA) inhibits the degradation of ER and 

also alters the expression of oxytocin and vasopressin receptors (Cao et al., 2012; 

Patisaul, 2017); 4) altering signal transduction in hormone-responsive cells: signal 

transduction is mediated through both membrane and nuclear hormone receptors, 

altered by EDs. As an example, the fungicide tolylflutanid reduces insulin receptor 

substrate 1, thus impairing insulin functioning (Sargis et al., 2012); 5) Inducing 

epigenetic modifications in hormone-responsive cells: Epigenetic processes such as 

DNA and histone methylation are mechanisms used by hormones to exert permanent 
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modifications. However, EDs can alter the hormones’ epigenetic action or directly alter 

these epigenetic processes, leading to hormonal disruption. It appears that in fact, PCBs 

can alter hypothalamic RNA expression (Topper et al., 2015); 6) altering hormone 

synthesis by blocking or inhibiting intracellular and distant endocrine mechanisms, 

such as the update of iodine into thyroid cells performed by perchlorate, which decreases 

thyroid hormone synthesis (Lisco et al., 2020); 7) altering hormone transport across 

cell membranes: hormones can cross the cellular membrane passively (the case of 

steroid hormones) or actively and both mechanisms can be altered by EDs. For example, 

BPA can reduce the secretion of insulin by decreasing calcium uptake in mouse 

pancreatic islet β-cells (Villar-Pazos et al., 2017); 8) altering hormone distribution or 

circulating hormone levels: EDs can displace hormones from serum binding proteins, 

thus altering the hormonal bioavailability. In some in vivo models, the pesticide 

malathion reduced testosterone levels in testis, ovaries, and serum (Y. Zhang et al., 

2016); 9) altering hormone metabolism or clearance: once a hormone had fulfilled 

its activity, it is broken down by blood proteases (i.e. gonadotrophins) or is metabolized 

by enzymes (e.g. thyroid hormones), both mechanisms can be altered by EDs. PCBs for 

instance can inhibit the oestrone sulfotransferase, thus inhibiting the sulfation process 

(Kester et al., 2000); and finally, 10) altering the fate of hormone-producing or 

hormone-responsive cells by promoting or disrupting cellular migration, proliferation, 

differentiation, and death. PCBs alter thyroid hormone signaling, which regulated 

cerebellum development, thus leading to abnormal morphology later in life (Gauger et 

al., 2007). 

Depending on their physicochemical characteristics, EDs could be divided into 

persistent or non-persistent substances; Persistent chemicals refer to large molecular 

structures with numerous bonds, which makes them long-lasting, non-polar substances. 

Consequently, they are hardly metabolized by the detoxification systems of the human 

body, so they can be bioaccumulated into adipose tissue or different organs, such as the 

liver or kidneys, with adverse consequences (Krüger et al., 2012). Clear examples from 

this group of environmental chemicals would be polychlorinated biphenyls (PCBs) or 

polybrominated diphenyl ethers (PBDEs), but also metal(oid)s elements such as 

mercury (Hg), lead (Pb), cadmium (Cd), and arsenic (As) (Lenters et al., 2019; Sioen et 

al., 2013). Moreover, metals have a long history of toxicity to human health. Their main 

sources of exposure are contaminated food or water; for example, Cd and Pb are found 

in tobacco, but also crops and vegetables, especially Cd; Hg is found in big fishes such as 

tuna and shellfish, and As is found in industrial processes and contaminated water 

(Engwa et al., 2019). All of them are transported, distributed, and bioaccumulated into 
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the human body at tissue and cellular levels, where they bind to proteins and nucleic 

acids, thus disrupting important cellular functions. Impairments generated from metals 

exposure go from kidney, lung, and liver damage to mental disorders since they can cross 

the hematoencephalic barrier (Karri et al., 2016). In this regard, methyl-mercury and 

lead neurotoxic effects are the most studied, while limited or controversial evidence is 

available regarding Cd and As neurotoxicity when referring to childhood and 

adolescence exposure (Engwa et al., 2019; Rodríguez-Barranco et al., 2013).  

On the other hand, non-persistent chemicals are short molecular substances 

with a low number of bonds, making them polar substances with a short duration in the 

human body (short half-life substances). They are metabolized by glucuronidation or 

sulfonation processes and, afterward, excreted in the urine, where they are used to be 

measured (Gore et al., 2015). Although these compounds have short half-lives in the 

human body, they can interact with different physiological systems, thus being 

hazardous for human health. Examples from this category would be bisphenol A (BPA), 

phthalates, benzophenones, or some ‘‘modern’’ pesticides such as chlorpyrifos, 

diazinon, malathion, deltamethrin, cyfluthrin, carbaryl, or mancozeb. In this regard, BPA 

has been the attention focus during the last years due to its 'promiscuity', since it can 

bind to a wide range of nuclear receptors, thus up- or downregulating important signals 

that impair the hormonal homeostasis. BPA is used in the manufacture of polycarbonate 

plastics and epoxy resin liners of canned food, among others. Thus, its main source of 

exposure is through the ingestion of contaminated food or water. Among the effects of 

BPA, reproduction, neurodevelopment, and obesity outcomes have been the most 

studied in neonatal, early childhood, and adult population. From these outcomes, 

neurodevelopment is of special concern, since evidence of BPA effects on the developing 

brain is increasing. Thus, regulatory agencies and governments are beginning to 

regulate, and even ban, its use in some products, such as in bottled water, can liners, or 

thermal paper (Molina-Molina et al., 2019). Nevertheless, there are some gaps in 

knowledge regarding the mechanisms by which BPA can alter the developing brain in 

crucial windows of development as childhood or adolescence.  

Modern non-persistent pesticides are increasing worldwide. Organophosphates 

(OPs) and pyrethroids are the two most common classes of insecticides, although the use 

of carbamates and dithiocarbamates is increasing as well (Furlong et al., 2017; 

Hernández et al., 2013). Due to their acute toxicity, the use of indoor OPs was banned, 

but they are still used in agriculture. Since their use is decreasing, the use of pyrethroids 

is increasing as biocides and in agriculture fields. As consequence, concentrations of 
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these compounds are commonly found in the urine of pregnant women and children, but 

also neonates’ meconium and umbilical cord blood (Andersen et al., 2021; Dalsager et al., 

2019). Moreover, neurodevelopmental effects have been found for children exposed 

prenatally or during early childhood to these compounds. The central nervous system 

(CNS) is extremely susceptible to exogenous stressors during the first stages of 

development, and changes produced in these stages could have an impact in future 

stages of life (Grandjean and Landrigan, 2006). Therefore, the study of pesticides' effects 

on key windows of development is crucial for their correct risk assessment and 

regulation. 

 

1.2.2 Mixtures 

Traditionally, toxicology and epidemiology have used a one-compound-at-a-time 

approach to assess the effect of environmental chemicals on human health. The 

advantages of this strategy rely on the quantification of the internal dose, the 

identification of exposure-effect relationships, and the identification of hazard ratios, 

which are very convenient for risk assessment. However, this approach is far away from 

real exposure, since humans are simultaneously exposed to hundreds of chemical 

substances at low doses (Bopp et al., 2018; Kortenkamp, 2014; Mustieles and Arrebola, 

2020). Mixture assessment to xenobiotics involves considerable theoretical and practical 

challenges. Some decades ago, the cocktail/combined effect was considered to be 

negligible if single chemicals were below their non-observed adverse effect levels 

(NOAEL). However, it was proven that a mixture of estrogenic chemicals below their 

NOAELs tested in vitro exerted estrogenic effects in an additive manner (Kortenkamp 

and Faust, 2018). Consequently, international regulatory authorities and the scientific 

community realized that the combined effect risks have been underestimated for too 

long. Moreover, they also realized that previous approaches to assess the combined 

effect tended to ignore the synergistic, antagonistic, and/or additive interactions among 

chemicals (Kortenkamp and Faust, 2018).  

As a result, there is a need for cumulative risk assessment, which means the 

development of new methodologies to assess the real exposure scenario. Evaluating 

multiple chemicals is complex since it could lead to a net of underlying mechanisms 

resulting in diverse health outcomes or effects. Moreover, these effects could follow 

linear or non-linear patterns depending on their concentration within the mixture or the 

physical and chemical properties of the single chemical compound (Hernández and 

Tsatsakis, 2017). Experimental models assessing chemicals effects pointed towards an 
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additive joint effect. Using this starting point, it is possible to use mathematical models 

to predict the potential effect. However, is not feasible to test every compound of a 

mixture, moreover if we take into account the presence of emerging contaminants, for 

which there is no information available (Kortenkamp et al., 2009; Pourchet et al., 2020; 

Vinggaard et al., 2021). 

Thus, assessment of the chemical mixture effect is a multistage challenge that 

requires the expertise of different scientific fields, such as analytical chemists, 

toxicologists, and epidemiologists (Vinggaard et al., 2021).   

 

1.3 Biomarkers 

To describe environmental chemicals exposure and to assess adverse health 

effects, epidemiological studies have used biological markers, so-called biomarkers. 

This approach was born from the realization that ‘‘traditional’’ toxicology and 

epidemiology alone were not able to answer whether a disease was related to 

environmental chemicals exposure. Classical toxicological methods were not sensitive 

enough to identify intermediate events between the exposure and the clinical disease, 

consequently, exposure-effect epidemiological associations were not reliable enough to 

confirm the trueness of their associations. As a result, the consecutive steps that drive 

the exposure to a clinical disease were referred to as the epidemiological ‘‘black box’’ 

(Figure 1) (DeCaprio, 1997).  

 

Figure 1. Epidemiological 'Black Box' according to the classic model linking exposure with 
disease (1) and NRC biomarker paradigm (2). Adapted from Decaprio, 1997. 

 

Afterward, the National Research Council (NRC) divided the so-called black box 

into the following sequence of events: (i) internal dose, (ii) biologically effective dose, 
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(iii) early biological effect, and (iv) altered structure/function. These events are divided 

into two groups; events (i) and (ii) would refer to exposure biomarkers, whereas (iii) 

and (iv) to effect biomarkers. The intersections between events would correspond to 

susceptibility biomarkers. Nevertheless, these assignments are not exclusive, since the 

distinction between events is often vague and they should be taken as a continuous 

rather than a series of different events (Grandjean, 1995).  

Thus, biomarkers reflect alterations at molecular and/or cellular levels that occur 

during temporal and mechanistic pathways, thus connecting environmental chemical 

exposure with a potentially adverse effect on human health and eventually, a disease 

(Studies, 2006). For a correct interpretation of the information given by biomarkers, 

several aspects have to be taken into account, such as the type of biomarker, the matrix 

in which is determined, and the moment in which is measured. 

 

1.3.1 Biomarkers of exposure 

Biomarkers of exposure are also known as biomarkers of internal dose, in other 

words, the absorbed fraction of a xenobiotic that enters the organism by crossing the 

physiological barriers. Exposure biomarkers, defined by the World Health Organization 

(WHO) as ‘‘the chemical or its metabolite or the product of an interaction between a 

chemical and some target molecule or cell that is measured in a compartment in an 

organism’’ (WHO, 2001) are influenced by numerous factors, such as the characteristics 

of the xenobiotic, the route of exposure and the individual physiological characteristics.  

Consequently, exposure biomarkers are indicators of xenobiotic bioavailability. 

Traditionally, measuring these biomarkers in biological samples such as blood or urine 

provide data of the internal dose. The measurement of the xenobiotic metabolite in a 

target biological matrix is considered a more relevant exposure biomarker, since it 

reflects the amount of xenobiotic that has been metabolized by the organism. In fact, for 

the assessment of pesticides in epidemiological studies, metabolites rather than parent 

compounds are often measured, such as urinary 3-phenoxybenzoid acid (3-PBA) to 

assess pyrethroids rather than measuring deltamethrin or cyfluthrin, or in the case of 

organophosphates, measuring 3,5,6-Trichloro-2-pyridinol (TCPy) rather than its parent 

compound, chlorpyrifos. Those cases in which the xenobiotic is measured together with 

the site of action, (e.g., adducts in total lymphocyte DNA), are considered biomarkers of 

biologically effective dose.  
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1.3.2 Biomarkers of effect 

Effect biomarkers are fundamental indicators of the organism status as well as 

predictors of clinical disease. According to the WHO, biomarkers of effect are defined as 

‘‘a measurable biochemical, physiologic, behavioral, or other alteration in an organism 

that, depending on the magnitude, can be recognized as associated with an established or 

possible health impairment or disease’’ (WHO, 2001). This definition is of outer 

importance for the present doctoral thesis since it constitutes the basis from which the 

search, identification, testing, and implementation of novel effect biomarkers have been 

performed and shown in the successive chapters.  

Conversely to exposure biomarkers, effect biomarkers are associated with a 

physiological system rather than with the toxicity of a given xenobiotic. In other words, 

an effect biomarker can be a predictor only for neurotoxicity, but it can be associated 

with different environmental chemicals with neurotoxic potentials, such as methyl-

mercury, lead, chlorpyrifos, diazinon, or phthalates. Moreover, an ideal effect biomarker 

should be peripherally measured and it should reflect alterations associated with a 

disease in the target tissue, especially for those with complicated accessibility, such as 

the brain.  

Regarding the temporal trend followed in the construct of the NRC, effect 

biomarkers for early biological effect would be those which reflect the first results of 

xenobiotic-organism interactions. This group refers mainly to epigenetic markers, such 

as chromosomal aberrations, sister chromatid exchange, or enzyme 

induction/inhibition. Meanwhile, effect biomarkers from an altered structure or 

function would reflect changes that can be appreciated at micro and macromolecular 

levels. Thus, a wide range of biomarkers could be included, from those measured in 

biological tissues such as 8-hydroxy-2-deoxy-guanosine (8-OHdG) in urine, or dopamine 

and hormones in serum, to the anogenital distance, magnetic resonance images (MRI), 

pain assessment scales, or behavioral tests.  

The Human Biomonitoring Initiative in Europe (HBM4EU) is looking at health 

effects elicited by chemical exposure, using and combining data on biomarkers of 

exposure to contaminants of particular interest (e.g., phthalates, bisphenols, heavy 

metals) and on biomarkers of effect, together with information on mechanisms of action 

from experimental studies. Effect biomarkers should allow for the reliable and simple 

identification and measurement of specific biological changes produced by the chemical 

compound of interest, and the measurements must be accurate, precise, reproducible, 

and interpretable. Additional information is available on the HBM4EU project website: 
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https://www.hbm4eu.eu/ and can be consulted in the following deliverables and 

additional deliverables: D14.4, AD14.4, AD14.6, D14.7 (Mustieles et al., 2018; Fernandez 

et al., 2019; Rodriguez-Carrillo et al., 2020; Fernandez et al., 2021). 

 

1.3.3 Biomarkers of combined effect 

The aim of biomarkers of combined effect, is to map the biological effects that 

own a given mixture of environmental chemicals previously isolated from human 

samples, such as serum, blood, or placenta. Consequently, these kinds of biomarkers are 

also known as ''biomarkers of internal exposure'', ''biomarkers of combined activity'', or 

''biomarkers of ex vivo hormonal activity'' (Vinggaard et al., 2021). 

The assessment of mixtures using in vitro and in vivo models to detect and quantify 

biological effects without the need for screening for hundreds of chemicals have been 

performed in the ecotoxicological field (i.e. monitoring changes on river waters) for years 

(Abbas et al., 2019; Bopp et al., 2018). This approach can be used with human matrices 

such as blood, urine, or placenta in the same receptor-based models. However, the 

presence of endogenous hormones would mask the combined effect of the mixture, thus 

making this approach useless for risk assessment purposes (Arrebola et al., 2012). 

Chromatographic methods are extremely useful in this case since they can isolate 

fractions of chemicals based on their physicochemical characteristics. Thus, allowing the 

separation of a ‘‘real-world’’ mixture of lipophilic environmental chemicals from 

endogenous hormones and its subsequent testing in receptor-based assays, taking into 

account the interaction among chemicals. With this approach, different biological effects 

can be described for a given mixture, since it can be tested in a wide range of assays: from 

in vitro models testing the activation of the estrogen receptor to in vivo models 

addressing the effect on thyroid functioning (Fernandez et al., 2007c; Leusch et al., 2018). 

Thus, contributing to the understanding of mixtures effects.  

Biomarkers of combined activity can be used within an epidemiological context, 

thus giving another tool for mixtures risk assessment. However, they are not useful to 

quantify the chemical components of a given mixture. For that purpose, effect-directed 

analyses should be performed (Vinggaard et al., 2021). Previous epidemiological studies 

used these biomarkers to assess the effects of persistent organic pollutants in diverse 

human health outcomes, such as breast cancer in the adult population or, autism 

spectrum disorders (ASD) and risk of cryptorchidism and hypospadias in newborns. 

Results from these studies showed that these mixtures were linked to a higher risk of 

breast cancer, and urogenital male malformation, respectively (Arrebola et al., 2015; 
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Bonefeld-Jorgensen et al., 2011; Ghisari and Bonefeld-Jorgensen, 2009; Ibarluzea et al., 

2004).  

The use of effect biomarkers in the context of HBM are not fully studied and could 

fill those gaps in knowledge that classical toxicology and epidemiology could not answer. 

For that reason, in this doctoral thesis, we asked whether biomarkers of combined effect 

would be of utility to depict different biological effects from the same mixture and 

whether biomarkers of effect could contribute to the understanding of causal inferences 

on exposure-effect associations.  

 

1.3.4 Biomarkers of susceptibility 

According to the WHO, biomarkers of susceptibility are defined as ‘‘an indicator of 

an inherent or acquired ability of an organism to respond to the challenge of exposure to a 

specific chemical substance’’ (WHO, 2001). Susceptibility biomarkers reflect the 

conditions that increase, or decrease, the odds for the transition from one event to 

another, or even more than one event. This sensitivity could be acquired, (e.g., a disorder 

that makes individuals more susceptible to environmental chemicals) or inherited, when 

it is indicated by genetic markers. This is very important, since biomarkers of 

susceptibility are, in other words, indicators of interindividual toxicity. Consequently, 

they do not follow the timeline stages proposed by the NRC construct. One example of 

susceptibility biomarkers would be the genetic polymorphisms of enzyme activity, such 

as the glutathione-S-transferase (GST) or N-acetyltransferase (NAT), key catalyzers of 

xenobiotics. 

 

1.4 Brain-derived neurotrophic factor as an example of effect 

biomarker 

Brain-derived neurotrophic factor (BDNF), firstly discover in 1982 and isolated 

from pig brain in 1987 (Leibrock et al., 1989), is a protein from the family of 

neurotrophins, which also includes nerve growth factor (NGF), neurotrophin 3 (NT3) 

and neurotrophin 4 (NT4) (Bilgiç et al., 2017). It is expressed throughout the brain, 

although is highly expressed in the cerebral cortex, cerebellum, hippocampus, and 

amygdala (Notaras and Buuse, 2018; Zheleznyakova et al., 2016). BDNF plays a key role 

in a wide range of neurological processes, concretely synaptic plasticity, regulation of 

glio-, neuro-, and synaptogenesis, neuroprotection, and control of long and short-lasting 



Introduction 

36 
 

synaptic interactions, thus influencing memory and cognition (Binder and Scharfman, 

2004; Kundakovic et al., 2015). These roles are given by its characteristic pattern of 

synthesis, in which different biological active isoforms interact with different receptors, 

thus up- or down-regulating numerous signaling pathways (Kowiański et al., 2018). 

Briefly, BDNF is secreted from the endoplasmic reticulum as its precursor form, pre-pro-

BDNF, which is biologically inert. Afterward, it is translocated to the Golgi apparatus, 

where the pre-region is cleaved by intracellular proteases, leading to the formation of 

the immature isoform, pro-BDNF, characterized for showing an N-terminal pro-domain 

and for being biologically active. This isoform is further cleaved, forming the mature 

isoform, m-BDNF, biologically active with a C-terminal mature domain (Foltran and Diaz, 

2016). Interestingly, the stage from pro- to m-BDNF can be performed in different cell 

compartments: in the trans-Golgi network, performed by furin, in the intracellular 

secretory vesicles, by convertases, and in the extracellular space, by plasmin or matrix 

metalloproteases 2 and 9 (MMP2 and MMP9) (Cunha et al., 2010; Kowiański et al., 2018). 

To exert their physiological processes, both BDNF isoforms are secreted into the 

extracellular space after membrane depolarization, often showing opposite biological 

activities due to their receptor-binding preferences. Description of BDNF-receptors 

signaling pathways are fully explained in the reviews performed by Kowiański et al., 

(2018) and Reichardt, (2006), briefly summarized as follows. 

m-BDNF binds to the tyrosine kinase B receptor (TrKB), which belongs to the 

tropomyosin-related kinase (Trk) family, triggering the formation of the 

phosphorylated-TrkB receptor, which activates several enzymes: phosphatidylinositol 

3-kinase (PI3K), mitogen-activated protein kinase (MAPK), guanosine triphosphate 

hydrolases (GTPases) of the Ras homolog (Rho) gene family, and phospholipase C-γ 

(PLC-γ) (Kowiański et al., 2018; Reichardt, 2006). All these enzymes initiate different 

signaling cascades with specific cellular functions. For instance, PI3K/Akt modulates the 

synaptic plasticity dependent on N-methyl-D-aspartate receptors (NMDAR) and 

PI3K/Akt/mTOR enhances dendritic growth and branching through the regulation of 

protein synthesis. MAPK is required for the activation of cAMP response element-

binding protein (CREB) and extracellular-signal-regulated kinase 1/2 (ERK 1/2), both 

important for cytoskeleton protein synthesis, early response gene expression, as well as 

branching and dendritic growth in hippocampal neurons. GTPases cascade also 

contributes to dendritic growth-inducing the synthesis of microtubule and actin. Finally, 

PLC-γ protein activates the kinase C (PKC) dependent pathway, which increases synaptic 

plasticity. In summary, the binding of m-BDNF with TrKB initiates cascades which 
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mechanisms of action lead to antiapoptotic and prosurvival activities as well as 

enhancement of dendritic growth and branching.  

On the other hand, pro-BDNF binds to p75 neurotrophin receptor (p75NTR), 

which forms the pro-BDNF/p75NTR/sortilin complex, leading to a c-Jun amino-terminal 

kinase (JNK), nuclear receptor kappa B (NR-κB), and Ras homolog gene family member 

A (RhoA) activation (Kowiański et al., 2018; Reichardt, 2006). Through the JNK signaling 

cascade, neuronal apoptosis is activated, thus leading to neuronal cell death. Conversely, 

the activation of NR- κB promotes survival and maintenance processes for an optimal 

neuronal cell number. Finally, the RhoA cascade regulates neuronal growth cone. In 

summary, pro-BDNF binding to its receptor triggers signaling pathways involved in the 

fate of neurons from different brain areas, thus promoting cell death or survival. 

Nevertheless, it has been reported that high levels of pro-BDNF led to the elimination of 

neuronal cells rather than neuronal cell survival (Teng et al., 2005). 

 

  

Figure 2. BDNF synthesis patterns, picture taken from Kowiański et al., (2018).  

 

The most outstanding aspect of BDNF is based on the mature and pro-BDNF 

relationship. Both isoforms should be maintained in a dynamic balance not only during 
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the entire brain development but during the entire life of the individual. The ratio of m-

BDNF/pro-BDNF changes according to the stage of brain development. For example, 

levels of pro-BDNF are higher during the early post-natal period, when synaptic pruning 

takes place. Conversely, levels of m-BDNF will be higher during adulthood, since the 

maintenance of efficient neural circuits and functional connections will be prioritized. 

Consequently, there would be a higher risk of developing mental health disorders if this 

balance is broken. Alterations of BDNF protein levels and its DNA methylation patterns 

are associated with mood and cognitive alterations in previous epidemiological studies.  

Briefly, levels of serum and plasma BDNF increased after treatment for major 

depressive and bipolar disorder among treatment responders’ patients (Polyakova et al., 

2015). Additionally, serum BDNF changed according to the presence of depression in 

patients with Parkinson’s disorder (PD) and was also a good indicator of motor severity 

(Huang et al., 2020). In a case-control study, BDNF was found as a good indicator for 

stroke recovery (Pedard et al., 2018); and in a longitudinal study, preterm children with 

higher levels of neurotrophins (BDNF among them) at 2 weeks of age were associated 

with lower risk of cognitive impairments at ten years old (Kuban et al., 2018). Moreover, 

bdnf gene DNA methylation at promoter I and IV are being proposed as a biomarker 

for specific diseases, especially for bipolar disorder and major depression (Fuchikami et 

al., 2011; Zheleznyakova et al., 2016). Conversely, according to some clinical trials, levels 

of plasma BDNF did not change according to treatment, either schizophrenia relapse 

(Pillai et al., 2018). Additionally, there were no associations between changes in serum 

and plasma BDNF levels and depressive symptoms of twenty-four patients with 

depression undergoing electroconvulsive therapy (Vanicek et al., 2019).   

It also has been shown that levels of BDNF are susceptible to change due to 

exposure to environmental chemicals. Therefore, it could be a valuable effect biomarker 

reflecting brain impairments due to environmental chemical exposure. However, 

mechanisms of action by which these compounds could alter BDNF protein or bdnf DNA 

methylation are not fully described (Zheleznyakova et al., 2016). In some 

epidemiological studies, alterations in children's BDNF protein levels have been 

associated with prenatal exposure to methyl-mercury and Cd; further, infants exposed 

prenatally to Cd showed social problems at 12 months of age (Spulber et al., 2010; Wang 

et al., 2016). Additionally, lower plasma and serum BDNF levels were associated with 

occupational exposure to manganese (Mn) and with chronic As exposure in the adult 

population (Karim et al., 2019; Zou et al., 2014). Metals have not been the only 

environmental pollutants associated with BDNF alterations. Three epidemiological 

studies from North American and Chinese longitudinal cohorts addressing prenatal 
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exposure to PAHs also found alterations of peripheral BDNF protein levels (Kalia et al., 

2017; Perera et al., 2015; Tang et al., 2014). Moreover, prenatal exposure to BPA has 

been associated with higher bdnf gene DNA methylation percentages at several CpGs 

(Kundakovic et al., 2015). Results from this study suggested that DNA methylation of the 

bdnf gene measured in whole blood correlated with the same DNA methylation patterns 

in the hippocampus. This suggests a good biomarker candidate since DNA methylation is 

more stable during time than serum/plasma BDNF protein levels (Kundakovic et al., 

2015). 

Although is still controversial, scientific evidence points toward BDNF as a suitable 

indicator of neurodevelopment. Additionally, there are associations between alterations 

of its secretion patterns and exposure to environmental contaminants. Therefore, we 

asked whether this neurotrophin could be useful in HBM studies as a biomarker of effect 

to neurodevelopmental impairments.  

 

1.5 Relevant human health outcomes: neurodevelopment 

Among the health outcomes impaired by environmental chemicals exposure, 

neurodevelopment is one of the highest concerns for environmental health, since its 

consequences range from individuals‘ lower quality of life to the welfare of entire 

societies (Grandjean and Landrigan, 2006). The increasing incidence of autism spectrum 

disorders (ASD), attention deficit hyperactivity disorders (ADHD), and subclinical 

decrements in brain functioning among children and adolescent population are known 

to be partly caused by the exposure to environmental pollutants, constituting the so-

called ‚'' silent pandemic of neurodevelopmental toxicity‘‘, firstly denounced by Philippe 

Grandjean and Philip Landrigan (Grandjean and Landrigan, 2014). This statement is 

based on the characteristics of brain development, since it is a long process in which 

complex cascades of events, highly vulnerable to exogenous stressors, can be altered 

depending on whether a xenobiotic (or its metabolite) enters the developing brain, and 

the period of development in which the exposure takes place (Supke et al., 2021).  

The developing brain is a susceptible process in which any alteration could lead 

to irreversible adverse effects for individuals. It starts soon on day 25 after conception 

when the neural tube begins to form, and it last until early adulthood. During the third 

week of gestation, neural progenitor cells will be dividing and differentiating into both, 

neurons and glia, thus forming the basis of the premature nervous system (Stiles and 

Jernigan, 2010). Along with pregnancy, the early brain structure suffers progressive 

changes, leading to the characteristic folds that designate the basis of brain regions. At 
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the cellular level, neurons begin to produce chemical signaling molecules, enabling 

communication between nerve cells from different areas, thus forming the fiber 

pathways. At gestational week 10 (end of embryonic period), the basics of the neural 

system are considered to be established and billions of fibers connect different brain 

regions, forming complex networks known as the connectome (Ardesch et al., 2019; Stiles 

and Jernigan, 2010).  

Although the assemble of the functional brain take place in the prenatal period, it 

still develops after birth, when the number of connections grows exponentially, 

determined by sensory inputs. After 2 years of age, the brain reorganizes the connectome 

through synaptic pruning, in which inefficient connections are removed to maximize its 

performance (Konkel, 2018). By the age of 6, the brain reaches 90% of its adult volume 

and by the age of 25, it is considered fully developed (Ardesch et al., 2019; Konkel, 2018; 

Stiles and Jernigan, 2010). Within this temporal range, adolescence dramatically 

reshapes teenagers' perception of themselves, as well as their social context through 

physical, neural, and interpersonal changes to start the transition into adulthood (Gore 

et al., 2018). Adolescents must exhibit social-communicative skills, reproductive 

behaviors, adequate anxiety responses, and affective states according to their age and 

sex (Spear, 2000). Neural mechanisms by which these changes take place are complex 

since it requires a network of diverse brain areas interacting among them and mediating 

specific aspects of behavioral functioning (Gore et al., 2018).  

In this regard, dendritic spine turnover and inhibitory neurotransmission are the 

two main neural processes involved during adolescence (Pfeifer and Allen, 2021). For 

instance, a higher turnover of the dendritic spines during adolescence enhances synaptic 

plasticity, and thus the experience-dependent learning, while higher inhibition of 

neurotransmission could be particularly beneficial to follow an adequate social behavior 

(Pfeifer and Allen, 2021). The increasing incidence of mental health disorders among 

adolescents, such as social anxiety, depression, or eating disorders may be enhanced by 

exposure to environmental pollutants (Bjørling-Poulsen et al., 2008; Bouchard et al., 

2010; Pfeifer and Allen, 2021; Shoaff et al., 2020; Supke et al., 2021). However, as 

adolescence has been an understudied period of development, little is known regarding 

the neurological impact of exposure to environmental chemicals. Thus, we asked to what 

extent the exposure to persistent and non-persistent chemicals compounds could alter 

the behavioral functioning of adolescents. Given the transcendence of metals, BPA, and 

non-persistent pesticides on neurodevelopment and the current state of knowledge 

regarding their neurotoxicological effects on this population, we decided to evaluate 
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these compounds. These questions will be addressed in articles #4, 5, and 6 from the 

results section. 

One of the main limitations found in the assessment of neurological impairments 

due to exposure to environmental chemicals in neuropsychological evaluation. The most 

common assessment for brain development, in the context of environmental 

epidemiology, is through psychological tests, such as the Child Behavior Check List 6/18 

(CBCL 6/18) for behavioral functioning, or the Wechsler Intelligence Scale for Children 

(WISC) for cognitive functioning, among others. These tools, although scientifically 

proven to be useful, might be biased by the subjectivity of the evaluator (e.g. when 

parents make the psychological evaluation) (Howieson, 2019). Additionally, they are not 

used harmoniously in epidemiological studies, since for the evaluation of a given brain 

function, there are different scales with different degrees of sensitivity and specificity, 

thus increasing the uncertainty of exposure-effect associations. Moreover, mechanisms 

of action through which chemical compounds disrupt brain functioning are not 

completely understood and cannot be retrieved using this method. Therefore, we asked 

if the use of a novel effect biomarker could be useful as an indicator of the neurological 

impact after exposure to environmental chemicals and if it could be of added value for 

epidemiological studies.  
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2 Rationale 

Global exposure to environmental pollutants is affecting the human health. To 

date, there is not enough knowledge about human internal dose of chemicals of high 

concern, such as BPA, metals, or non-persistent pesticides, among others. Even less 

evidence is available regarding the human adverse effects exerted by mixtures of 

environmental chemicals. This prevents definitive conclusions on the adverse effect of 

some exposures to environmental pollutants on human health. Consequently, new 

strategies are needed to enhance human exposure-effect relationships. Biomarkers of 

effect could be valuable indicators of potential adverse effects exerted by exposure to 

environmental chemicals. In addition, the use of such biomarkers would be of great value 

in filling existing gaps in knowledge. 

As a result, Human Biomonitoring studies are making a great effort to describe 

chemical exposure at individual and populational levels as well as to assess their effect 

on human health. 

The present doctoral thesis has been developed under the framework of the 

Human Biomonitoring for Europe initiative (HBM4EU), a joint effort of 30 countries, the 

European Environment Agency (EEA) and the European Commission (EC), taking part in 

this project through the European Union (EU) Policy Board. HBM4EU started in 2017 

and was co-funded by the EC’s Horizon 2020 research program. The main aim of this 

project is to generate knowledge regarding the environmental exposure to target 

chemicals and chemicals groups of the European population, the impact of such exposure 

on human health, and ultimately, to answer policy-relevant questions for chemical 

prioritization (Ganzleben et al., 2017). 
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3 Objective 

The main aim of the present doctoral thesis was to select, describe, test, and 

implement effect biomarkers for the assessment of exposure-health associations during 

critical windows of human development, related to cognitive and behavioral alterations.  

For this purpose, the following specific objectives were proposed: 

a) To identify and prioritize existing biomarkers of effect for BPA, metals, pesticides, 

and complex mixtures. 

b) To provide relevant mechanistic and adverse outcome pathway (AOP) information 

to cover knowledge gaps and enhance the interpretation of effect biomarkers data. 

c) To investigate the effects of chemical exposure with cognitive domains, intelligence 

quotient (IQ), and behavioral function among Spanish adolescent males from the 

INMA-Granada cohort. 

 

The work carried out in accordance with the proposed objectives has resulted in 

six scientific articles, with the following objectives: 

1. To identify and prioritize existing biomarkers of effect for BPA, as well as to provide 

relevant mechanistic and adverse outcome pathway (AOP) information in order to 

cover knowledge gaps and better interpret effect biomarker data. 

2.  To investigate the association of urinary BPA concentrations with cognitive domains 

and intelligence quotient (IQ) in boys. 

3. Assess whether childhood BPA exposure (9–11 years) is longitudinally associated 

with behavioral function at adolescence (15–17 years), and BDNF; the cross-

sectional relationship between BDNF biomarkers and behavior in adolescents; and 

whether BDNF biomarkers may mediate BPA-behavior associations.  

4. To explore the relationships among exposure to environmental metals, BDNF 

biomarkers at two levels of biological complexity, and behavioral function in 

adolescent males. 

5. To investigate the relationship between exposure to various non-persistent 

pesticides, BDNF, and behavioral functioning in adolescents. 

6. To assess, characterize, and compare the combined biological effect of chemical 

mixtures extracted from the same human placentas by quantifying the signal elicited 

in five bioassays, covering relevant endocrine activities (in vitro proliferative and 

reporter gene assays for estrogen, androgen, and aryl hydrocarbon, and in vivo 

thyroid function). 
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4 Material and Methods 

 

4.1 Study population 

Most of the specific objectives set out in this doctoral thesis have been tested in the 

Spanish birth cohort ‘‘Environment and Childhood’’ (INMA-Infancia y Medio Ambiente –) 

is a mother-child birth cohort developed in seven regions of Spain: Asturias, Gipuzkoa, 

Sabadell, Ribera d’Ebre, Menorca, Valencia, and Granada. The main aim of this 

population-based study is to evaluate the impact of environmental chemicals exposure 

during key windows of susceptibility, such as pregnancy, early childhood, puberty, and 

adolescence, on growth and development (Guxens et al., 2012).  

The INMA-Granada subcohort started between 2000 to 2002, in which 668 

mother-son pairs were recruited at delivery in San Cecilio University Hospital from 

Granada province (Spain) (Fernandez et al., 2007c). Since then, several follow-ups of the 

indexed families have been carried out. The second follow-up enrolled a random 

subsample of 220 boys at 4-5 years in 2004-2006. During the third follow-up, which was 

developed in 2010-2012, a total of 300 peripubertal boys aged 9-11 years were accepted 

to participate. Finally, during the last follow-up, carried out in 2017-2019, boys from 

second and third follow-ups were re-contacted and asked to participate. Thus, a total of 

151 adolescent males aged 15-17 years agreed and underwent a medical examination 

and sampling procedures (Castiello et al., 2020).  

At each follow-up, socio-demographical, clinical, and dietary information was 

obtained through administered questionnaires; in addition, biological samples (placenta, 

urine, blood, and serum) were collected. All follow-ups followed the principles of the 

declaration of Helsinki and were approved by the Ethics Committee of San Cecilio 

University Hospital. 

 

4.2 Biomarkers of exposure assessment 

4.2.1 Bisphenol A 

Bisphenol A (BPA) was measured in single spot urine samples from children of the 

INMA-Granada at the second follow-up, aged 9-10 years. Urine samples were collected 

under non-fasting conditions between 5 p.m. to 8 p.m., using 10 mL polypropylene tubes. 

Samples were immediately stored at -20 ⁰C. Total BPA (free plus conjugated) was 
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quantified using liquid chromatography-mass spectrometry (LC/MS) in the laboratory 

of the Department of Analytical Chemistry, University of Cordoba (Spain). Before 

quantification in the spectrometer, samples underwent a pre-treatment. Briefly, 1.25 mL 

of urine sample was fortified with 2.5 μg/L 13C12-bisphenol A as internal standard and 

625 μL of β-glucuronidase H1 and sulfatase H1 solution. Conditions of each enzyme 

consisted of 926 U/mL, in 1 M of ammonium acetate buffer at pH 5. Afterward, 2 mL of 

the treated sample was added into glass tubes, closed with aluminum caps, and 

incubated overnight at 37⁰C. Successively, the sample was quantified using an AB Sciex 

4000 Qtrap® mass spectrometer coupled to an Agilent 1200 Series LC system with a 

negative-ion TurboSpray interface. Limit of detection (LOD) and quantification (LOQ) 

were 0.1 mg/L and 0.2 mg/L, respectively. To avoid BPA contamination due to urine 

collection containers, labware, or LC equipment, LiChrosol water was filtered using 47 

mm Styrene DVB (SDB-XC) disk provided by Empore (3 M, St Paul, Minnesota, USA), and 

glassware and eppendorfs tubes were rinsed with methanol before their use. 

 

4.2.2 Metal(oid)s elements 

Total urinary concentrations (organic and inorganic) of the metals As, Cd, Pb, and 

Hg were measured in the INMA-Granada adolescent males aged 15-17 years (third 

follow-up). For that purpose, spot urine samples under non-fasting conditions were 

collected and stored at -80 ⁰C until analysis at the Department of Legal Medicine, 

Toxicology and Physical Anthropology, of the University of Granada (Spain). All-

metal(oid)s elements were measured following the same procedure by inductively 

coupled plasma mass spectrometry using an Agilent 8900 triple quadrupole ICP-MS 

(Agilent Technologies, Santa Clara, CA, USA) as extensively reported in a previous study 

(Castiello et al., 2020). Briefly, for quality control and assessment of the analytical 

procedure, samples were spiked with multielement internal standard solution (400 

μg/L) containing Sc, Ge, Ir, and Rh; blanks, calibration standards; and specific certified 

materials according to the US National Institute of Standards and Technology: Trace 

Elements in Natural Water Standard Reference Material SRM 1640a and Seronorm (Sero, 

Billingstad, Norway), and Trace Elements Urine L1 and L2 (references 210605 and 

210705, respectively). LOD for total As, Cd, Pb, and Hg were 0.60 μg/L, 0.01 μg/L, 0.16 

μg/L, and 0.05 μg/L, respectively.     
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4.2.3 Non-persistent pesticides 

Urinary concentrations of several non-persistent pesticide metabolites were 

measured in the INMA-Granada adolescent males aged 15-17 years (third follow-up). 

Five OP metabolites: 3,5,6-trichloro-2-pyrimidol (TCPy), metabolite for chlorpyrifos, 2-

isopropyl-4-methyl-6-hydroxypyrimidine (IMPy), metabolite of diazinon, malathion 

dicarboxylic acid (MDA), metabolite of malathion, diethyl thiophosphate (DETP), 

metabolite of chlorpyrifos-ethyl, and diethyl dithiophosphate (DEDTP), metabolite for 

chlorpyrifos-ethyl. Two pyrethroids: 2,2,dichlorovinyl-2,2-dimethylcyclopropane-1-

carboxilic acid (cis-trans-DCCA), metabolite for alpha-cypermethrin, beta-cyfluthrin, and 

3-phenoxybenzoic acid (3-PBA), unspecific metabolite for pyrethroids. One carbamates 

metabolite: 1-naphthol (1-N), a metabolite of carbaryl; and one dithiocarbamates 

metabolite: ethylene thiourea (ETU), metabolite for mancozeb. For that purpose, spot 

urine samples collected under non-fasting conditions were stored at -80⁰C at the 

facilities of the Biomedical Research Center (CIBM), of the University of Granada (Spain). 

Metabolites were measured following different methodologies according to their 

chemical characteristics. Assessment of TCPy, IMPy, DETP, DEDTP, 3-PBA, 1-N, and ETU 

were done in ultra-high-performance liquid chromatography coupled to mass 

spectrometry (UHPLC-MS/MS), using UHPLC Ultimate 3000 and Q Exactive Focus mass 

spectrometer, both provided by Thermo Fischer. These metabolites were quantified at 

the facilities of the '‘UNETE research unit’’ of the Biomedical Research Center (CIBM), 

from the University of Granada (Spain). The whole procedure and reagents used are 

detailed explained in previously reported studies from our research group (Freire et al., 

2021; Suárez et al., 2021). Quantification of MDA and DCCA metabolites was performed 

using liquid chromatography coupled to mass spectrometry (LC-MS/MS), in an Agilent 

1290 liquid chromatography and API 4000 mass spectrometry (provided by Agilent and 

AB Sciex Instrument, respectively). Both metabolites were measured at the facilities of 

MEDINA Foundation, Granada (Spain). Limits of detection were 0.039 μg/L for TCPy, 

0.117 μg/L for IMPy, 0.052 μg/L for MDA, 0.116 μg/L for DETP, 0.142 μg/L for DEDTP, 

0.117 μg/L for 3-PBA, 0.055 μg/L for DCCA, 0.156 μg/L for 1-N, and 0.072 μg/L for ETU. 

 

4.2.4 Chemical Mixtures assessment  

We examined exposure to environmental chemical mixtures by assessing the 

combined effects of chemicals extracted from human placentas. Thus, twenty-five 

placenta samples from healthy women of the INMA-Granada cohort were randomly 

selected among those kept at the biobank of the San Cecilio University Hospital (Granada, 
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Spain). Placental homogenates were extracted following a previously validated 

semipreparative HPLC protocol (Fernandez et al., 2004) to efficiently separate 

organohalogenated lipophilic chemicals from endogenous hormones and more polar 

compounds, using a normal-phase column and a gradient with two mobile phases. 

Briefly, 3 g of placenta homogenate was split into two 5 mL Falcon Tubes with 1.5 g each. 

Successively, polar and non-polar compounds were extracted from placental 

homogenates by splicing 3 g of homogenate into 1.5 g per Falcon tube. Afterward, 1.5 mL 

of distilled water was added and shacked for 1 min; immediately after, 3 mL of ethyl 

acetate was added, vortexed for 10 min and centrifuged for 10 min, 4050 x g at 4 ⁰C. The 

two obtained supernatants were then pooled in a clean glass vial, and the extract was 

evaporated under a nitrogen stream. The dried extract was dissolved with 700 µL of 

hexane and dried again under a nitrogen stream. Then, it was resuspended in 400 µL of hexane 

and injected twice (200 µL) to undergo preparative HPLC. The placental extract was eluted 

by a specific gradient of two mobile phases: n-hexane (phase A) and n-hexane:methanol:2-

isopropanol (40:45:15)(v/v) (phase B) at a flow rate of 1.0 mL/min. The α-fraction, containing 

non-polar compounds and isolated from endogenous hormones was eluted during the first 11 

minutes of the chromatographic run (Fernandez et al., 2004).  

 

4.3 Biomarkers of effect assessment 

For a correct implementation of effect biomarkers in human biomonitoring 

programs, it is necessary to carry out a careful selection and validation process. In 

HBM4EU, selected biomarkers of effect are been investigated in human observational 

studies, focusing on specific health problems concerning reproduction, 

neurodevelopment, and the immune system. In this doctoral thesis work, BDNF was 

selected as a biomarker of effect to investigate possible alterations of the human brain 

and behavior due to some environmental chemicals. 

 

4.3.1 Brain-derived neurotrophic factor 

Adolescents collected the first-morning urine sample as previously detailed. 

Peripheral venous blood was collected under non-fasting conditions between 5 p.m to 7 

p.m. Blood samples were processed to obtain whole blood and serum aliquots. Urine and 

serum samples were stored at -80 ⁰C until analysis, whereas whole blood was sent on 

dry ice to the Human Genotyping Laboratory at the Spanish National Cancer Research 

Centre. Genomic DNA was extracted using Maxwell® RSC equipment, quantified with 
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PicoGreen assay, and normalized to 50 ng/μL. Afterwards, extracted DNA was stored at 

−80 °C and sent to IRSET (Institut de Recherche en Santé, Environnement et Travail - 

INSERM UMR1085), Rennes, France, to perform DNA methylation analyses. 

 

4.3.1.1 Serum and urine BDNF: methodology and validation 

Total (pro and mature BDNF isoforms) serum and urine BDNF concentration 

analyses were performed using commercials enzyme-linked immunosorbent assays 

(ELISA) according to manufacturers’ instructions (serum BDNF: Quantikine ® R&D 

Systems, Minneapolis, MN, US; urine BDNF: RayBio® Raybiotech, Norcross, GA, USA) at 

the facilities of the Biomedical Research Center (CIBM), University of Granada, (Spain). 

Briefly, serum samples were defrosted, vortexed, aliquoted in 10 μL, and diluted 

100-fold. Afterward, they underwent ELISA analysis. The full description for serum 

BDNF determination is explained in the results section. Serum BDNF concentrations 

were expressed in ng/ml. Urine samples were defrosted and pre-treated according to 

the protocol developed by Collins and Koven, (2014) with minor modifications. 

Afterwards, extracted urine samples underwent enzyme-linked immunosorbent assay 

following manufacturer’s instructions to measure total BDNF concentrations.  

To assure the comparability of BDNF values assessed with ELISA kits, a quality 

control procedure was developed, showed in Fig. 3 (Fernandez et al., 2021).  

 

Figure 3. Esqueme of quality control procedure to measure serum and urine BDNF 

concentrations. 
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Briefly, two 96-well plates were used per batch of 72 samples. Rows 1 and 2 are 

charged with standards, and rows 3 to 12 are charged with samples. Concretely, 

individual samples were added in rows 3 to 11 on plate 1 and their respective duplicates 

are charged in plate 2. Therefore, an inter-assay coefficient of variability (CV) can be 

calculated for each sample. To calculate the intra-assay CV, duplicates of row 11 are also 

charged in row 12. To guarantee the lowest possible variability of measurements, BDNF 

analyses were performed by a single operator. Samples showing intra and inter-assay CV 

above 5% and 15%, respectively were re-tested and the mean of the three values was 

considered as the final BDNF concentration. 

 

4.3.1.2 DNA methylation of the BDNF gene 

Briefly, DNA methylation analyses were performed using the bisulfite 

pyrosequencing technique at IRSET (Institut de Recherche en Santé, Environnement et 

Travail- INSERM UMR1085), Rennes, France. Genomic DNA concentration and purity 

were measured using NanoDrop (Thermo Scientific NanoDrop 8000; DNA50 mode). 

Samples had approximately 1.8–1.9 ratio at 260/280 absorbance, thus the extracted 

DNA was deemed as pure. The concentration of DNA was further assessed with the 

QuantiFluor dsDNA system (provided by Promega E2670). Successively, bisulfite 

conversion of 500 ng of genomic DNA was performed using the Epitec Fast Bisulfite 

Conversion Kit (Qiagen, 59826). Concentration and purification were remeasured with 

NanoDrop (Thermo Scientific NanoDrop 8000; RNA40 mode). Afterward, 20 ng of BS-

converted DNA was used for downstream PCR amplification of BDNF (Biometra 

TProfessional Thermoycler, France) with Takara EpiTaq hot-start DNA polymerase 

(Takara, R110A; 0.6 U/25 μl final concentration). The conditions under which this 

procedure was performed together with the used primers for BDNF ampliation are 

detailed in the results section. After PCR amplification, products were purified and 

loaded in 2 % agarose gel (Qiagen, 28006). Samples were sent for pyrosequencing 

analyses to the Genomic Platform LIGAN (Lille Integrated Genomics Advanced Network 

for personalized medicine), France (Pyromark Q24 Advanced Pyrosequencing 

technology). The degree of DNA methylation was expressed as a percentage and 

underwent quality control due to variations in PCR efficiency using the Pyromakr Q24 

software. Thus, CpGs not passing the quality control were pyrosequenced again to 

discard technical handling errors. The proportion of CpGs not passing the quality control 

was less than 4%, which was relatively small.  
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4.3.2 Biomarkers of combined activity 

4.3.2.1 E-Screen 

The E-Screen assay was used to assess cell proliferative effect induced by 

placental α-fractions. According to Soto et al., (1995), MCF7-cells were seeded at a 

density of 4 x 103 cells/well in 96-well plates (Falcon®, VWR International Eurolab, 

Barcelona, Spain) using Dulbecco’s Modified Eagle’s Medium (DMEM) with phenol red 

supplemented with 10 % fetal bovine serum (FBS) (Gibco, Invitrogen, Spain) as culturing 

medium; and incubating at 37 ⁰C with 5 % CO2 (Soto et al., 1995). After 24 h, culturing 

medium was replaced with an experimental medium, composed of phenol red-free 

DMEM supplemented with 10 % dextran-coated charcoal-stripped FBC (DCCS-FBS) 

(Gibco, Invitrogen, Spain). Dried α-fractions were reconstituted with 1 mL experimental 

medium, shaken, left to rest for 30 min, and filtered with 0.22 μm filter. They were then 

diluted x1, x5, and x10 times and tested in triplicates. Wells included 150 μL of 

experimental medium and 50 μL of α-fraction. Thus, dilutions corresponded to 750 

mgplacenta/mL, 150 mgplacenta/mL and 75 mgplacenta/mL, respectively. Plates were incubated 

for 6 days, then cells were fixed, stained (sulforhodamine B, provided by Sigma-Aldrich, 

MO, USA) and the solubilized bound dye was read at 492 nm using a Titerek Multiscan 

plate reader (Flow, Irvine, CA, USA). Quality control was simultaneously performed using 

17β-estradiol as a positive control at concentrations 0.1 pM-1000 pM, while the 

experimental medium was used as a negative control.  

 

4.3.2.2 Estrogen receptor (ER) reporter gene assay 

The estrogenic activity of placental α-fractions was assessed with the stably 

transfected human breast adenocarcinoma MVLN cells, which carry the estrogen 

response element luciferase reporter vector (M. Pond, France), according to 

Bjerregaard-Olesen et al., (2015). Cells, seeded at a density of 8.5 x 104 cells/well in 96-

well plates in culture medium consisting of phenol red-free DMEM (LONZA, Belgium) 

supplemented with 1% DCCS-FBS (HyClone, Belgium), 6 μg/L insulin (Sigma, USA), 64 

mg/L hexamycin (Sandoz, Denmark), 4 mM glutamine (Sigma, USA), and 20 mM HEPES 

(Gibco, UK); and incubated overnight  37 ⁰C with 5 % CO2. Experimental medium, 

composed of phenol red-free DMEM (LONZA, Belgium) containing 0.5 % DCCS-FBS. 

Dried placental α-fractions were reconstituted with 44 μg/L of EtOH:H2O:DMSO (50:40:10, 

V/V/V). Successively, 22 μg/L were diluted in the experimental medium, making x55, 

x275 and x550 dilutions. Afterward, 100 μg/L of diluted fractions were added into plates 

and tested in triplicate. Thus, tested dilutions corresponded to 1240 mgplacenta/mL, 248 
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mgplacenta/mL and 124 mgplacenta/mL, respectively. Luciferase activity was measured after 

24 h of exposure using an automatic injection of luciferase substrate and a LUMistar 

luminometer (D-luciferin, free acid, Molecular Probes, L2911, Invitrogen; BMG Labtech, 

RAMCON). To correct for differences in cell number/well, cell protein levels were 

measured using fluorometric measures on a WALLAC Victor 2 (Perkin Elmer). Cell 

viability was done visually at the microscope. For cells showing visual toxicity, low 

protein levels were also found. Quality control was performed using a dose-dependent 

17β-estradiol curve at 1.5 pM-300 pM. 

 

4.3.2.3 Androgen receptor (AR) reporter gene assay 

To evaluate the anti-androgenic potential of placental α-fractions, the AR reporter 

gene assay was performed according to Rosenmai et al., (2020). AR-EcoScreen cell line 

(JCRB Cell Bank, cat. No. JCRB1328) was seeded at a density of 0.9 x 104 in 96-well plates 

(Costar, Corning, USA) using culturing medium, composed of DMEM-F12 without phenol 

red (Life Technologies, CA, USA) supplemented with 5% DCCS-FBS (Life Technologies, 

CA, USA), 50 units/mL penicillin, 50 μg/mL streptomycin (Life Technologies, CA, USA), 

200 μg/mL zeocin (Invivogen, CA, USA), and 100 μg/mL hygromycin (Invitrogen, CA, 

USA). Successively, plates were incubated at 37 ⁰C with 5 % CO2. After 24 h, the culture 

medium was replaced by an experimental medium, composed of DMEM-F12 without 

phenol red supplemented with penicillin/streptomycin and 5 % DCCS-FBS (provided by 

Sigma Aldrich, MO, USA). Dried α-fractions were reconstituted with 400 μL hexane, 

reconstituted samples were split into four glass tubes and left to evaporate until dry. Afterward, 

they were reconstituted again with 250 μL of the experimental medium. Then, they were left 

to rest for 30 min, filtered using a 0.22 μm filter, and diluted x60, x180, and x600. 

Successively, cells were exposed to α-fractions by adding 50 μL of diluted fraction and 

experimental medium into wells. Thus, dilutions tested corresponded to 12.5 

mgplacenta/mL, 4.2 mgplacenta/mL and 1.25 mgplacenta/mL, respectively. All treatments (also 

controls) received a 0.1 nM metribolone (R1881) co-treatment (PerkinElmer, MA, USA), 

a known AR inductor. After ~20 h of exposure, AR activity was determined by measuring 

its absorbance. Therefore, 100 μL of Dual-Glo® Firefly Luciferase Reagent, was added 

into wells, according to manufacturer’s instructions (Dual-Glo® Luciferase Assay 

System, Promega, USA). After 10 min on a shaker table, luminescence was measured 

using a BioOrbit, Galaxy luminometer. Immediately after, cell viability was measured by 

quantifying the activity of Renilla luciferase, stably transfected into the used cell line. 

Thus, 50 μL/well of Dual-Glo® Stop & Glo® reagent was added, plates were left on 
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shaking plates for 15 min and the luminescence was measured (BioOrbit, Galaxy). The 

whole assay was performed in three independent experiments, with technical triplicates 

in each experiment. Quality control consisted of dose-dependent hydroxyflutamide 

(OHF) (known AR inhibitor) curve, using concentrations from 1 x 103- 5000 x 103 pM in 

all experiments. 

 

4.3.2.4 Aryl hydrocarbon receptor (AhR) transactivity assay 

To explore whether α-fractions activate AhR, which is known to initiate the 

transcription of metabolizing enzymes (Rosenmai et al., 2020), the procedure of Long et 

al., (2003) was followed. Stably transfected rat hepatoma cell line (H4IIE-CALLUX) was 

seeded at a density of 2.2 x104 in 96 well-plates and incubated at 37 ⁰C with 5% CO2 

during ~22 h. Culturing medium was composed of minimum essential medium α (MEM 

α) supplemented with 5% FBS, 100 units/mL penicillin, 100 μg/mL streptomycin, and 

0.25 μg/mL Gibco Amphotericin B (provided by Life Technologies). FBS concentration 

was reduced to 1% to make the experimental medium. In parallel, dried α-fractions were 

reconstituted with 400 µL hexane, split into four glass vials, and left to evaporate until 

dry. Once evaporated, fractions were reconstituted again with experimental medium, 

vigorously shaken, and left to rest for 30 min. Afterward, they were filtered using 0.22 

µm filters and diluted x100, x300, and x1000 times; 50 µL of diluted α-fraction and 150 

µL of experimental medium were charged into wells. Dilutions x100, x300, and x1000 

corresponded to 7.5 mgplacenta/mL, 2.5 mgplacenta/mL and 0.75 mgplacenta/mL, respectively. 

Samples were tested in two independent experiments. Luminescence was used to 

measure the degree of AhR activation after cells were exposed ~22 h by adding 40 

µL/well luciferin solution, composed of 0.5 mM luciferin with 0.5 mM AMP in lysis buffer. 

In parallel, cell viability was assessed using the same protocol, but cells were seeded at a 

density of 1.1 x 104 cells/well. After the end of the assay, the medium was removed and 

replaced with 50 µL of fresh medium with 3-(4, 5-Dimethyl-2-thiazolyl)-2,5-diphenyl-

2H-tetrazolium bromide (MTT) at a concentration of 0.45 mg/mL, successively, plates 

were incubated for 1.5 h. Then, the medium was removed and 50 µL/well of isopropanol 

was charged into plates. Plates were left on a shaker table for 5 min and afterward, 

absorbance was measured. For quality control, 2,3,7,8-tetrachlorodibenzo-p-dioxin 

(TCDD) was used as positive control, tested at concentrations from 0.5 pM to 3000 pM. 
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4.3.2.5 Xenopus eleutheroembryonic thyroid assay (XETA) 

The in vivo assay, XETA, is a short-term, relatively high-performance assay to 

assess thyroid hormone (TH) disruption by quantifying the fluorescence variations 

emitted by transgenic tadpoles (OECD, 2019). Thus, to assess the TH disruptive effect of 

placental α-fractions during embryonic stages, Nieuwkood and Faber (NF) stage 45 

Xenopus laevis tadpoles of 1 week old from the Tg(thibz:eGFP) line were used, according 

to Fini et al., (2007). To capture the disruption of the TH, the construct contains a 

promoter of the TH-sensitive TH/bZIP coupled to a Green Fluorescence Protein (GFP) 

reporter gene, which may be involved in multiple thyroid axis regulatory stages. Dried 

α-fractions were reconstituted in 16 µL and 400 µL of DMSO and Devian Water, 

respectively, split into two parts of 208 µL each and added to wells with the experimental 

medium until the final volume reached 8 mL. Thus, the final tested concentration corresponded 

to 187.5 mgplacenta/well. Four independent experiments were performed. Briefly, fifteen 

tadpoles/well were placed in 6-well plates (TPP Switzerland) with 8 mL of solvent 

control (DMSO at 0.01 %) in Evian water, thyroid hormone triiodothyronine T3 (5 nM), 

or α-fraction spiked with T3 (5 nM). Plates were left at 23 ⁰C and after 72 h of exposure, 

tadpoles were anesthetized to proceed with fluorescence measurements. Each tadpole 

was manually positioned into 96-well plates to obtain individual color images using an 

Olympus AX-70 binocular equipped with long pass GFP filters and a Q-Imaging Exi Aqa 

camera (25x objective, and 3 s exposure). The software QC Capture pro (QImaging) was 

used for images acquisition and quantification using ImageJ. Quantifications were 

targeted in the region of interest (ROI), which included the whole head area, thus 

excluding non-specific autofluorescence emitted from the gut area.  

 

4.4 Neuropsychological assessment 

4.4.1 Cognitive Function 

Cognitive function was assessed in boys aged 9-11 years from the INMA-Granada 

cohort by a trained psychologist blinded to their exposure levels, at the facilities of San 

Cecilio University Hospital (HUSC), Granada (Spain). A battery of eleven tests was 

selected, summarized as follows:  

1. General cognitive intelligence: The Kaufman Brief Intelligence Test (K-BIT) was 

applied, which is calculated based on verbal and non-verbal scales scoring (Kaufman 

and Kaufman, 1997). 
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2. Language: the verbal scale of the K-BIT (Kaufman and Kaufman, 1997), was used, 

which contains two subtests: verbal knowledge (child must name a series of 

graphical displayed objects) and general knowledge and riddles (child must name 

words from their definitions and their visualization with missing letters). 

3. Attention: Continuous performance test (CPT) was applied, which assessed 

selective attention and impulsitivity (Conners, 1995). From this task, three 

dependent variables are obtained: hits, commission errors, and attention index. 

4. Verbal memory: Complutense-Spain verbal learning test (TAVECI) was used to 

assess memory and learning processes, including immediate recall, short-term and 

long-term recall, and recognition (Benedet, 2001).  

5. Visual-motor function: Trail Making Tests part A (TMTA) was used (Reitan, 1958). 

Time in seconds (s) is expressed as the dependent variable.  

6. Processing speed: Weschler Intelligence Scales for Children IV edition (WISC-IV) 

(Wechsler, 2007) was used and calculated based on two tasks. The first task involves 

the selection of certain figures. The second involves filling spaces under numbers 

with their corresponding symbols based on an established model.   

7. Executive function: Assessed by four components; updating, inhibition, shifting, 

and abstract reasoning (Diamond, 2013). 

8. Updating measurements: Two components were measured. First, working 

memory, in which the child listens to a letter-number sequence and repeats it 

(Wechsler, 2007). Second, verbal fluency, using the verbal fluency test (FAS). The 

number of animals pronounced is the dependent value (Benton and Hamsher, 1989). 

9. Inhibition: Two subtests were performed, the Stroop Color and Word Test (Spanish 

version) which evaluates cognition and inhibition based on the total score of three 

conditions; and the Go/No-Go task, which evaluates motor inhibition. Dependent 

values are the hit and false alarms rates (Donders, 1969).  

10. Shifting: Part B of the Trail Making Test was used (Reitan, 1958). Time is measured 

in seconds. 

11. Abstract reasoning: the non-verbal scale of K-BIT was used (Kaufman and Kaufman, 

1997). The number of correct responses is considered as the dependent variable. 

 

4.4.2 Behavioral Function 

The behavioral function was evaluated using the Spanish version of the Child 

Behavior Checklist 6/18 (CBCL 6/18), which was administered by a trained psychologist 
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at the facilities of the HUSC. This test parental perception of their son's behavior, in this 

case, adolescents, during the last six months.  

The CBCL contains 118 items rated on a three-point scale (0= ‘‘not true’’, 1= 

‘‘somewhat true’’, 2= ‘‘very/often true’’) and grouped in eight syndrome scales: 

anxious/depressed, withdrawn/depressed, somatic complaints, social problems, 

thought problems, attention problems, rule-breaking behavior, and aggressive behavior; 

empirically separated into internal domains (addressing emotional problems) and 

external domains (addressing behavioral problems). These scales are summarized in 

three composite scales: internalizing problems (sum of anxious/depressed, 

withdrawn/depressed, and somatic complaints scale scores); externalizing problems 

(sum of rule-breaking behavior and aggressive behavior scale scores); and total 

problems, reported as sex and age-normalized T-scores. A higher scale score always 

indicates more behavioral problems (Achenbach and Rescorla, 2013). 

 

4.5 Statistical Analyses 

Statistical analyses and main models are extensively described in each of the articles 

included in the results section. A summary of the most important details of the statistical 

analysis of each of the published articles is provided in Table 1. For each article, the 

statistical method was selected based on (i) the objective of the study, (ii) the main 

variable and the availability of covariates; (iii) the exposure variable; (iv) the biomarker 

of effect measured; and (v) the health outcome explored.  

To briefly show the statistical characteristics of each study, the following information 

was reported: study type, independent variable, dependent variable, the window of 

susceptibility, sample size, statistical method, normalization of the exposure, and the 

adjustment model. 

 

Table 1. Statistical Analyses were performed to address the main objectives enclosed 
in the present doctoral thesis. 

Article  Studies characteristics and statistical methodologies performed Page  

Article 1 Study type 
Comprehensive review and AOP identification. No 
statistical analyses were performed. 

73 

Article 2 

Study type Cross-sectional study 

98 Independent 
variable 

Urinary BPA levels 
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Dependent 
variable 

Cognitive function 

Window of 
susceptibility 

Childhood  

Sample size 269 boys aged 9-11 years 

Statistical 
methods 

Mann-Whitney and Kruskal Wallis 

Spearman’s correlation test 

Multivariate linear regression (ANOVA) 

Normalization of 
exposure 

Urine BPA concentrations (μg/L) were loge-
transformed, normalized by urinary creatinine 
levels, and expressed as microgram of BPA per 
gram of creatinine (μg/g). 

Adjustment 
model 

Child's age (years), BMI (kg/m2), smoking 
exposure at home (yes/no), mother's age at the 
time of assessment (years), mother's intelligence 
score, maternal marital status 
(married/unmarried), maternal education 
(university/secondary school/up to primary), 
smoking exposure during pregnancy (yes/no) and 
breastfeeding (yes/no). 

Article 3 

Study type Longitudinal study 

112 

Independent 
variable 

Urinary BPA levels 

Dependent/s 
variable/s 

Behavioral function (CBCL) 

Serum and urine BDNF protein levels 

DNA methylation of the BDNF gene 

Window of 
susceptibility 

Childhood (9-11 years)  

Sample size 103 adolescents aged 15-17 years 

Statistical 
methods 

Multiple imputations by regression method 

Multivariate lineal regression (ANOVA) 

Mediation 

Normalization of 
exposure 

Urine BPA concentrations (µg/L) were 
normalized by urinary creatinine levels and 
expressed as microgram of BPA per gram of 
creatinine (µg/g). Afterward, it was log2-
transformed 

Adjustment 
model 

Adolescent’s age and BMI z-scores (continuous) at 
behavioral assessment (15–17 years), maternal 
education (primary, secondary, or university), 
urinary cotinine at 9–11 years (continuous), and 
alcohol consumption at adolescence (yes/no). 

Article 4 Study type Cross-sectional study 125 
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Independent 
variable 

Urinary metal and metalloid elements levels: total 
As, Cd, Hg, and Pb concentrations 

Dependent 
variable 

Behavioral function (CBCL) 

Serum and urine BDNF protein levels 

DNA methylation of the BDNF gene 

Window of 
susceptibility 

Adolescence (15-17 years) 

Sample size 

125 adolescents with available data on exposure, 
serum BDNF protein levels, and covariates 

113 adolescents with available data on exposure, 
DNA methylation, and covariates 

Statistical 
methods 

Multivariate linear regression (ANOVA) 

Generalized additive model (GAM) 

Normalization of 
exposure 

Urinary As, Cd, Hg, and Pb concentrations were 
natural log-transformed  

Adjustment 
model 

Model 1: Adolescent’s age at behavioral 
assessment, BMI (kg/m2), and creatinine (mg/dL), 
maternal schooling (primary, secondary, or 
university), and intelligence, and for all metals 
simultaneously. 

Model 2: additionally adjusted for passive 
tobacco smoking and total fish intake of 
adolescents. 

Article 5 

 

Study type Cross-sectional study 

140 

Independent 
variables 

Urinary level of several non-persistent pesticide 
metabolites: TCPy, IMPy, MDA, DETP, DCCA, 3-
PBA, 1-N, and ETU 

Dependent 
variable 

Behavioral function (CBCL) 

Serum and urine BDNF protein levels 

DNA methylation of the BDNF gene 

Window of 
susceptibility 

Adolescence (15-17 years) 

Sample size 

130 adolescents with available data on exposure, 
serum BDNF protein, and covariates 

118 adolescents with available data on exposure, 
BDNF gene DNA methylation, and covariates 

Statistical 
methods 

Multiple imputations using the regression method 

Multivariate linear regression (ANOVA) 

Weighted quintile sum (WQS) 

Mediation 

Normalization of 
exposure 

Pesticide metabolites were naturally log-
transformed to reduce skewness. 
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Adjustment 
model 

Adolescent's age at the time of assessment (15-17 
years), BMI (kg/m2), the season of urine collection 
(autumn, winter, spring, or summer), creatinine 
levels (mg/dL), alcohol consumption (yes/no), 
and maternal schooling 
(primary/secondary/university) 

Article 6 

Study type Experimental study 

157 

Main variable 

Biological activity of each biomarker of combined 
effect: E-Screen, ER transactivity assay, AR 
transactivity assay, AhR transactivity assay, and 
XETA 

Window of 
susceptibility 

 Prenatal exposure 

Sample size 24 placental α-fractions 

Statistical 
methods 

D’Agostino & Pearsons omnibus test 

Kruskal- Wallis test (Dunn’s post hoc test) for 
XETA analyses 

Classification of samples as positive in the bio-
assays was based on cut-off values calculated from 
the limit of detection (LOD) for remaining 
biomarkers of the combined effect. 

Pearson’s correlation test 

Linear regression analyses (ANOVA) 

Normalization of 
tested variables 

Biomarkers of combined activity were normalized 
to the mean on negative control to express data in 
fold-change. 
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A  B  S  T  R  A  C  T   
 

Human biomonitoring (HBM) studies have demonstrated widespread and daily exposure to bisphenol A (BPA). Moreover, BPA structural 

analogues (e.g. BPS, BPF, BPAF), used as BPA replacements, are being increasingly detected in human biological matrices. BPA and 

some of its analogues are classified as endocrine disruptors suspected of contributing to adverse health outcomes such as altered 

reproduction and neurodevelopment, obesity, and metabolic disorders among other developmental and chronic impairments. One of 

the aims of the H2020 European Human Biomonitoring Initiative (HBM4EU) is the implementation of effect biomarkers at large scales 

in future HBM studies in a systematic and standardized way, in order to complement exposure data with mechanistically-based 

biomarkers of early adverse effects. This review aimed to identify and prioritize existing biomarkers of effect for BPA, as well as to provide 

relevant mechanistic and adverse outcome pathway (AOP) information in order to cover knowledge gaps and better interpret effect 

biomarker data. A comprehensive literature search was performed in PubMed to identify all the epidemiologic studies published in the 

last 10 years addressing the potential relationship between bisphenols exposure and alterations in biological parameters. A total of 

5716 references were screened, out of which, 119 full-text articles were analyzed and tabulated in detail. This work provides first an 

overview of all epigenetics, gene transcription, oXidative stress, reproductive, glucocorticoid and thyroid hormones, metabolic and 

allergy/immune biomarkers previously studied. Then, promising effect biomarkers related to altered neurodevelopmental and 

reproductive outcomes including brain- derived neurotrophic factor (BDNF), kisspeptin (KiSS), and gene expression of nuclear receptors 

are prioritized, providing mechanistic insights based on in vitro, animal studies and AOP information. Finally, the potential of omics 

technologies for biomarker discovery and its implications for risk assessment are discussed. To the best of our knowledge, this is the first 

effort to comprehensively identify bisphenol-related biomarkers of effect for HBM purposes. 

 

 

 

 

  

1. Introduction 

Bisphenol A (BPA) is a synthetic high production monomer 

used in polycarbonate plastics and epoXy resins in a wide 

range of consumer products. These include for instance canned 

food and beverages, plastic bottles, food containers, toys, 

thermal receipts, and medical equipment among many other 

applications (Calafat et al., 2009; Cao et al., 2009; Carwile et 

al., 2009; Ehrlich et al., 2014; Fleisch et al., 2010; Iribarne- 

Durán et al., 2019; Molina-Molina et al., 2019; Vandenberg et 

al., 2007). More recently, BPA has even been detected in 

infants’ socks, highlighting the novel role of textiles as 

potential source of bisphenol exposure (Freire et al., 2019). 

Although diet is one of the predominant sources of BPA 

exposure in the general population due to the leaching of BPA 

from packaging materials and can liners into food and beverages 

(Buckley et al., 2019; Vandenberg et al., 2010), other sources 

and routes also contribute to human exposure (Freire et al., 

2019; Molina- Molina et al., 2019; Morgan et al., 2018). 

Indeed, non-dietary sources (e.g. dermal and inhalation) have 

been proposed to be of equal or even higher toXicological 

relevance than dietary sources based on markedly different 

toxicokinetics (Liu and Martin, 2017; von Goetz et al., 2017). 

Assessing human exposure to BPA is challenging, mainly due 

to its short biological half-life and rapid excretion. 

Furthermore, problems related to external contamination 

during sampling and/or analytical processes have been 

reported in some studies (Teeguarden et al., 2016; Ye et al., 

2013). Biomonitoring studies have assessed BPA in blood 

plasma, serum and tissues; however, the analysis of total 

urinary BPA (i.e. free BPA and phase II conjugates) after 

enzymatic deconjugation is widely recognized as the standard 

approach (Calafat et al., 2015). Thus, HBM studies have 

demonstrated widespread and daily exposure to BPA, detecting 

urinary BPA in more than 90% of the general European and 

US populations at low concentrations (Becker et al., 2009; 

Calafat et al., 2008). The advantages of urine as exposure 

matriX include its non-invasiveness and the possibility to 

collect repeated samples over time, which is important for a 

reliable assessment of non-persistent chemicals with short 

biological half-lives and episodic exposure patterns (Vernet et 

al., 2019). However, urinary BPA concentrations do not directly 

inform about bioactive concentrations in specific tissues or 

internal levels, nor differentiate among exposure routes. Hence, 

some studies have suggested that measurements in other 

biological matrices would also be convenient under specific 

circumstances (Stahlhut et al., 2016). Additionally, recent 

data requiring further confirmation suggests that BPA exposure 

assessment using indirect analytical techniques involving 

enzymatic deconjugation could underestimate human 

urinary BPA concentrations depending on the protocol used 

(Gerona et al., 2019). These inherent limitations related to 

BPA exposure assessment in HBM studies must be 

considered when interpreting exposure-health associations. 

BPA is a known endocrine disrupting chemical (EDC) 

that can interfere with hormonal balance even at low doses 

(Rubin, 2011). Its mechanisms of action are particularly 

complex since BPA can bind not only to nuclear and 

membrane estrogen receptors but also to thyroid, 

glucocorticoid, and peroXisome proliferator-activated 

receptors. It can also interact with steroidogenic enzymes, 

among other molecular targets (Acconcia et al., 2015; 

Mustieles et al., 2018a; Rubin, 2011; Wetherill et al., 2007). 

Additionally, BPA has been shown to exert epigenetic 

modifications (e.g. altered DNA methylation) that could 

partially explain BPA effects on various health endpoints 

(Ferreira et al., 2015; Kundakovic and Champagne, 2011). 

Taken together, this biological promiscuity might explain 

the pleiotropic effects exerted by BPA on behavior, 

reproduction, and metabolism in both experimental animals 

(Nesan et al., 2018; Peretz et al., 2014; Wassenaar et al., 

2017) and human populations (Chevalier and Fénichel, 

2015; Mustieles et al., 2015; Peretz et al., 2014). Other health 

outcomes suspected of being affected by BPA exposure 

include hormone-dependent cancers, the immune system 

and developmental diseases (Bansal et al., 2018; Murata and 

Kang, 2018; Rochester, 2013). Although associations found 

in human populations cannot demonstrate causality, BPA 

effects on different systems and organs are supported by an 

extensive body of experimental evidence. For some 

endpoints such as reproduction and behavior, the 

epidemiological findings are also increasingly consistent 

(Mustieles et al., 2018a, 2015; Peretz et al., 2014). 

BPA has recently been classified as a reproductive 

toXicant and a substance of very high concern by the 

European Chemicals Agency (ECHA, 2016, 2017). However, 

most BPA replacements are structural analogs such as 

bisphenol S (BPS) and bisphenol F (BPF), which also show 

hormonal activity (Molina-Molina et al., 2013; Rochester 

and Bolden, 2015) and are increasingly detected in human 

urine (Yang et al., 2014b; Ye et al., 2015). Many other 

bisphenol analogues, including bisphenol AF (BPAF), 

bisphenol AP (BPAP), bisphenol Z (BPZ), and bisphenol B 

(BPB) have also been shown to exert estrogenic activities 

(Chen et al., 2016; Mesnage et al., 2017; Moreman et al., 

2017), with the exception of tetramethyl bisphenol F (Soto 

et al., 2017). Since recent animal studies have shown that 
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exposure to bisphenol analogues such as BPS, BPF and BPAF 

induce a similar pattern of neurobehavioral disruption as BPA 

(Rosenfeld, 2017), there is an urgent need for new monitoring 

approaches that can timely address the potential risks posed by 

bisphenol analogues in order to avoid regrettable substitutions 

of BPA and other environmental chemicals. 

The European Human Biomonitoring Initiative (HBM4EU) re- 

presents a joint effort of 28 countries and the European 

Commission, co-funded by Horizon 2020. Its main aim is to 

coordinate and advance HBM in Europe in a standardized way 

to provide evidence for policy-making. The HBM4EU 

consortium identified several critical questions concerning 

bisphenols, which include the identification of bisphenol- 

related effect biomarkers and their mechanistic pathways 

following the adverse outcome pathway (AOP) framework. 

Effect biomarkers are measurable biological changes helpful for 

establishing dose–response and mechanistic relationships. By 

providing a link between exposure, internal dose and early 

health impairment, they could be extremely useful in order to 

improve HBM and risk assessment of chemicals with a very short 

half-life (Decaprio, 1997) (Fig. 1). Based on the WHO and the 

Committee on Human Biomonitoring for Environmental 

Toxicants(IPCS-WHO, 1993; NRC, 2006), effect biomarkers 

are defined as “a measurable biochemical, physiologic, 

behavioral, or other alteration in an organism that, depending 

on the magnitude, can be recognized as associated with an 

established or possible health impairment.” 

Fig. 1 presents a simplified unidirectional conceptualization 

of the exposure-disease continuum for practical purposes. 

However, it is worth noting that real-life scenarios are much 

more complex and dynamic. The development of an adverse 

effect in humans will depend on the route of exposure to BPA 

and the internal dose at the target organ, the critical window of 

exposure, individual susceptibility, as well as potential non-

monotonic dose-responses together with adaptive me- 

chanisms and feedback regulations (Mustieles and Arrebola, 

2020). An important characteristic that complicates the 

evaluation of BPA effects in both experimental toXicology and 

human settings is the probable existence of non-monotonic 

dose–response relationships, also typical of endogenous 

hormones (Hill et al., 2018; Vandenberg et al., 2019, 2012). In 

relation to biomarkers of effect, different biomarker profiles 

could be expected for those exposed to the highest levels 

compared to other exposure ranges, as well as for 

occupationally-exposed subjects compared to the general 

population. Thus, the shape of exposure-health associations 

should be evaluated a priori, without assuming the existence 

of linearity across all exposure ranges. 

Based on the needs identified, this work aimed to: i) 

conduct a comprehensive review of the literature to create 

an inventory of existing effect biomarkers used in 

epidemiologic studies related to bisphenols exposure and 

specific health endpoints of concern; ii) prioritize the most 

relevant biomarkers of effect for HBM purposes; iii) provide 

relevant mechanistic and/or AOP information to improve 

the interpretation of biomarker data; and iv) identify gaps in 

knowledge and potential novel effect biomarkers to be 

investigated in future bio- monitoring programs. To the best 

of our knowledge, this is the first effort to identify the best 

epidemiological effect biomarkers for BPA and its analogues 

for HBM purposes. 

 

2. Methods 

2.1. Literature search methodology 
This comprehensive review covered all scientific publications 

available in the PubMed/MEDLINE database from January 

2008 up to January 2018 with the aim of identifying effect 

biomarkers linked to bisphenol exposure and human adverse 

health effects. To decomplexify the very large amount of 

references found and prioritize the most relevant effect 

biomarkers, three general steps were followed: 

First, relevant search terms including both MeSH and non-

MeSH terms (Suppl. Table 1) for both the exposure (bisphenols) 

and selected health endpoints were selected. To cover as much 

information as possible, the term “bisphenol’’ was chosen as the 

key search term for exposure. Six health endpoints were a priori 

chosen according to their relevance for BPA-related human 

health and HBM4EU objectives: i) neurodevelopment, ii) 

reproductive diseases, iii) endocrine diseases, iv) obesity, 

cardiovascular and metabolic disorders, v) allergies and 

immunological diseases and vi) cancer. Afterwards, boolean 

operators ‘AND’ and ‘OR’ were used to combine search terms 

(Suppl. Table 1). Several PubMed filters were employed to gain 

precision: a) “Full-text” articles and b) published in the last “10 

years”. As a result of this exploratory search, 5716 potential 

references were found (Suppl. Fig. 1). A screening procedure of 

the abovementioned 5716 abstracts was performed to identify 

relevant articles reporting effect biomarker information for each 

outcome of interest. At least two researchers participated in the 

selection of abstracts for each health endpoint. The following 

exclusion criteria were applied: a) articles with only exposure 

data, b) non-original research articles, and c) articles with only 
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experimental or in vivo studies. Then, duplicate references were 

removed. Suppl. Fig. 2 shows the flow-chart of the selection 

process. 

Finally, all the information provided by each of the 119 

selected studies was collected, analyzed, synthetized and 

tabulated (Suppl. Tables 2-9). We reported study quality 

parameters such as study design; characteristics of the 

population including sample size; exposure assessment 

(biological matriX, number of samples analyzed, methods 

followed and quality measures); the effect biomarkers measured 

in each biological matriX, and the analytical method used; as 

well as the main results and conclusions. Throughout this in-

depth screening, we additionally considered criteria such as the 

feasibility of the biomarker together with its specificity, 

sensitivity, and reliability, and if a potential mode of action 

(MoA) and/or adverse outcome pathway (AOP) were previously 

described. 

After conducting the review and analyzing its results, some 

gaps in knowledge were identified. Therefore, a fourth post-hoc 

step was performed by hand-search to gather AOP information 

(https://aopwiki. org/) and specific BPA mechanistic studies 

(PubMed database) that may experimentally support the 

implementation of selected promising novel effect biomarkers 

found in this work [brain-derived neurotrophic factor (BDNF), 

kisspeptin (KiSS) and gene expression of nuclear receptors]. 

 

2.2. Classification of effect biomarkers in the AOP context 

After analyzing all references, effect biomarkers were 

classified into two main categories based on their level of 

biological organization: molecular effect biomarkers and 

cellular/biochemical effect biomarkers. This classification was 

based mainly on the AOP framework. 

AOPs have been developed recently and are conceptual 

constructs that integrate existing knowledge on the linkage 

between a direct molecular initiating event (MIE), through its 

associated key events (KEs) until the development of an adverse 

outcome (AO) at a biological level of organization relevant to 

risk assessment (Ankley et al., 2010) (see Fig. 2). Within this 

classification, molecular effect biomarkers include biological 

markers such as epigenetic modifications (e.g., DNA 

methylation) and changes in gene expression. These molecular 

effect biomarkers are more likely to coincide with early KEs or 

even molecular initiating events (MIEs) in the AOP framework, 

meaning that these biomarkers are potentially closer to the 

exposure. The main limitation is that their predictive potential 

for adverse effects is most of the time unknown, in particular 

for epigenetic biomarkers. In contrast, biochemical or cellular 

biomarkers (e.g., hormones, insulin and glucose levels, etc.)  

are generally closer to the phenotype and are therefore more 

 

likely to be representative of late KEs in the AOP 

framework. The main strength of biochemical/cellular 

biomarkers is their predictive potential for disease; 

however, they may be less specific. Overall, the 

combination of both molecular and biochemical effect 

biomarkers, when substantiated by an AOP-like 

conceptualization of the in vitro and in vivo evidence, 

appears as an optimal approach for improving the causal 

understanding of exposure-disease relationships in HBM 

studies. 

 

3. Results and discussion 

3.1. Inventory and description of existing effect 

biomarkers identified in human studies 

3.1.1. Molecular effect biomarkers 

Molecular effect biomarkers identified in this 

literature search include epigenetic and gene expression 

biomarkers (Suppl. Table 2) as well as oXidative stress 

markers (Suppl. Table 3), which are summarized in Table 

1. 

3.1.2. Epigenetic biomarkers.  

Epigenetics refers to heritable alterations in gene 

expression that do not involve alterations in the DNA 

sequence. The main epigenetic regulators include DNA 

methylation, histone modifications, and microRNAs. 

Overall, epigenetic markers are stable biomarkers that can 

be transmitted to subsequent generations and studies have 

already shown that modifications of DNA methylation 

patterns can potentially serve as relevant effect biomarkers 

for a wide range of environmental contaminants such as 

dioXins, plasticizers, pesticides, and hydrocarbons 

(Manikkam et al., 2012).  

A variety of epigenetic markers associated with exposure to 

bi sphenols have been inventoried through this literature 

search. These epigenetic markers were related to different 

health outcomes such as reproduction, neurodevelopment, 

obesity and metabolic disorders. Among the retrieved 

papers, eight studies analyzed hypo- or hyper- methylation 

of specific candidate genes, one study focused on DNA 

hydroxymethylation, and two studies investigated 

microRNA alterations (Suppl. Table 2). 

Regarding hypo- or hyper DNA methylation markers, 

associations between urinary BPA concentrations and 

alterations in the methylation patterns of DNA isolated from 

saliva of genes involved in immune function, transport 

activity, metabolism, and caspase activity were observed in 

pre-pubescent girls from Egyptian rural (n = 30) and  
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urban areas (n = 30) using untargeted genome-wide profiling 

(Kim et al., 2013). More specifically, homeoboX A10 (HOXA10) 

involved in embryo morphogenesis; breast cancer 1 (BRCA1), 

involved in DNA transcription and repair; and brain expressed  

X-linked 2 (BEX2) associated with estrogens and cell cycle, 

were found to be hypo-methylated. Another study reported 

alterations in DNA methylation in relation to BPA exposure 

assessed in fetal liver tissue and signal transducer and activator 

of transcription 3 (STAT3) also evaluated in fetal liver samples 

(n = 50) (Weinhouse et al., 2015). STAT3 signaling is 

associated with inflammatory liver cancer (Svinka et al., 2014) 

and STAT3 methylation has been proposed as a possible 

biomarker for liver tumor risk (Weinhouse et al., 2015). 

Increased site-specific methylation of COMT, a gene that 

encodes for catechol-O-methyltransferase involved in the 

metabolism of catecholamines and SULT2A1, a phase II 

metabolism enzyme, was also observed in human fetal liver in 

response to higher BPA concentrations (Nahar et al., 2014). 

Hanna et al. (2012) reported an inverse correlation between 

serum BPA concentrations and altered testis-specific protein 

50 (TSP50) gene methylation levels in the blood of women (n 

= 35) who were undergoing in vitro fertilization. Although the 

exact function of TSP50 is not fully elucidated, an increased ex- 

pression of TSP50 due to loss of its normal methylation was 

observed in breast cancer epithelial cells, but not in normal 

breast tissues (Shan et al., 2002).  

A recent study using data from the Columbia Center for 

Children’s Environmental Health (CCCEH) cohort showed that 

higher prenatal urinary BPA concentrations during the third 

trimester of gestation were prospectively associated with 

altered cord blood DNA methylation of BDNF Exon IV at two 

CpG sites in a sex-specific manner (n = 41 females, n = 40 

males), and these effects were more pronounced in boys 

compared to girls (Kundakovic et al., 2015). Importantly, 

prenatal BPA was previously associated with behavior 

problems in 198 children from this same cohort (Perera et al., 

2012). This study was considered of high quality based on its 

prospective design, robust exposure and effect measurements, 

and the validation of its results using a rodent model 

investigating BDNF DNA methylation in both brain tissue and 

whole blood in response to BPA dosing (Kundakovic et al., 

2015). BDNF is a member of the neurotrophin family and is a 

key regulator of neuronal synaptic plasticity. BDNF is 

considered a biomarker specific for neurobehavioral disorders 

as it is involved in the pathogenesis of various psychiatric 

ailments such as depression, anxiety, schizophrenia and 

bipolar disorder (Autry and Monteggia, 2012). For instance, 

altered BDNF levels have been associated with attention 

deficit, cognitive skill decline and behavioural defects in 

children (Cubero-Millán et al., 2017; Yeom et al., 2016). From 

a neurodevelopmental point of view, DNA methylation of 

BDNF Exon IV constitutes one of the most promising 

biomarkers identified for BPA.  

In another study following a targeted analysis, long interspersed 

nuclear elements (LINE) were reported to be hypo-methylated 

in the spermatozoa of Chinese factory workers exposed to BPA 

(n = 77) compared to non-exposed workers (n = 72) (Miao et al., 

2014). LINEs are a group of non-long terminal repeat 

retrotransposons that comprises approximately 17% of the 

human genome and are normally heavily methylated in order to 

prevent genome instability. It is also considered to be a 

surrogate marker of global DNA methylation. Experimental 

studies conducted on human fetal liver samples (n = 18) found 

an association between BPA concentrations in liver and 

hypomethylation of LINEs, long terminal repeat (LTRs), 

satellite repeats and DNA elements (Faulk et al., 2016). 

Moreover, an association between BPA concentrations and 

global DNA methylation was observed in placenta samples by 

using targeted LINE-1 assay (Nahar et al., 2015). 

DNA hydroxylmethylation is another epigenetic biomarker 

related to high BPA exposure. In this epigenetic modification, 

the C5 cytosine of the DNA is replaced with a hydroxymethyl 

group to form 5-hydroxymethylcytosine (5-hmc), which is 

considered an intermediate step in the DNA demethylation 

process (Richa and Sinha, 2014). Zheng et al. (2017) performed  
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a genome-wide DNA hydroxymethylation study using sperm 

samples of men who were occupationally exposed to BPA. 

Compared to controls without occupational BPA exposure, 

the total levels of 5hmc increased significantly (19.37%) in 

BPA occupationally-exposed men (Zheng et al., 2017). A 

global increase in DNA hydroxymethylation profile (72.6% of 

the genome) in LINE-1 repeats, imprinted genes and other 

important genes involved in DNA damage response was 

observed in BPA-exposed workers compared to non-exposed 

workers (60% of the genome). However, it is worth noting 

that this study included a relatively small sample size (30 

BPA-exposed men and 

26 controls) with very high urinary BPA concentrations in 

exposed workers (Zheng et al., 2017). 

MicroRNAs (miRNAs) constitute another important 

epigenetic biomarker associated with BPA exposure. miRNAs 

are approXimately 22 nucleotide long non-coding RNAs 

capable of regulating gene expression. Changes in the miRNA 

expression patterns have been observed under several 

disease conditions (Tüfekci et al., 2014), and also following 

exposure to environmental contaminants (Sollome et al., 

2016). An epidemiological study performed in Italy (n = 40) 

observed associations between BPA concentrations in the 

placentas of patients undergoing therapeutic abortion and 

upregulation of 34 miRNAs and their target genes (De Felice 

et al., 2015). More specifically, a strong correlation was found 

between mir-146a upregulation and BPA concentrations both 

measured in placental tissue. In contrast, the National Chil- 

dren’s Study (NCS) Vanguard Cohort, which involved a larger 

sample size (n = 110), found no association between altered 

miRNA levels and BPA concentrations in the placentas (Li et 

al., 2015). These conflicting results highlight the difficulty to 

interpret and identify relevant effect biomarkers specific to 

bisphenols exposure in human populations where exposure 

is complex (i.e., multiplicity of exposures, exposure 

misclassification issues) and biological markers not totally 

specific to chemical families. 

The literature search has identified a wide range of 

epigenetic biomarkers associated with BPA exposure for 

different health outcomes and different biological matrices 

(including invasive ones such as liver samples from aborted 

fetuses). Notwithstanding, a prioritization is needed to 

ensure that some of these biomarkers can be progressively 

implemented in HBM studies. 

3.1.2.1. Gene expression biomarkers.  

Gene expression profiling of mRNA transcripts in any cell 

type at a given time is a relevant approach to study cellular 

function at a global level, as well as genotype-phenotype 

interactions. Thus, variations in gene expression could 

potentially be used as relevant biomarkers of what is 

occurring in a given tissue, with implications for the 

prediction of health outcomes and elucidation of potential 

mechanisms (Suppl. Table 2). As a limitation, it is often 

unclear to which extent the assessment of gene expression in 

non-invasive matrices such as blood represents gene 

expression in a given target tissue. 

Nuclear hormone receptors (NRs) constitute 

transcription factors that are critical for sensing the 

hormonal signals that regulate a wide range of physiological 

processes from metabolism to development (Sever and Glass, 

2013). A study from Italy involving 100 male subjects reported 

a positive association between urinary BPA concentrations 

and increased expression of two estrogen-responsive genes in 

peripheral blood leukocytes, i.e., the estrogen receptor beta 

(ERβ) and the estrogen-related receptor alpha (ERRα) 

(Melzer et al., 2011). This study did not involve women 

subjects in order to avoid the bias that could possibly occur 

due to cyclic hormonal variations in premenopausal women. 

Another Italian study analyzed changes in the expression of 

hormone receptors in peripheral blood mononuclear cells of 

both fertile and infertile men from three different areas 

(metropolitan, urban and rural areas) (La Rocca et al., 2015). 

Higher concentrations of serum total BPA concentrations in 

infertile men were positively correlated with increased 

expression of nuclear receptors: ERα, ERβ, AR, AhR and PXR. 

Another candidate gene associated with BPA exposure is  

kisspeptin (KiSS). Kisspeptins are neuroactive (hypothalamic) 

peptides, encoded by the KISS1 gene, that stimulate 

gonadotropin releasing hormone (GnRH) and play an essential 

role in the onset of puberty and maintenance of normal 

reproductive functions (Clarke et al., 2015). A study conducted 

on 262 mother–child pairs from China (192 pairs from an e- 

waste recycling town and 70 from a control area) showed that 

KISS1 and leptin mRNA expression levels in placental tissue 

were higher in the e-waste than in the control group (Xu et al., 

2015). Moreover, cord blood free (unconjugated) BPA 

concentrations were positively associated with an increased 

expression of both markers (Xu et al., 2015). Due to the 

important role of kisspeptins in regulating puberty, they could 

be important effect biomarkers for assessing BPA-associated 

in- duction of precocious puberty in adolescents. 

3.1.2.2. Oxidative stress and inflammatory biomarkers. 

Damage from endogenously produced oXygen radicals occurs 

to lipids in cellular membranes, proteins and nucleic acids 

(Halliwell and Gutteridge, 2015). Several oXidative stress 

biomarkers, e.g. 8-oXo-7,8-dihydro-2′- deoXyguanosine (8-

OHdG or 8-oXodGuo), malondialdehyde (MDA) and 8-iso-

prostaglandin F2α (8-isoprostane), have been studied for 

decades and are included in several AOPs (e.g. 8-OHdG in 

AOP 17 and MDA in AOP 260) (Hofer, 2001). However, their 

use in environmental epidemiological studies investigating 

health effects related to non- persistent chemical’s exposure is 

recent. 

Several oxidative stress biomarkers were identified in 14 

epidemiological studies assessing bisphenols (Suppl. Table 3). 

Overall, the studies indicated that exposure to BPA mainly 

assessed in urine was positively associated with increased 

urinary levels of 8-OHdG, MDA and/or 8-isoprostane to some 

extent (Asimakopoulos et al., 2016; Kim and Hong, 2017; Lv et 

al., 2016; Watkins et al., 2015; Yang et al., 2014a; Yang et al., 

2009; Yi et al., 2011; Zhang et al., 2016). On the contrary, a few 

studies found no associations (Erden et al., 2014b; Hong et al., 

2009), while results were inconsistent in others (for instance, 

Huang et al. (2017) found a positive association with 8-

isoprostane, but not with 8-OHdG). No studies reported 

negative associations for any of the oXidative stress biomarkers 

evaluated and BPA exposure. Two studies reported positive 

associations between exposure to the structural analogue BPS 

and higher urinary 8-OHdG levels (Asimakopoulos et al., 2016; 

Zhang et al., 2016). There are methodological issues of concern 

related to artefactual MDA formation and lack of HPLC 

separation in some studies (Grotto et al., 2009), and therefore 

8-OHdG and 8-isoprostane excreted and measured in urine 

appear as the most suitable markers of oXidative stress related 

to bisphenols exposure. 

The mechanisms by which BPA induces oxidative stress 

are not completely elucidated (Gassman, 2017). The main 

metabolic pathway for bisphenols is by conjugation leading to 

glucuronide or sulfate conjugates that are mainly excreted in 

urine. A minor metabolic pathway described is cytochrome P-

450-mediated hydroXylation to a catechol, followed by further 

transformation to an o-quinone (Kovacic, 2010), being the 

latter capable of redoX cycling with generation of ROS 

(Kovacic, 2010; Sakuma et al., 2010). 

Other oXidative stress markers measured included o,o’-di-

tyrosine (formed from oXidation of two nearby tyrosines 

within proteins that underwent hydrolysis); 3-chloro-tyrosine 

(from neutrophil myeloperoXidase release of hypochlorous 

acid (HOCl) reacting with tyrosine); markers of nitrosative 

stress (e.g. 8-nitro-guanine and 3-nitro-tyrosine) formed from 

reaction with the oXidants peroxynitrite anion (ONOO
–

) or 

nitrogen dioXide (NO2), but also total thiols and GSH levels 

(sulfhydryl-SH groups are susceptible to oXidative damage, 

which can lower the SH concentration). Additionally, 

assessment of protein carbonyls (ad- ducts to protein formed 

from metal-catalyzed oXidation of amino acids or from 

aldehyde including lipid peroXidation reactions) and activities 

or genetic polymorphisms (e.g. antioxidant enzymes such as 

catalase and glutathione peroXidase) were also reported. 

Although less studied in relation to bisphenols, urinary HNE-MA 

(4-hydroxy-2-nonenal-mercapturic acid) has potential for 

becoming a  
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  becoming a reliable biomarker of lipid peroXidation, which 

was recently associated with both higher urinary BPA and 

BPF concentrations (Wang et al., 2019). 

Oxidative stress biomarkers comprehensively capture 

disruptions at various levels of biological organization. As a 

limitation, these bio markers are not specific for a given 

exposure such as BPA, or for a unique organ or system, and 

can also originate from external sources such as food. 

3.1.3. Biochemical effect biomarkers 

Biochemical effect biomarkers identified in the literature 

search are summarized in Table 2. 

3.1.3.1. Reproductive hormones (RHs). RHs coordinate a 

myriad of physiological functions. The most important ones 

include their role in sexual differentiation of both gonads and 

brain during development, but also on metabolic organs (Bao 

and Swaab, 2011). Additionally, RHs maintain these functions 

during adulthood. In total, 32 studies reporting biomarker 

data on reproductive hormones were retrieved from the 

literature search and organized based on similar windows of 

development and/or study designs (Suppl. Table 4). The 

most relevant articles are discussed below. 

Few studies explored associations between prenatal BPA 

exposure and maternal or offspring sex hormone levels. 

Prenatal urinary BPA concentrations were associated with 

decreased total testosterone (TT) cord blood levels and 

testosterone:17β-estradiol (T/E2) ratio among male neonates 

(Liu et al., 2016); whereas cord blood BPA concentrations 

were associated with lower cord blood insulin-like peptide 3 

(INSL3) levels but not with TT in a case-control study of 

cryptorchidism (Chevalier et al., 2015). INSL3 is a major 

regulator of testicular descent, and a marker of Leydig cells 

maturation. Since INSL3 is not acutely regulated by the 

hypothalamus-pituitary (HP) axis, but is constitutively 

secreted by Leydig cells, it is considered a valid marker for 

their number and status (Sansone et al., 2019) that could be 

further implemented in environmental epidemiologic 

studies, together with anti-Müllerian hormone (AMH), an 

analogous marker of Sertoli cells maturation (Sansone et al., 

2019). 

Peripuberty and adolescence represent understudied 

critical periods which can also be affected by environmental 

chemical exposures. Urinary BPA concentrations during the 

second trimester of gestation were associated with higher 

serum inhibin B (INHB) levels in peripubertal boys, and with 

higher TT levels in peripubertal girls (Watkins et al., 2017a, 

2017b). INHB is produced by Sertoli cells, and its levels 

directly reflect the status of the testis germinative epithelium. 

Low INHB levels have been associated with low testicular 

function and/or with alterations of testicular parameters at 

histological examination (Esposito et al., 2018). Urinary BPA 

concentrations were cross-sectionally associated with 

increased serum TT levels and reduced cortisol in prepubertal 

9–11 year-old boys (Mustieles et al., 2018b). Additionally, 

urinary BPA concentrations were negatively associated with 

serum TT levels among male adolescents and positively 

associated with TT levels in female adolescents in the 2011–

2012 National Health and Nutrition Examination Survey 

(NHANES) (Scinicariello and Buser, 2016). As previously 

observed in animal studies, there exists a complex 

relationship between BPA and reproductive hormones, which 

greatly depends on the dose, sex and timing at which 

exposure occurs (discussed in detail in Mustieles et al. 

2018b). 

A case-control study on precocious puberty in girls found 

that higher urinary BPA concentrations correlated with 

higher urinary concentrations of TT, E2 and pregnenolone 

(PREG) (Lee et al., 2014b), while a very small study 

comparing 28 cases of precocious puberty in girls with 28 

controls did not find associations between urinary BPA and 

serum E2 or KiSS levels (Özgen et al., 2016). However, KiSS 

levels significantly differed among cases and controls (Özgen 

et al., 2016). KiSS controls the hypothalamic secretion of 

GnRH and is consequently implicated in puberty onset, 

fertility and pregnancy outcomes (Skorupskaite et al., 2014). 

Given that KiSS appears to be a target of BPA exposure 

in both rodents and non-human primates (Kurian et al., 2015; 

Patisaul, 2013), it should be further investigated in HBM 

studies. BPA has been proposed as a risk factor for PCOS, 

and three case- control studies were retrieved from the 

search. Serum BPA concentra tions were associated with 

increased serum TT and androstenedione (AD) levels in adult 

women (Kandaraki et al., 2011) and with higher TT, free 

testosterone (FT) and dehydroepiandrosterone sulfate 

(DHEA- S) levels among adolescents (Akın et al., 2015). 

Additionally, another case-control study in women with 

PCOS found a positive association between serum BPA 

concentrations and the free androgen index (FAI) (Tarantino 

et al., 2013). These initial results suggest that BPA-related 

ovarian toXicity may be stronger in PCOS patients. Given the 

increasing 

prevalence of this condition, further research is warranted. 

BPA may impact female fertility through actions in both 

the ovary and the HP axis, converging in abnormal estrous 

cyclicity (Viguié et al., 2018). One of the main molecular targets 

inside the ovary would be aromatase inhibition in antral 

follicles, through which the production of E2 from T would 

decrease (Viguié et al., 2018). Mok-Lin et al. (2010) studied 84 

women undergoing fertility treatment finding that higher BPA 

concentrations measured in two urine samples were 

associated with reduced E2 peak levels and reduced oocyte 

count. These results were confirmed in a follow-up study 

including 174 women by Ehrlich et al. (2012). However, the 

latest follow-up of this study with 256 women did not replicate 

previous findings (Mínguez-Alarcón et al., 2015), which may 

be influenced by the progressive decline in BPA concentrations 

observed over the years in the U.S. (LaKind et al., 2019).  Bloom 

et al. (2011) studied 44 women attending another fertility clinic 

and also found that free serum BPA concentrations were 

inversely associated with E2 levels, but this time no association 

was observed between BPA concentrations and oocyte count. 

Finally, a study including 106 occupationally exposed and 250 

non-occupationally exposed women reported increased serum 

prolactin (PRL) and progesterone (P4) levels among all females 

in response to higher urinary BPA concentrations. However, 

when only occupationally exposed participants were 

considered, higher BPA exposure was additionally associated 

with increased serum E2, while reduced follicle stimulating 

hormone (FSH) levels were only observed in non-

occupationally exposed women (Miao et al., 2015). The results 

from Miao et al. (2015) suggest that different biomarker 

profiles may be observed in response to different BPA 

concentrations and/or exposure routes (Miao et al., 2015). In 

other occupational studies, in which inhalation and dermal 

absorption are thought to be the main exposure routes leading 

to high internal levels of free BPA (Hines et al., 2018), different 

effects would also be expected compared to the general 

population. 

Although the study of reproductive biomarkers in women 

is particularly complex due to hormonal variations during 

different phases of the menstrual cycle, the still limited but 

suggestive evidence calls attention for further HBM studies to 

correctly address this hypothesis strongly substantiated by 

toXicological data (Peretz et al., 2014; Viguié et al., 2018).  

Out of the 10 studies retrieved on BPA and reproductive 

hormones in adult men, all found significant associations 

with at least one reproductive hormone; however, not all of 

them were conducted under the same setting and neither 

reported consistent relationships (Suppl. Table 4). In men 

recruited from the general population, Galloway et al. (2010) 

observed that BPA concentrations measured in one 24-hour 

urine sample were associated with higher serum TT levels, in 

line with Lassen et al. (2014) who reported associations 

between urinary BPA concentrations and increased serum TT, 

FT, E2, and luteinizing hormone (LH) levels. In contrast, 

Mendiola et al. (2010) reported that urinary BPA was 

negatively associated with FAI and the FAI/LH ratio, and 

positively associated with serum sex hormone-binding 

globulin (SHBG) levels. In men attending a fertility clinic, 

urinary BPA concentrations were negatively associated with 

serum INHB levels and the E2:TT ratio, and positively associated 

with FSH and the FSH:INHB ratio (Meeker et al., 2010a). Den 

Hond et al. (2015) observed reduced serum TT levels in 
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response to higher urinary BPA concentrations from males 

seeking fertility care. Vitku et al. (2016) assessed BPA 

concentrations and 11 steroid hormones in the plasma and 

seminal plasma of male attending a fertility center. Plasma BPA 

was positively correlated with estrone (E1), E2, PREG, 17-OH-

PREG and DHEA, while negatively associated with 

dihydrotestosterone (DHT) levels. In contrast, seminal BPA 

was negatively associated with P4, 17-OH-P4 and DHEA, but si- 

milarly correlated with E2 and estriol (E3) (Vitku et al., 2016). 

Among the strengths of Vitku et al. (2016) are the measurement 

of both BPA exposure and hormone biomarkers using a 

previously validated hyphenated mass spectrometry 

methodology in circulating blood and semen. In studies with 

occupationally and non-occupationally exposed men, higher 

serum BPA concentrations were associated with reduced serum 

AD, FT and FAI, and increased SHBG levels (Zhou et al., 2013), 

as well as with reduced serum AD and increased SHBG levels 

(Zhuang et al., 2015). Additionally, urinary BPA was associated 

with increased levels of PRL, E2 and SHBG, as well as with 

reduced serum levels of FSH, AD and FAI (Liu et al., 2015). 

BPA exposure has also been related to lower sperm counts 

and/or poorer semen quality (Suppl. Table 5). In several cross-

sectional studies, urinary BPA concentrations were associated 

with poorer semen parameters in adults (Knez et al., 2014; 

Lassen et al., 2014; Li et al., 2011; Meeker et al., 2010b), while 

in others were not (Goldstone et al., 2015; Mendiola et al., 

2010). Interestingly, Vitku et al. (2016) found that BPA 

concentrations assessed in seminal plasma, but not in blood 

plasma, were negatively correlated with sperm count, 

concentration and morphology, suggesting that circulating BPA 

concentrations may not have the same biological meaning than 

exposure measured at this localized fluid. Semen is produced by 

different organs and constitutes a non-invasive biological 

sample that fits very well the exposure-effect biomarker 

paradigm discussed in this work, since it can provide in situ 

exposure and effect data specific to the male reproductive 

system, and at different levels of biological organization: from 

cell counts and sperm morphology/vitality, to seminal 

hormones, and sperm epigenetic and gene expression markers 

(Bonache et al., 2012), among many other molecular markers 

(Sutovsky and Lovercamp, 2010) and omics approaches 

(Huang et al., 2019). 

Among Korean male and female adults participating in a 

large national biomonitoring survey, urinary concentrations of 

E1, E2 and their hydroXylated metabolites were higher in the 

participants with highest urinary BPA concentrations 

compared to the low-exposed group. Estrogen metabolism to 4-

hydroXy-E1 and 4-hydroXy-E2 was more ac tive than that to 2-

hydroXy-E1 and 2-hydroXy-E2 among participants in the high 

BPA exposure group, with possible implications for breast 

cancer and other endocrine disorders (Kim et al., 2014). 

BPA has previously been associated with neonatal 

outcomes including lower birth weight and preterm birth in 

epidemiologic studies (Mustieles et al., 2020, 2018c; 

Pergialiotis et al., 2018), although underlying mechanisms are 

poorly understood. Ferguson et al. (2015) found that maternal 

urinary BPA concentrations measured at four times during 

pregnancy were associated with higher plasma levels of soluble 

fms-like tyrosine kinase-1 (sFlt-1), and a higher sFlt-1/placental 

growth factor (PlGF) ratio, suggesting a disrupted placental 

development. Among the strengths of Ferguson et al., (2015) 

are the repeated collection and measurement of BPA in urine 

and of sFlt-1/PlGF in serum up to four times throughout 

pregnancy using validated methodologies. While PlGF is a pro-

angiogenic placental protein, which plays an important role in 

vascularization, sFlt-1 binds to PlGF making it anti-an- 

giogenic. Lower circulating levels of PlGF and higher levels of 

sFlt-1 during pregnancy predict pregnancy complications such 

as preeclampsia and fetal growth restriction (Ferguson et al., 

2015). The sFlt- 1:PlGF ratio is a promising effect biomarker of 

placental function that should be explored. 

Overall, the results show that serum LH, FSH, E2, TT and 

SHBG levels are the reproductive markers more frequently 

evaluated in HBM studies in both children and adult 

populations (Table 2). The measurement of SHBG levels allows 

 

the estimation of FT levels and FAI (Table 2). The E2:TT ratio 

is used as a measure of aromatase activity. TT:LH and 

FSH:INHB ratios are employed as biomarkers of Leydig and 

Sertoli function, respectively (Meeker et al., 2010a). Other 

useful and less studied effect biomarkers are INHB and AMH 

levels as markers of Sertoli function, and INSL3 as a marker of 

Leydig function (Table 2). Additionally, the adrenal androgen 

DHEA-S and cortisol have been studied as biomarkers of 

adrenarche in prepubertal children, and KiSS as biomarker of 

puberty onset. The sFlt1:PlGF ratio should also be further 

explored as a marker of placental function. Other less studied 

markers include AD, DHT, PRL, PREG and P4 (Table 2). One of 

the main shortcomings observed across studies is the absence 

of a harmonized panel of hormonal markers to assess a specific 

function in a particular age group. Importantly, several 

hormonal biomarkers should be assessed in combination to 

adequately characterize a complete biological pathway. This 

approach may counteract the variability associated with 

steroid hormone levels and account for feedback regulations, 

facil itating data interpretation. 

3.1.3.2. Glucocorticoid hormones.  

Increasing evidence shows that BPA, among other 
environmental chemicals, may disrupt the hypothalamic–
pituitary adrenal (HPA) axis altering the stress response 
(Michael Caudle, 2016). However, scarce human data is 
available (Suppl. Table 6). In a longitudinal birth cohort, 
higher maternal urinary BPA concentrations at second 
trimester of pregnancy were associated with a dysregulation of 
the maternal daytime cortisol pattern in saliva, including 
reduced cortisol at waking and a flatter daytime pattern 
(Giesbrecht et al., 2016). In a consecutive study, the offspring 
of these women was followed-up and cortisol levels were 
measured in infant’s saliva before and after an infant stressor 
(blood draw) at 
3 months of age (Giesbrecht et al., 2017). The authors found 

that maternal prenatal urinary BPA concentrations were 

associated with increases in baseline cortisol levels among 

female infants but decreases among males (Giesbrecht et al., 

2017). In contrast, after the blood draw (i.e. the stressor), 

maternal BPA concentrations were associated with increased 

cortisol compared to baseline levels among males, but 

decreased levels among female infants, suggesting a sex-

specific effect of BPA on HPA-axis function (Giesbrecht et al., 

2017). In peripubertal boys from the Spanish INMA-Granada 

cohort, higher urinary BPA concentrations were cross-

sectionally associated with reduced serum cortisol levels and a 

higher TT:cortisol ratio, suggesting a potential effect at the 

adrenal gland (Mustieles et al., 2018b). More studies are 

needed to further elucidate the role of BPA exposure on the 

stress response, preferably with a more complete 

characterization of the HPA  axis (Table 2). 

3.1.3.3. Thyroid hormones (THs). THs play critical roles in 

differentiation, growth, and metabolism and are required for 

the normal function of all tissues (Yen et al., 2006), most 

notably for normal brain development (Bernal, 2005). While 

various MoAs underlying BPA’s effect on the hypothalamic-

pituitary-thyroid (HPT) axis are described in experimental 

studies (Dang et al., 2009; Moriyama et al., 2002; Sheng et al., 

2012), epidemiologic studies are scarce and the majority differ 

in scope, focus and consequently in the effect biomarkers 

tested (Table 2 and Suppl. Table 7). Overall, associations 

between BPA exposure and circulating THs are difficult to 

interpret in the cases when significant associations are 

described, calling for additional research using more complete 

datasets pertaining to the HPT axis. Nonetheless, while not 

consistently significant, an inverse association between BPA 

and thyroid-stimulating hormone (TSH) is repeatedly 

observed in adults (Meeker et al., 2010a) in conjunction with 

increased free triiodothyronine (FT3) (Wang et al., 2013) or 

decreased total thyroxine (TT4) (Meeker and Ferguson, 

2011) in pregnant women (Aung et al., 2017) and in newborns 

(Brucker-Davis et al., 2011; Chevrier et al., 2013; Romano et al., 

2015). Additionally, free thyroXine (FT4) and serum BPA 

levels were negatively correlated in men and positively  
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correlated in pregnant women (Aker et al., 2016; Aung et al., 

2018; Sriphrapradang et al., 2013). Assessment of thyroid 

autoimmunity provides a more exhaustive characterization of 

thyroid disruption. In the only study focused on thyroid 

autoimmunity, thyroid peroXidase autoantibodies (TPOab) 

positivity was significantly higher across increasing serum 

BPA quartiles in adults (Chailurkit et al., 2016). 

Birth cohorts have also reported an inverse relationship 

between maternal BPA exposure and maternal TSH (Aung et 

al., 2017) and sex- specific TSH levels in newborns (Chevrier 

et al., 2013; Romano et al., 2015). Since mild or transient 

variations in THs during development affect offspring 

cognitive outcomes (Bernal, 2005), further investigation is 

warranted. 

3.1.3.4. Metabolic biomarkers.  

BPA is a suspected obesogenic compound that promotes 

fat accumulation in experimental animals (Wassenaar et al., 

2017), but also a metabolic disruptor able to alter glucose 

homeostasis at very low doses (Alonso-Magdalena et al., 

2015), and to alter satiety signals (Heindel et al., 2017). Below 

we summarize and discuss the most important biomarkers of 

whole-body metabolism retrieved (Table 2 and Suppl. Table 

8). 

Few studies have explored the association between BPA 

exposure during pregnancy and maternal glucose 

homeostasis. Urinary BPA concentrations at second 

trimester, but not first trimester of pregnancy, were positively 

associated with blood glucose levels 1-hour after a 50-g 

glucose challenge test at 24–28 weeks of gestation (Chiu et 

al., 2017). However, a case-control pilot study and a 

prospective mother–child cohort study that evaluated 

urinary BPA during the first trimester did not find a higher 

risk of gestational diabetes mellitus (Robledo et al., 2013; 

Shapiro et al., 2015). 

The HOMA-IR is a validated biomarker based on fasting 

glucose and insulin levels used to quantify peripheral insulin 

resistance and pancreatic beta-cell function (HOMA-B) 

(Borai et al., 2011). In children, some studies have found 

higher HOMA-IR values in response to higher BPA 

concentrations, especially among obese subjects (Khalil et al., 

2014; Lee et al., 2013; Menale et al., 2017), while others have 

not (Eng et al., 2013; Watkins et al., 2016). Adipokine levels 

seem to be early metabolic indicators of BPA exposure. 

Leptin secretion by adipose tissue is proportional to fat mass 

and regulates energy balance. While leptin upregulates 

proinflammatory cytokines related to insulin resistance, 

adiponectin exerts opposing anti-inflammatory and insulin- 

sensitizing actions (López-Jaramillo et al., 2014). Several 

studies in neonates (Ashley-Martin et al., 2014; Chou et al., 

2011), children (Menale et al., 2017; Volberg et al., 2013; 

Watkins et al., 2016) and adults (Rönn et al., 2014; Zhao et 

al., 2012) suggest that both leptin and adiponectin (and 

probably other adipokines) could be sensitive early markers 

of BPA metabolic disruption, especially important in the case 

of infants and children. Although the previous studies varied 

in study design, critical window of development and matriX 

for BPA exposure assessment, they point to a similar 

direction. Importantly, Menale et al. (2017) confirmed their 

observational findings in adipocytes isolated from eight 

prepubertal children, showing a decrease in adiponectin after 

in vitro BPA dosing. This is in line with described BPA actions 

in the adipose tissue of experimental animals (Wassenaar et 

al., 2017), as well as previously reported associations between 

BPA exposure and obesity in children (Kim et al., 2019; 

Mustieles et al., 2019) and possibly in adults (Oppeneer and 

Robien, 2015; Rancière et al., 2015). Therefore, the use of 

these markers of adipose tissue function should be 

encouraged. On the contrary, serum lipids [triglycerides 

(TG), total cholesterol (TC), high-density lipoprotein 

cholesterol (HDL-C) and low- density lipoprotein cholesterol 

(LDL-C)] do not seem to be sensitive biomarkers of BPA-

related metabolic effects in children (Eng et al., 2013; Khalil 

et al., 2014; Perng et al., 2017). 

The relationship between adult BPA exposure and 

biomarkers of glucose homeostasis has been relatively well-

studied, mostly under a cross-sectional design. Higher BPA  

concentrations have been associated with increased glycated 

hemoglobin (HbA1c) levels in adults from the NHANES 

(Silver et al., 2011) and adult men from the Canadian Mea- 

sures Health Survey (CMHS) (Tai and Chen, 2016). In the 

NHANES, urinary BPA was positively associated with 

greater serum insulin levels and insulin resistance (HOMA-

IR) (Beydoun et al., 2014), higher risk of prediabetes 

(Sabanayagam et al., 2013), and higher chances of type 2 

diabetes mellitus (T2DM) independently of other risk 

factors (Shankar and Teppala, 2011). Other Asiatic cross-

sectional surveys have also reported similar results for the 

risk of T2DM (Aekplakorn et al., 2015; Ning et al., 2011), and 

insulin resistance (Wang et al., 2012). Moreover, a 

prospective study identified a susceptible group of adults for 

BPA effects on glucose homeostasis based on a genetic risk 

score (Bi et al., 2016). Fasting circulating glucose and 

insulin levels, together with HOMA (-IR and -B) estimations 

constitute valid biomarkers of insulin resistance, 

prediabetes and T2DM, which have been consistently 

associated with BPA exposure (Hwang et al., 2018). Future 

studies should evaluate whether BPA substitutes can also 

interfere with glucose homeostasis. 

Similar to studies in children, serum lipid levels in 

adults do not seem to be good metabolic biomarkers for BPA 

effects (Lang et al., 2008; Milošević et al., 2017; Savastano 

et al., 2015). In contrast, several associations have been 

reported for liver enzymes, including clinically abnormal 

serum levels of gamma glutamyl transpeptidase (GGT), lac- 

tate dehydrogenase (LD) and alkaline phosphatase (AP) in 

adults from the NHANES (Lang et al., 2008; Melzer et al., 

2010), and increased serum aspartate aminotransferase 

(AST), alanine aminotransferase (ALT) and GGT levels in 

elderly (Lee et al., 2014a). More studies are needed to 

elucidate whether BPA exposure could impact liver function 

in adults. 

Low-grade chronic inflammation is closely related to 

obesity and metabolic syndrome (Saltiel and Olefsky, 2017). 

BPA exposure has been associated with higher levels of 

serum inflammatory markers such as interleukin (IL)-6 and 

tumor necrosis factor alpha (TNF-α) (Savastano et al., 

2015), high-sensitivity c-reactive protein (hs-CRP) (Choi et 

al., 2017), CRP (Lang et al., 2008) and IL-10 (Song et al., 

2017). However, more experimental and epidemiologic data 

are needed to better understand the possible mediating role 

of inflammation in BPA-related metabolic effects. 

The albumin:creatinine ratio (ACR) is considered a 

biomarker of early endothelial dysfunction in both children 

and adults (Bartz et al., 2015). In NHANES, childhood 

urinary BPA concentrations were cross-sectionally 

associated with higher urinary ACR levels (Trasande et al., 

2013). Another cross-sectional analysis among Chinese 

adults found similar associations between urinary BPA and a 

higher risk of low-grade albuminuria (Li et al., 2012). 

Interestingly, a recent pilot study detecting more BPS than 

BPA concentrations in children’s urine, found that BPS but 

not BPA concentrations were associated with a higher 

urinary ACR (Kataria et al., 2017). The ACR should be 

further studied as a potential biomarker of BPA-related 

endothelial dysfunction. 

Beyond its skeletal effects, vitamin D receptors have 

been found in many tissues, including the cardiovascular, 

immune, and reproductive systems (Norman, 2008). In 

NHANES, higher urinary BPA concentrations were cross-

sectionally associated with reduced vitamin D levels in 

women but not in men (Johns et al., 2016). Maternal 

prenatal urinary BPA was also associated with reduced 

maternal serum vitamin D levels and a higher risk of 

deficiency (Johns et al., 2017). Additionally, among patients 

with chronic obstructive apnea, serum BPA concentrations 

were negatively associated with serum vitamin D levels 

(Erden et al., 2014a). Further studies are warranted to 

understand the possible interaction between bisphenols and 

altered levels of the so-called “hormone D” (Norman, 

2008). 

3.1.3.5. Allergy/Immune biomarkers.  
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Immunoglobulin (Ig)E and specific IgE antibodies play an 

important role in allergic (atopic) processes including 

asthma (Froidure et al., 2016). A prospective study among 

Taiwanese children assessed urinary BPA and serum IgE at 

3 and 6 years of age (Wang et al., 2016b). Higher BPA 

concentrations at age 3 were cross-sectionally associated 

with increased IgE levels, particularly in girls. Similar results 

were found at age 6. BPA concentrations at age 3 were 

prospectively associated with increased IgE levels at age 6. 

Additionally, IgE levels mediated 70% of the total effect of 

BPA on asthma risk (Wang et al., 2016b). In NHANES, 

urinary BPA was positively associated with allergic asthma 

in adult females, and with sensitization to various specific 

allergens in a dose–response manner (Vaidya and Kulkarni, 

2012). On the contrary, maternal first-trimester urinary 

BPA concentrations were non-linearly associated with cord 

blood IL-33 and thymic stromal lymphopoietin (TSLP), but 

not IgE levels, in a Canadian mother–child cohort (Ashley-

Martin et al., 2015). The possible mediating role of both total 

and specific IgE antibodies in BPA-related allergic 

sensitization should be further explored. 

3.2. Prioritization of effect biomarkers in HBM studies 

A wide range of existing bisphenol-related effect 

biomarkers were identified for most of the human health 

outcomes screened. Those biomarkers with potential 

application in HBM studies and supported by mechanistic 

knowledge organized under the AOP framework were 

prioritized. First, we discussed the advantages of assessing 

KiSS and gene expression of nuclear receptors in relation to 

reproductive effects based on a previously published BPA-

related AOP (Viguié et al., 2018). Second, given that 

biomarkers of brain function were identified as the most 

important knowledge gap, but no previous BPA-related AOP 

was available in this area, we built a network integrating 

mechanistic information on BDNF from three fully-

developed AOPs, additionally identifying the pathways 

through which BPA could lead to altered BDNF function. 

3.2.1. Reproductive effect biomarkers 

Previous studies have observed significant associations 

between bisphenols exposure and altered reproductive 

hormone levels (Suppl. Table 4). However, in many cases the 

interpretation is hindered by diurnal variations in steroid 

levels, sets of hormones analyzed, analytical techniques used, 

periods of exposure and feedback loop effects. The 

implementation of other complementary effect biomarkers at 

different levels of biological organization could therefore help 

to achieve a broader and more accurate picture. A recent 

evidence-based AOP has exhaustively underpinned the 

endocrine pathways through which female developmental 

and/or adult BPA exposure may alter estrous cyclicity, thus 

increasing the risk of adverse fertility and birth outcomes 

(Viguié et al., 2018). 

Fig. 3 synthesizes and depicts the endocrine pathways 

and tissues potentially disrupted by BPA exposure in females, 

adapted from Viguié et al. (2018). Briefly, BPA has been 

consistently shown to reduce aromatase activity in Granulosa 

cells, thus preventing the preovulatory rise of estrogens at the 

ovary (Peretz et al., 2014; Viguié et al., 2018). Additionally, 

BPA has been shown to act at a central level, interfering with 

the function of Kisspeptinergic neurons, delaying or 

suppressing the gonadotrophin-dependent peak of LH 

needed to achieve ovulation as shown in both rodents and 

primates (Kurian et al., 2015; Ruiz-Pino et al., 2019; Viguié et 

al., 2018). Thus, BPA might alter estrous cyclicity and 

ovulation acting locally in the ovary, centrally in the hypotha- 

lamus, or both. 

In HBM studies, measuring KiSS protein levels in serum, 

together with traditional hormone markers (LH, FSH, E2 and 

TT) may allow a better characterization of potential BPA 

actions on the HP axis (Fig. 3).  Serum KiSS levels could also 

help to identify the menstrual period in which the sample was 

taken (Zhai et al., 2017).  Similar to other effect biomarkers, 

particular attention must be given to the storage of samples 

under the best conditions in order to avoid a potential  

degradation of this protein over time (Gejl et al., 2019). In 

addition, evaluating KiSS at other biological levels with 

higher stability over time, such as for example DNA 

methylation of KISS1 in peripheral blood mononuclear cells 

(PBMCs), could help to counteract the variability related to 

circulating levels. KiSS plays a crucial role during pregnancy 

and puberty onset, but also during adulthood regulating the 

ovulatory mechanism (Cortés et al., 2015). Emerging data is 

also showing a cross-talk between adipose tissue and 

kisspeptinergic neurons mediated through the adipokine 

leptin (Cortés et al., 2015). Overall, KiSS represents an 

understudied but promising effect biomarker of both 

reproductive and metabolic health. 

Apart from fertility clinic settings in which human oocyte 

retrieval and follicular fluid sampling is possible 

(Machtinger et al., 2013), assessing whether BPA may 

decrease aromatase activity in the ovary is not possible in 

HBM studies using non-invasive matrices. Notwith- 

standing, the gene expression and/or DNA methylation of 

estrogenic receptors [estrogen receptor (ER)α, ERβ, 

estrogen-related receptor (ERR)α, etc.] and perhaps other 

molecular targets in blood cell populations could help to 

evaluate the biological plausibility of BPA associations as 

previously shown (Melzer et al., 2011), especially when 

complemented with the abovementioned set of 

reproductive biochemical biomarkers. Indeed, aromatase 

gene expression in peripheral blood leukocytes from adult 

women was significantly higher during the follicular phase 

compared to the luteal phase of the menstrual cycle, and its 

expression was correlated with circulating E1 and E2 serum 

levels (Vottero et al., 2006). Thus, aromatase expression in 

women’s blood could represent an interesting surrogate of 

local aromatase expression in the ovary. Future studies 

should investigate whether the expression and epigenetic 

status of molecular markers in PBMCs is predictive of 

adverse health effects in human populations. 

3.2.2. Neurodevelopmental/neurological effect biomarkers 

The neurotrophin BDNF is a promising effect biomarker 

that could fill an important knowledge gap regarding 

neurodevelopmental outcomes associated with bisphenols 

exposure. However, organized data on potential 

mechanistic pathways that could lead to altered BDNF levels 

(and other targets) are needed to support its 

implementation in HBM studies, as well as identify potential 

novel molecular markers of brain function. Fig. 4 shows the 

result of integrating three fully-developed AOPs sharing the 

key event “reduced BDNF release” leading to the same AO: 

impaired learning and memory. Numbers inside boxes cor- 

respond to scientific articles referenced below. 

In AOP 54, BPA may decrease TH levels through 

mechanisms involving the sodium/iodide symporter (NIS) 

and thyroperoxidase (TPO)  as illustrated by reduced iodide 

uptake through non-competitive inhibition of NIS (Wu et 

al., 2016) [number 11 in Fig. 4] and decreased mRNA levels 

of Nis and tpo (Silva et al., 2018) [12] in rat thyroid follicular 

cell lines, and decreased TPO activity and NIS-mediated 

thyroid radioiodide uptake in BPA-exposed rats (Silva et al., 

2018). Nevertheless, Silva et al. (2018) reported increased 

serum T4 levels, which contradicts expected effects in this 

AOP and other studies showing decreased T4 levels in 

pregnant ewes and their offspring (Viguié et al., 2013) [13] 

and aged mice with learning and memory deficits following 

pubertal exposure (Jiang et al., 2016) [14]. 

AOPs 12 and 13 describe causal events initiated by 

inhibition of glutamate N-methyl-D-aspartate receptors 

(NMDARs). AOP 13 focuses on KEs occurring during brain 

development and AOP 12 adds downstream events during 

aging. Reduced hippocampal mRNA and/or protein 

expressions of NMDAR subunits along with negative effects 

in different forms of learning and memory were reported in 

male offspring  mice (Xu et al., 2010) [1] and rats (Wang et 

al., 2014) [2] prenatally exposed to BPA; in mice of both 

sexes following prenatal and postnatal exposure (Tian et al., 

2010) [5]; and in mice exposed postnatally (Jardim et al., 

2017) [4]. 
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A single neonatal dose of BPA in mice may reduce hippocampal 

levels of Calcium/calmodulin-dependent kinase II (CaMKII), a 

protein activated by calcium influX and crucial for learning and 

memory (Viberg and Lee, 2012) [15]. In addition to impaired 

learning and memory, prenatal exposure to BPA decreased 

hippocampal levels of phosphorylated cAMP response-binding 

element (CREB), known to be triggered by Ca2 + influX (Tao et 

al., 1998), and its target BDNF in male rats (Wang et al., 2016a) 

[17], and decreased mRNA levels of NMDAR2B and BDNF in 

male mice (Kundakovic et al., 2015) [16]. Importantly for HBM 

purposes, BDNF CpG methylation profiles in mice blood 

reflected methylation profiles and transcription levels in the 

hippocampus, suggesting that blood BDNF DNA methylation 

may be a valid surrogate marker of human brain BDNF 

expression levels (Kundakovic et al., 2015) [16]. 

As expected from BDNF’s critical role in dendritic 

arborization and synaptic plasticity (Kowiański et al., 2018), 

decreased dendritic spine density in region CA1 of the 

hippocampus (critical for memory formation) was reported in 

rats following postnatal exposure to BPA (Bowman et al., 2014) 

[8] and in neonates of non-human primates exposed in utero 

(Elsworth et al., 2013) [6]. Prenatal exposure also reduced the 

length and number of dendritic branches of postnatal mice, with 

long-term effects consisting of reduced spine densities in hippo- 

campal CA1 of aged mice (Kimura et al., 2016) [9]. Inhibition of 

NMDAR1, decreased synaptic proteins (e.g., PSD-95, synapsin 

I, synaptophysin or spinophilin) and altered synaptic structure 

were observed in the hippocampus of male mice exposed 

perinatally (Xu et al., 2013) [7], and rats exposed prenatally 

(Wang et al., 2014) [2]. Furthermore, perinatal exposure 

reduced expression of synaptophysin and the excitatory to 

inhibitory synaptic protein ratio in the hippocampus and cortex 

of male mice (Kumar and Thakur, 2017) [3]. 

In turn, neuronal network function as evaluated by electro- 

physiological techniques may be compromised. BPA decreased 

the induction of hippocampal long-term potentiation (LTP) in 

juvenile rats together with reduced NMDAR-mediated 

postsynaptic current in hippocampal slices. Moreover, 

consistent with inhibited NMDARs, decreased spine density 

and pre-synaptic glutamate release, spatial memory was 

impaired (Hu et al., 2017) [10]. 

In addition to fewer neurons in various regions of the 

hippocampus, decreased hippocampal LTP induction and 

impaired learning and memory, Zhou et al. (2017) [18] 

demonstrated a dose-dependent DNA damage in adolescent 

male mice brains after chronic exposure. BPA treatment also 

reduced the viability of hippocampus-derived neural stem cells 

and induced apoptosis and neurodegeneration in the 

 

hippocampus of rats exposed perinatally (Tiwari et al., 

2015) [19] and postnatally with deficits in memory and 

learning (Agarwal et al., 2015) [20]. The contribution of 

neuroinflammation to the neurodegenerative effects of 

BPA is substantiated by increased numbers of microglia in 

the dentate gyrus of both postnatal rats and adult female 

voles exposed during early development (Rebuli et al., 

2016) [21]. Furthermore, maternal BPA increased 

microglial and astrocyte activation and elevated TNF-α 

and IL-6 levels in the prefrontal cortex of female offspring 

mice (Luo et al., 2014) [22]. 

Several potential biomarkers of effects related to the 

aforementioned KEs may be relevant for HBM studies. For 

instance, in seven year old girls, buccal DNA methylation 

levels of the gene encoding NMDAR2B were positively 

associated with prenatal urinary BPA concentrations 

(Alavian-Ghavanini et al., 2018). Specific protein 4 (SP4), 

a key regulator of NMDAR signaling (Priya et al., 2013), 

has been proposed as a biomarker of early stage psychosis 

(Fusté et al., 2013; Pinacho et al., 2015), being a sensitive 

target of BPA exposure in vivo (Lam et al., 2011). 

Additionally, glial cell-derived neurotrophic factor 

(GDNF) plays an important role in various 

neuropsychiatric disorders (Ibáñez and Andressoo, 2017) 

and may be modulated by BPA along with alterations of 

dopamine and serotonin systems in rats (Castro et al., 

2015). Finally, synapsin I, an important protein for neuro- 

transmitter release and synaptic function exhibited 

similar expression patterns in both PBMCs and the 

hippocampus of rats and may serve as an early biomarker 

of cognitive function (Cifre et al., 2018). 

Fig. 4 integrates the pathways presented in the three 

selected AOPs; however, other mechanisms not covered in 

those AOPs may also be important. For example, NMDAR 

inhibition plays a fundamental role in this network as a 

MIE, but also as a KE when regulated via nuclear ERs in 

the hippocampus (El-Bakri et al., 2004). Indeed, ERs 

colocalize to cells that express BDNF (Sohrabji and Lewis, 

2006), and previous experimental evidence suggests that 

BPA actions in the hippocampus may be mediated by 

altered estrogenic signaling (Chen et al., 2017; Leranth et 

al., 2008). Thus, BPA could lead to altered BDNF function 

through at least two MoAs: disruption of thyroid and 

estrogenic pathways. At an HBM level, evaluating a 

combined set of effect biomarkers implicated in this AOP 

network (mainly THs and BDNF) could better characterize 

the neurological effects of bisphenols. Moreover, these 

targets should be 
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assessed at different levels of biological organization (protein 

levels, gene expression, DNA methylation, etc.) to achieve the 

most complete picture possible. 

A limitation of this AOP network is that the three 

available AOPs focused on learning and memory, while no 

AOPs discussing the role of BDNF on behavioral and 

psychiatric diseases were retrieved from the AOP-Wiki. It’s 

known that BDNF also plays a role in the development of 

anxiety, depression and mood disorders (Martinowich et al., 

2007), and previous reviews of the epidemiologic evidence 

found that prenatal BPA exposure is associated with 

behavioral problems in children (Ejaredar et al., 2017; 

Mustieles et al., 2015; Rodríguez-Carrillo et al., 2019). 

Therefore, the role of neurotrophins as potential mediators of 

bisphenol-related actions on behavioral and emotional 

problems should be also considered in future epidemiologic 

studies. 

4. Conclusions and future perspectives 

This comprehensive literature search has allowed us to 

create the first inventory of existing effect biomarkers for 

bisphenols, but also to propose potential novel effect 

biomarkers that may be implemented in HBM studies. The 

assessment of mechanistically-based effect biomarkers will 

help to improve the inference of causal relationships be- 

tween bisphenols exposure and adverse health outcomes in 

future HBM and epidemiologic studies. Moreover, parallel 

efforts for other chemical families are ongoing under the 

HBM4EU initiative (Baken et al., 2019), which will result in a 

structured body of work that will enable a more systematic 

approach for the selection of effect biomarkers in the context 

of exposure to low-dose complex chemical mixtures. This 

work will also help to prioritize the selection of effect 

biomarkers for BPA substitutes,   facilitating the evaluation of 

potential adverse effects in a timely manner, without the need 

to wait for decades until the onset of an overt developmental 

or chronic disease state. 

As a technical limitation, harmonization of measurement 

methodologies for effect biomarkers in HBM studies is 

needed, including the performance of interlaboratory 

comparisons and quality controls, to avoid variability and 

misclassification errors, thus improving comparison and 

replicability among studies. The development of analytical 

methodologies relying on hyphenated mass spectrometry 

should be encouraged to progressively substitute ELISA and 

other immunoassays commonly employed. In relation to BPA 

exposure assessment, many 

-although not all- of the studies reviewed in this work 

measured total BPA (free and phase II conjugates) in urine 

samples using previously validated hyphenated mass 

spectrometry methodologies following quality assurance and 

control (QA/QC) measures. In this regard, the HBM4EU 

initiative has fostered an extensive network of European la- 

boratories that share QA/QC procedures and undergo 

interlaboratory comparisons to warrant the highest standards 

for the biomonitoring of exposure to priority compounds. At 

an epidemiological level, prospective designs with repeated 

measurements for both exposure and effect biomarkers need 

to progressively replace cross-sectional studies with only 

punctual assessments. In addition, future studies should in- 

clude the implementation of effect biomarkers as potential 

mediators in the exposure-disease continuum, as a 

complementary tool to better evaluate exposure-health 

associations. 

Because environmental contaminants such as bisphenols 

have complex MoA, implementation of effect biomarkers at 

different levels of biological organization (e.g., DNA, RNA, 

proteins or metabolites) seems necessary. This point is 

reinforced considering that, depending on the dose, the target 

tissue or the window of exposure, the MIE and downstream 

events may be different. In this review, we proposed to follow 

the AOP framework for prioritizing the right set of effect 

biomarkers to be studied. However, there is a limited number 

of fully developed AOPs. Consequently, efforts are needed to 

develop more AOPs for many endpoints and xenobiotics, which 

is another objective of the HBM4EU initiative. The biomarker 

paradigm and AOP framework (Figs. 1 and 2) have been 

followed in this review to provide a practical and visual 

conceptualization to advance the field of effect biomarkers. 

Although this structured framework presents many strengths, 

we acknowledge inherent limitations such as the potential 

existence of non-monotonic dose–response relationships, the 

inability to assess dose at target organs, and the difficulty of 

assessing combined effects in the context of complex chemical 

mixtures. 

In future HBM studies, the combined use of multi-omics 

technologies to perform global characterization of genes 

(genomics), genome wide epigenetics, mRNA  
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(transcriptomics), proteins (proteomics) and metabolites 

(metabolomics) in a specific biological sample seems a very 

good option to overcome the limitation of looking at the 

wrong biological level of organization, or the wrong 

biological targets. Although these technologies are still 

expensive and require expertise to analyze and interpret 

the tremendous amount of data generated, systems biology 

is expanding at a fast rate and the corresponding 

computational tools are expected to be developed. 

Moreover, multi-omics should be able to explain complex 

biological phenomena not only for a class of Xenobiotics 

but for multiple stressors. Hence, untargeted analyses 

should be encouraged, preferably coupled to targeted 

analyses, in order to uncover the right biological pathways 

disrupted by xenobiotics, and their corresponding sets of 

effect markers. 

There is an increasing need to rapidly evaluate the 

safety of exposure to emerging chemicals in human 

populations. However, many diseases are only triggered 

after years of chronic exposure to multiple Xenobiotics. 

Therefore, 21st century environmental policymakers may 

have to consider whether regulation of chemical 

contaminants should be proactive and informed by 

changes in molecular profiles predictive of adverse effects, 

rather than a sine qua non reliance on firm health endpoints 

that may take decades to investigate. 

Declaration of Competing Interest 
 

The authors declared that there is no conflict of 
interest. 

Acknowledgments 

This work is a direct product of the Human 

Biomonitoring for Europe Project (European Union 

Commission H2020-EJP-HBM4EU Grant agreement No 

733032). V. Mustieles, S.C. D’Cruz and S. Couderq are 

under contract within the HBM4EU Initiative. 

Appendix A. Supplementary material 

Supplementary data to this article can be found online 

at https:// doi.org/10.1016/j.envint.2020.105811. 

References 

Acconcia, F., Pallottini, V., Marino, M., 2015. Molecular 

mechanisms of action of BPA. Dose-Response 13, 

155932581561058. 10.1177/1559325815610582. 

Aekplakorn, W., Chailurkit, L., Ongphiphadhanakul, B., 2015. 
Relationship of serum bisphenol A with diabetes in the Thai 
population, National Health EXamination Survey IV, 2009. J. 
Diabetes 7, 240–249. https://doi.org/10.1111/1753-
0407.12159. 
Agarwal, S., Tiwari, S.K., Seth, B., Yadav, A., Singh, A., 
Mudawal, A., Chauhan, L.K.S., Gupta, S.K., Choubey, V., 
Tripathi, A., Kumar, A., Ray, R.S., Shukla, S., Parmar, D., 
Chaturvedi, R.K., 2015. Activation of autophagic fluX against 
Xenoestrogen bisphenol-A-induced hippocampal 
neurodegeneration via AMP kinase (AMPK)/mam- malian target 
of rapamycin (mTOR) pathways. J. Biol. Chem. 290, 21163–
21184. https://doi.org/10.1074/jbc.M115.648998. 

Aker, A.M., Watkins, D.J., Johns, L.E., Ferguson, K.K., Soldin, 

O.P., Anzalota Del Toro, L.V., Alshawabkeh, A.N., Cordero, J.F., 

Meeker, J.D., 2016. Phenols and parabens in relation to 

reproductive and thyroid hormones in pregnant women. 

Environ. Res. 151,  30–37.  

https://doi.org/10.1016/j.envres.2016.07.002. 

Akın, L., Kendirci, M., Narin, F., Kurtoglu, S., Saraymen, R., 

Kondolot, M., Koçak, S., Elmali, F., 2015. The endocrine 

disruptor bisphenol A may play a role in the aetiopathogenesis 

of polycystic ovary syndrome in adolescent girls. Acta 

Paediatr.104, e171–e177.   
 

https://doi.org/10.1111/apa.12885. 

Alavian-Ghavanini, A., Lin, P.-I., Lind, P.M., Risén Rimfors, S., Halin 
Lejonklou, M., Dunder, L., Tang, M., Lindh, C., Bornehag, C.-G., 
Rüegg, J., 2018. Prenatal bisphenol A exposure is linked to epigenetic 
changes in glutamate receptor subunit gene grin2b in female rats and 
humans. Sci. Rep. 8, 11315. https://doi.org/10.1038/s41598-018-
29732-9. 

Alonso-Magdalena, P., Quesada, I., Nadal, Á., 2015. Prenatal 
exposure to BPA and offspring outcomes: The diabesogenic behavior 
of BPA. Dose-Response 13, 155932581559039. 
10.1177/1559325815590395. 
Ankley, G.T., Bennett, R.S., Erickson, R.J., Hoff, D.J., Hornung, 
M.W., Johnson, R.D., Mount, D.R., Nichols, J.W., Russom, C.L., 
Schmieder, P.K., Serrrano, J.A., Tietge, J.E., Villeneuve, D.L., 2010. 
Adverse outcome pathways: A conceptual framework to support 
ecotoXicology research and risk assessment. Environ. ToXicol. Chem. 
29, 730–741. https://doi.org/10.1002/etc.34. 
Ashley-Martin, J., Dodds, L., Arbuckle, T.E., Ettinger, A.S., Shapiro, 
G.D., Fisher, M.,Morisset, A.-S., Taback, S., Bouchard, M.F., 
Monnier, P., Dallaire, R., Fraser, W.D., 2014. A birth cohort study to 
investigate the association between prenatal phthalate and bisphenol 
A exposures and fetal markers of metabolic dysfunction. Environ. 
Heal. 13, 84. https://doi.org/10.1186/1476-069X-13-84. 
Ashley-Martin, J., Dodds, L., Levy, A.R., Platt, R.W., Marshall, J.S., 

Arbuckle, T.E., 2015. Prenatal exposure to phthalates, bisphenol A 

and perfluoroalkyl substances and cord blood levels of IgE, TSLP 

and IL-33. Environ. Res. 140, 360–368. https://doi.org/10. 

1016/j.envres.2015.04.010. 

Asimakopoulos, A.G., Xue, J., De Carvalho, B.P., Iyer, A., Abualnaja, 

K.O., Yaghmoor, S.S., Kumosani, T.A., Kannan, K., 2016. Urinary 

biomarkers of exposure to 57 Xe- nobiotics and its association with 

oXidative stress in a population in Jeddah, Saudi Arabia. Environ. 

Res. 150, 573–581. https://doi.org/10.1016/j.envres.2015.11.029. 

Aung, M.T., Johns, L.E., Ferguson, K.K., Mukherjee, B., 
McElrath,T.F., Meeker, J.D., 2017. Thyroid hormone parameters 
during pregnancy in relation to urinary bisphenol A concentrations: 
A repeated measures study. Environ. Int. 104, 33–40. 
https://doi.org/10.1016/j.envint.2017.04.001. 
Autry, A.E., Monteggia, L.M., 2012. Brain-derived neurotrophic 

factor and neu- ropsychiatric disorders. Pharmacol. Rev. 64, 238–

258. https://doi.org/10.1124/pr.111.005108. 

Baken, K.A., Lambrechts, N., Remy, S., Mustieles, V., Rodríguez-

Carrillo, A., Neophytou, C.M., Olea, N., Schoeters, G., 2019. A strategy 

to validate a selection of human effect biomarkers using adverse 

outcome pathways: Proof of concept for phthalates and reproductive 

effects. Environ. Res. 175, 235–256. https://doi.org/10.1016/J. 

ENVRES.2019.05.013. 

Bansal, A., Henao-Mejia, J., Simmons, R.A., 2018. Immune system: 

An emerging player in mediating effects of endocrine disruptors on 

metabolic health. Endocrinology 159, 32–45. 

https://doi.org/10.1210/en.2017-00882. 

Bao, A.-M., Swaab, D.F., 2011. Sexual differentiation of the human 

brain: Relation to gender identity, sexual orientation and 

neuropsychiatric disorders. Front. Neuroendocrinol. 32, 214–226. 

https://doi.org/10.1016/j.yfrne.2011.02.007. 

Bartz, S.K., Caldas, M.C., Tomsa, A., Krishnamurthy, R., Bacha, F., 

2015. Urine albumin- to-creatinine ratio: A marker of early 

endothelial dysfunction in youth. J. Clin. Endocrinol. Metab. 100, 

3393–3399. https://doi.org/10.1210/JC.2015-2230. 

Becker, K., Göen, T., Seiwert, M., Conrad, A., Pick-Fuss, H., Müller, 

J., Wittassek, M., Schulz, C., Kolossa-Gehring, M., 2009. GerES IV: 

phthalate metabolites and bisphenol A in urine of German children. 

Int. J. Hyg. Environ. Health 212, 685–692. https:// 

doi.org/10.1016/j.ijheh.2009.08.002. 

Bernal, J., 2005. Thyroid hormones and brain development. pp. 

95–122. 10.1016/S0083- 6729(05)71004-9. 

Beydoun, H.A., Khanal, S., Zonderman, A.B., Beydoun, M.A., 2014. 
Sex differences in the association of urinary bisphenol-A 
concentration with selected indices of glucose homeostasis among 
U.S. adults. Ann. Epidemiol. 24, 90–97. https://doi.org/10. 
1016/j.annepidem.2013.07.014. 
Bi, Y., Wang, W., Xu, M., Wang, T., Lu, J., Xu, Y., Dai, M., Chen, 
Yuhong, Zhang, D., Sun, 

W., Ding, L., Chen, Ying, Huang, X., Lin, L., Qi, L., Lai, S., Ning, 
G., 2016. Diabetes genetic risk score modifies effect of bisphenol A 
exposure on deterioration in glucose metabolism. J. Clin. 
Endocrinol. Metab. 101, 143–150. https://doi.org/10.1210/jc. 
2015-3039. 

Bloom, M.S., Kim, D., Vom Saal, F.S., Taylor, J.A., Cheng, G., Lamb, 

J.D., Fujimoto, V.Y., 2011. Bisphenol A exposure reduces the estradiol 

response to gonadotropin stimulation during in vitro fertilization. 

Fertil. Steril. 96, 672–677.e2. https://doi.org/10. 

1016/j.fertnstert.2011.06.063. 

 



Results 

  

 

90 
 

 

Bonache, S., Mata, A., Ramos, M.D., Bassas, L., Larriba, S., 2012. 
Sperm gene expression profile is related to pregnancy rate after 
insemination and is predictive of low fe- cundity in 
normozoospermic men. Hum. Reprod. 27, 1556–1567. 
https://doi.org/10.1093/humrep/des074. 

Borai, A., Livingstone, C., Kaddam, I., Ferns, G., 2011. Selection of 
the appropriate method for the assessment of insulin resistance. 
BMC Med. Res. Method. 11, 158. https://doi.org/10.1186/1471-
2288-11-158. 
Bowman, R.E., Luine, V., Khandaker, H., Villafane, J.J., Frankfurt, 
M., 2014. Adolescent bisphenol-A exposure decreases dendritic spine 
density: role of sex and age. Synapse 68, 498–507. 
https://doi.org/10.1002/syn.21758. 
Brucker-Davis, F., Ferrari, P., Boda-Buccino, M., Wagner-Mahler, K., 

Pacini, P., Gal, J., Azuar, P., Fenichel, P., 2011. Cord blood thyroid 

tests in boys born with and without cryptorchidism: correlations with 

birth parameters and in utero Xenobiotics exposure. Thyroid 21, 

1133–1141. https://doi.org/10.1089/thy.2010.0459. 

Buckley, J.P., Kim, H., Wong, E., Rebholz, C.M., 2019. Ultra-
processed food consumption and exposure to phthalates and 
bisphenols in the US National Health and Nutrition EXamination 
Survey, 2013–2014. Environ. Int. 131, 105057. 
https://doi.org/10.1016/j.envint.2019.105057. 

Calafat, A.M., Longnecker, M.P., Koch, H.M., Swan, S.H., Hauser, 
R., Goldman, L.R.,Lanphear, B.P., Rudel, R.A., Engel, S.M., 
Teitelbaum, S.L., Whyatt, R.M., Wolff, M.S., 2015. Optimal exposure 
biomarkers for nonpersistent chemicals in environmental 
epidemiology. Environ. Health Perspect. 123, A166–A168. 
https://doi.org/10.1289/ehp.1510041. 

Calafat, A.M., Weuve, J., Ye, X., Jia, L.T., Hu, H., Ringer, S., Huttner, 

K., Hauser, R., 2009. EXposure to bisphenol A and other phenols in 

neonatal intensive care unit premature infants. Environ. Health 

Perspect. 117, 639–644. https://doi.org/10.1289/ehp.0800265. 

Calafat, A.M., Ye, X., Wong, L.-Y., Reidy, J.A., Needham, L.L., 2008. 

EXposure of the U.S. population to bisphenol A and 4-tertiary-

octylphenol: 2003–2004. Environ. Health Perspect. 116, 39–44. 

https://doi.org/10.1289/ehp.10753. 

Cao, X.-L., Corriveau, J., Popovic, S., 2009. Levels of bisphenol A in 

canned soft drink products in Canadian markets. J. Agric. Food 

Chem. 57, 1307–1311. https://doi.org/ 10.1021/jf803213g. 

Carwile, J.L., Luu, H.T., Bassett, L.S., Driscoll, D.A., Yuan, C., Chang, 
J.Y., Ye, X., Calafat, A.M., Michels, K.B., 2009. Polycarbonate bottle 
use and urinary bisphenol A con- centrations. Environ. Health 
Perspect. 117, 1368–1372. https://doi.org/10.1289/ 
ehp.0900604. 

Castro, B., Sánchez, P., Miranda, M.T., Torres, J.M., Ortega, E., 
2015. Identification of dopamine- and serotonin-related genes 
modulated by bisphenol A in the prefrontal cortex of male rats. 
Chemosphere 139, 235–239. https://doi.org/10.1016/j. 
chemosphere.2015.06.061. 

Chailurkit, L.-O., Aekplakorn, W., Ongphiphadhanakul, B., 2016. The  

association  of serum bisphenol A with thyroid autoimmunity. Int. J. 

Environ. Res. Public Health 13. 

https://doi.org/10.3390/ijerph13111153. 

Chen, D., Kannan, K., Tan, H., Zheng, Z., Feng, Y.-L., Wu, Y., 
Widelka, M., 2016. Bisphenol analogues other than BPA: 
Environmental occurrence, human exposure, and toXicity—A review. 
Environ. Sci. Technol. 50, 5438–5453. https://doi.org/10. 
1021/acs.est.5b05387. 
Chen, X., Wang, Y., Xu, F., Wei, X., Zhang, J., Wang, C., Wei, H., Xu, 

S., Yan, P., Zhou, W., Mody, I., Xu, X., Wang, Q., 2017. The rapid 

effect of bisphenol-a on long-term potentiation in hippocampus 

involves estrogen receptors and ERK activation. Neural Plast. 2017. 

https://doi.org/10.1155/2017/5196958. 

Chevalier, N., Brucker-Davis, F., Lahlou, N., Coquillard, P., Pugeat, 
M., Pacini, P., Panaïa-Ferrari, P., Wagner-Mahler, K., Fénichel, P., 
2015. A negative correlation between insulin-like peptide 3 and 
bisphenol A in human cord blood suggests an effect of endocrine 
disruptors on testicular descent during fetal development. Hum. 
Reprod. 30, 447–453. https://doi.org/10.1093/humrep/deu340. 
Chevalier, N., Fénichel, P., 2015. Bisphenol A: Targeting metabolic 
tissues. Rev. Endocr. Metab. Disord. 16, 299–309. 
https://doi.org/10.1007/s11154-016-9333-8. 

Chevrier, J., Gunier, R.B., Bradman, A., Holland, N.T., Calafat, A.M., 
Eskenazi, B., Harley, K.G., 2013. Maternal urinary bisphenol a 
during pregnancy and maternal and neo- natal thyroid function in 
the CHAMACOS study. Environ. Health Perspect. 121, 138–144.  
https://doi.org/10.1289/ehp.1205092. 

Chiu, Y.-H., Mínguez-Alarcón, L., Ford, J.B., Keller, M., Seely, E.W., 
Messerlian, C., Petrozza, J., Williams, P.L., Ye, X., Calafat, A.M., 
Hauser, R., James-Todd, T., for EARTH Study Team, 2017. 

Trimester-specific urinary bisphenol A concentrations and blood 

glucose levels among pregnant women from a fertility clinic. J. Clin. 

Endocrinol. Metab. 102, 1350–1357. 10.1210/jc.2017-00022. 

Choi, Y.J., Ha, K.H., Kim, D.J., 2017. EXposure to bisphenol A is 

directly associated with inflammation in healthy Korean adults. 

Environ. Sci. Pollut. Res. Int. 24, 284–290. 

https://doi.org/10.1007/s11356-016-7806-7. 

 

Chou, W.-C., Chen, J.-L., Lin, C.-F., Chen, Y.-C., Shih, F.-C., 
Chuang, C.-Y., 2011. Biomonitoring of bisphenol A concentrations in 
maternal and umbilical cord blood in regard to birth outcomes and 
adipokine expression: a birth cohort study in Taiwan. Environ. 
Health 10, 94. https://doi.org/10.1186/1476-069X-10-94. 

Cifre, M., Palou, A., Oliver, P., 2018. Cognitive impairment in 

metabolically-obese, normal-weight rats: identification of early 

biomarkers in peripheral blood mononuclear cells. Mol. 

Neurodegener. 13, 14. https://doi.org/10.1186/s13024-018- 

0246-8. 

Clarke, H., Dhillo, W.S., Jayasena, C.N., 2015. Comprehensive 

review on kisspeptin and its role in reproductive disorders. 

Endocrinol. Metab. (Seoul, Korea) 30, 124–141. 

https://doi.org/10.3803/EnM.2015.30.2.124. 

Cortés, M.E., Carrera, B., Rioseco, H., Pablo del Río, J., Vigil, P., 

2015. The role of kis- speptin in the onset of puberty and in the 

ovulatory mechanism: A mini-review. J. Pediatr. Adolesc. Gynecol. 

28, 286–291. https://doi.org/10.1016/j.jpag.2014.09. 

017. 

Cubero-Millán, I., Ruiz-Ramos, M.-J., Molina-Carballo, A., Martínez-
Serrano, S., Fernández-López, L., Machado-Casas, I., Tortosa-Pinto, 
P., Ruiz-López, A., Luna-del- Castillo, J.-D., Uberos, J., Muñoz-
Hoyos, A., 2017. BDNF concentrations and daily fluctuations differ 
among ADHD children and respond differently to methylphenidate 
with no relationship with depressive symptomatology. 
Psychopharmacology 234, 267–279.  
https://doi.org/10.1007/s00213-016-4460-1. 
Dang, V.H., Nguyen, T.H., Lee, G.S., Choi, K.C., Jeung, E.B., 2009. 

In vitro exposure to Xenoestrogens induces growth hormone 

transcription and release via estrogen receptor-dependent pathways 

in rat pituitary GH3 cells. Steroids 74, 707–714. https:// 

doi.org/10.1016/j.steroids.2009.03.002. 

De Felice, B., Manfellotto, F., Palumbo, A., Troisi, J., Zullo, F., Di 

Carlo, C., Di Spiezio Sardo, A., De Stefano, N., Ferbo, U., Guida, 

Marco, Guida, Maurizio, 2015. Genome-wide microRNA expression 

profiling in placentas from pregnant women exposed to BPA. BMC 

Med. Genomics 8, 56. https://doi.org/10.1186/s12920-015-0131-

z.  

Decaprio, A., 1997. Biomarkers: coming of age for environmental 

health and risk assessment. Enviornmental Sci. Technol. 31, 1837–

1848. 

Den Hond, E., Tournaye, H., De Sutter, P., Ombelet, W., Baeyens, W., 
Covaci, A., CoX, B., Nawrot, T.S., Van Larebeke, N., D’Hooghe, T., 
2015. Human exposure to endocrine disrupting chemicals and 
fertility: A case–control study in male subfertility patients. 
Environ. Int. 84, 154–160. 
https://doi.org/10.1016/j.envint.2015.07.017. 

ECHA, 2017. Member State Committee Unanimously Agrees that 

Bisphenol A is an Endocrine Disruptor. URL 

https://echa.europa.eu/documents/10162/769b2777- 

19cd-9fff-33c4-54fe6d8290d5  (accessed  21.4.20). 

ECHA, 2016. ECHA. Member State Committee Support Document 

for Identification of 4, 4’-Isopropylidenediphenol (Bisphenol A) as a 

Substance of Very High Concern Because of its ToXic For 

Reproduction (Article 57 C), EC 201-245-8, CAS 80-05-7. URL 

ttps://echa.europa.eu/documents/10162/b10d6a00-8e47-9b14-

4f61c779a8dc8450 (accessed 21.4.20). 

Ehrlich, S., Calafat, A.M., Humblet, O., Smith, T., Hauser, R., 2014. 
Handling of thermal receipts as a source of exposure to bisphenol A. 
JAMA 311, 859–860. https://doi.org/ 10.1001/jama.2013.283735. 
Ehrlich, S., Williams, P.L., Missmer, S.A., Flaws, J.A., Ye, X., Calafat, 
A.M., Petrozza, J.C., Wright, D., Hauser, R., 2012. Urinary 
bisphenol A concentrations and early re- productive health 
outcomes among women undergoing IVF. Hum. Reprod. 27, 3583–
3592. https://doi.org/10.1093/humrep/des328. 

Ejaredar, M., Lee, Y., Roberts, D.J., Sauve, R., Dewey, D., 2017. 
Bisphenol A exposure and children’s behavior: A systematic review. 
J. EXpo. Sci. Environ. Epidemiol. 27, 175–183. 
https://doi.org/10.1038/jes.2016.8. 
El-Bakri, N.K., Islam, A., Zhu, S., Elhassan, A., Mohammed, A., 

Winblad, B., Adem, A., 2004. Effects of estrogen and progesterone 

treatment on rat hippocampal NMDA 

receptors: Relationship to Morris water maze performance. J. Cell 
Mol. Med. 8, 537–544.   https://doi.org/10.1111/j.1582-
4934.2004.tb00478.X. 

Elsworth, J.D., Jentsch, J.D., Vandevoort, C.A., Roth, R.H., 
Redmond, D.E., Leranth, C., 2013. Prenatal exposure to bisphenol A 
impacts midbrain dopamine neurons and hippocampal spine 
synapses in non-human primates. NeurotoXicology 35, 113–120. 
https://doi.org/10.1016/j.neuro.2013.01.001. 

Eng, D.S., Lee, J.M., Gebremariam, A., Meeker, J.D., Peterson, K., 

Padmanabhan, V., 2013. Bisphenol A and chronic disease risk 

factors in US children. Pediatrics 132, e637–e645.  

https://doi.org/10.1542/peds.2013-0106. 

Erden, E.S., Genc, S., Motor, S., Ustun, I., Ulutas, K.T., Bilgic, 

H.K., Oktar, S., Sungur, S., Erem, C., Gokce, C., 2014. Investigation 



Results 

  

 

91 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

of serum bisphenol A, vitamin D, and parathyroid hormone levels in 
patients with obstructive sleep apnea syndrome. Endocrine 45, 311–
318. https://doi.org/10.1007/s12020-013-0022-z. 

Erden, E.S., Motor, S., Ustun, I., Demirkose, M., Yuksel, R., Okur, 

R., Oktar, S., Yakar, Y., Sungur, S., Gokce, C., 2014b. Investigation 

of Bisphenol A as an endocrine disruptor, total thiol, 

malondialdehyde, and C-reactive protein levels in chronic 

obstructive pulmonary disease. Eur. Rev. Med. Pharmacol. Sci. 18, 

3477–3483. 

Esposito, S., Cofini, M., Rigante, D., Leonardi, A., Lucchetti, L., 
Cipolla, C., Lanciotti, L., Penta, L., 2018. Inhibin B in healthy and 
cryptorchid boys. Ital. J. Pediatr. 44, 81. 
https://doi.org/10.1186/s13052-018-0523-8. 
Faulk, C., Kim, J.H., Anderson, O.S., Nahar, M.S., Jones, T.R., 

Sartor, M.A., Dolinoy, D.C., 2016. Detection of differential DNA 

methylation in repetitive DNA of mice and humans perinatally 

exposed to bisphenol A. Epigenetics 11, 489–500. https://doi.org/ 

10.1080/15592294.2016.1183856. 

Ferguson, K.K., McElrath, T.F., Cantonwine, D.E., Mukherjee, B., 
Meeker, J.D., 2015. Phthalate metabolites and bisphenol-A in 
association with circulating angiogenic biomarkers across 
pregnancy. Placenta 36, 699–703. https://doi.org/10.1016/j. 
placenta.2015.04.002. 

Ferreira, L.L., Couto, R., Oliveira, P.J., 2015. Bisphenol A as 

epigenetic modulator: setting the stage for carcinogenesis? Eur. J. 

Clin. Invest. 45, 32–36. https://doi.org/10.1111/ eci.12362. 

Fleisch, A.F., Sheffield, P.E., Chinn, C., Edelstein, B.L., Landrigan, P.J., 
2010. Bisphenol A and related compounds in dental materials. 
Pediatrics 126, 760–768. https://doi.org/ 10.1542/peds.2009-2693. 
Freire, C., Molina-Molina, J.-M., Iribarne-Durán, L.M., Jiménez-Díaz, 
I., Vela-Soria, F., Mustieles, V., Arrebola, J.P., Fernández, M.F., 
Artacho-Cordón, F., Olea, N., 2019. Concentrations of bisphenol A and 
parabens in socks for infants and young children in Spain and their 
hormone-like activities. Environ. Int. 127, 592–600. https://doi. 
org/10.1016/j.envint.2019.04.013. 
Froidure, A., Mouthuy, J., Durham, S.R., Chanez, P., Sibille, Y., 

Pilette, C., 2016. Asthma phenotypes and IgE responses. Eur. 

Respir. J. 47, 304–319. https://doi.org/10.1183/ 

13993003.01824-2014. 

Fusté, M., Pinacho, R., Meléndez-Pérez, I., Villalmanzo, N., 

Villalta-Gil, V., Haro, J.M., Ramos, B., 2013. Reduced expression of 

SP1 and SP4 transcription factors in peripheral blood 

mononuclear cells in first-episode psychosis. J. Psychiatr. Res. 47, 

1608–1614. https://doi.org/10.1016/J.JPSYCHIRES.2013.07.019. 

Galloway, T., Cipelli, R., Guralnik, J., Ferrucci, L., Bandinelli, S., 
Corsi, A.M., Money, C., McCormack, P., Melzer, D., 2010. Daily 
bisphenol A excretion and associations with sex hormone 
concentrations: results from the InCHIANTI adult population study. 
Environ. Health Perspect. 118, 1603–1608. 
https://doi.org/10.1289/ehp.1002367. 

Gassman, N.R., 2017. Induction of oXidative stress by bisphenol A 

and its pleiotropic effects. Environ. Mol. Mutagen. 58, 60–71. 

https://doi.org/10.1002/em.22072. 

Gejl, A.K., Enevold, C., Bugge, A., Andersen, M.S., Nielsen, C.H., 
Andersen, L.B., 2019. Associations between serum and plasma 
brain-derived neurotrophic factor and influence of storage time 
and centrifugation strategy. Sci. Rep. 9, 9655. https://doi. 
org/10.1038/s41598-019-45976-5. 
Gerona, R., Vom Saal, F.S., Hunt, P.A., 2019. BPA: have flawed 

analytical techniques compromised risk assessments? lancet. 

Diabetes Endocrinol. https://doi.org/10. 

1016/S2213-8587(19)30381-X. 

Giesbrecht, G.F., Ejaredar, M., Liu, J., Thomas, J., Letourneau, N., 

Campbell, T., Martin, J. W., Dewey, D., APrON Study Team, 2017. 

Prenatal bisphenol a exposure and dys- 

regulation of infant hypothalamic-pituitary-adrenal axis function: 

findings from the APrON cohort study. Environ. Heal. 16, 47. 

10.1186/s12940-017-0259-8. 

Giesbrecht, G.F., Liu, J., Ejaredar, M., Dewey, D., Letourneau, N., 

Campbell, T., Martin, J. W., APrON Study Team, 2016. Urinary 

bisphenol A is associated with dysregulation 

of HPA-axis function in pregnant women: Findings from the APrON 
cohort study. Environ.  Res.  151,  689–697.  
10.1016/j.envres.2016.09.007. 

Goldstone, A.E., Chen, Z., Perry, M.J., Kannan, K., Louis, G.M.B., 
2015. Urinary bisphenol A and semen quality, the LIFE Study. 
Reprod. ToXicol. 51, 7–13. https://doi.org/10. 
1016/j.reprotoX.2014.11.003. 
Grotto, D., Santa Maria, L., Valentini, J., Paniz, C., Schmitt, G., 
Garcia, S.C., Pomblum, V. J., Rocha, J.B.T., Farina, M., 2009. 
Importance of the lipid peroXidation biomarkers and methodological 
aspects for malondialdehyde quantification. Quim. Nova. 10. 
1590/S0100-40422009000100032. 

Halliwell, B., Gutteridge, J.M.C., 2015. Free radicals in biology and 
medicine, Fifth. ed. OXford University Press. OXford, UK. 

Hanna, C.W., Bloom, M.S., Robinson, W.P., Kim, D., Parsons, P.J., 

vom Saal, F.S., Taylor, J.A., Steuerwald, A.J., Fujimoto, V.Y., 2012. 

DNA methylation changes  in  whole blood is associated with 

exposure to the environmental contaminants, mercury, lead, 

cadmium and bisphenol A, in women undergoing ovarian 

stimulation for IVF. Hum.Reprod. 27, 1401–1410. 

https://doi.org/10.1093/humrep/des038. 

Heindel, J.J., Blumberg, B., Cave, M., Machtinger, R., Mantovani, 
A., Mendez, M.A., Nadal, A., Palanza, P., Panzica, G., Sargis, R.,  
Vandenberg, L.N., vom Saal, F., 2017. Metabolism disrupting 

chemicals and metabolic disorders. Reprod. ToXicol. 68, 3–33. 
https://doi.org/10.1016/j.reprotoX.2016.10.001. 

Hill, C.E., Myers, J.P., Vandenberg, L.N., 2018. Nonmonotonic 

dose–response curves occur in dose ranges that are relevant to 

regulatory decision-making. Dose-Response 16, 155932581879828. 

10.1177/1559325818798282. 

Hong, Y.-C., Park, E.-Y., Park, M.-S., Ko, J.A., Oh, S.-Y., Kim, H., 
Lee, K.-H., Leem, J.-H., Ha, E.-H., 2009. Community level exposure 
to chemicals and oXidative stress in adult population. ToXicol. Lett. 
184, 139–144. https://doi.org/10.1016/j.toXlet.2008.11. 
001. 

Hu, F., Li, T., Gong, H., Chen, Z., Jin, Y., Xu, G., Wang, M., 2017. 

Bisphenol A impairs synaptic plasticity by both pre- and 

postsynaptic mechanisms. Adv. Sci. (Weinheim, 

Baden-Wurttemberg, Ger. 4, 1600493. 
https://doi.org/10.1002/advs.201600493. 

Huang, Q., Liu, L., Wu, Y., Wang, X., Luo, L., Nan, B., Zhang, J., 
Tian, M., Shen, H., 2019.Seminal plasma metabolites mediate the 
associations of multiple environmental pollutants with seen quality 
in Chinese men. Environ. Int. 132, 105066. https://doi. 
org/10.1016/j.envint.2019.105066. 
Huang, Y.-F., Wang, P.-W., Huang, L.-W., Lai, C.-H., Yang, W., Wu, 
K.-Y., Lu, C.A., Chen, H.-C., Chen, M.-L., 2017. Prenatal nonylphenol 
and bisphenol A exposures and inflammation are determinants of 
oXidative/nitrative stress: A Taiwanese cohort study. Environ. Sci. 
Technol. 51, 6422–6429. https://doi.org/10.1021/acs.est.7b00801. 
Hwang, S., Lim, J., Choi, Y., Jee, S.H., 2018. Bisphenol A exposure 
and type 2 diabetes mellitus risk: a meta-analysis. BMC Endocr. 
Disord. 18, 81. https://doi.org/10.1186/ s12902-018-0310-y. 
Ibáñez, C.F., Andressoo, J.-O., 2017. Biology of GDNF and its 

receptors — Relevance for disorders of the central nervous system. 

Neurobiol. Dis. 97, 80–89. https://doi.org/ 

10.1016/J.NBD.2016.01.021. 

IPCS-WHO, 1993. Biomarkers in risk assessment: concepts and 

principles. URL https:// apps.who.int/iris/ 

sequence=1&isAllowed=y (accessed 21.4.20). 

Iribarne-Durán, L.M., Artacho-Cordón, F., Peña-Caballero, M., 

Molina-Molina, J.M., Jiménez-Díaz, I., Vela-Soria, F., Serrano, L., 

Hurtado, J.A., Fernández, M.F., Freire, C., Olea, N., 2019. Presence 

of bisphenol A and parabens in a neonatal intensive care unit: An 

exploratory study of potential sources of exposure. Environ. Health 

Perspect. 127, 117004. https://doi.org/10.1289/EHP5564. 

Jardim, N.S., Sartori, G., Sari, M.H.M., Müller, S.G., Nogueira, 
C.W., 2017. Bisphenol A impairs the memory function and 
glutamatergic homeostasis in a sex-dependent manner in mice: 
Beneficial effects of diphenyl diselenide. ToXicol. Appl. Pharmacol. 
329,  75–84.  https://doi.org/10.1016/j.taap.2017.05.035. 

Jiang, W., Cao, L., Wang, F., Ge, H., Wu, P.-C., Li, X.-W., Chen, G.-

H., 2016. Accelerated reduction of serum thyroXine and hippocampal 

histone acetylation links to exacerbation of spatial memory 

impairment in aged CD-1 mice pubertally exposed to bi- sphenol-a. 

Age (Dordr). 38, 405–418. https://doi.org/10.1007/s11357-016-

9947-5. 

Johns, L.E., Ferguson, K.K., Cantonwine, D.E., McElrath, T.F., 
Mukherjee, B., Meeker, J.D., 2017. Urinary BPA and phthalate 
metabolite concentrations and plasma vitamin D levels in pregnant 
women: A repeated measures analysis. Environ. Health Perspect. 
125,  087026.  https://doi.org/10.1289/EHP1178. 

Johns, L.E., Ferguson, K.K., Meeker, J.D., 2016. Relationships 
between urinary phthalate metabolite and bisphenol A concentrations 
and vitamin D levels in U.S. Adults: National Health and Nutrition 
EXamination Survey (NHANES), 2005–2010. J. Clin. Endocrinol. 
Metab. 101, 4062–4069. https://doi.org/10.1210/jc.2016-2134. 

Kandaraki, E., Chatzigeorgiou, A., Livadas, S., Palioura, E., 

Economou, F., Koutsilieris, M., Palimeri, S., Panidis, D., Diamanti-

Kandarakis, E., 2011. Endocrine disruptors and polycystic ovary 

syndrome (PCOS): Elevated serum levels of bisphenol A in women 

with PCOS. J. Clin. Endocrinol. Metab. 96, E480–E484. 

https://doi.org/10.1210/jc.2010-1658. 

Kataria, A., Levine, D., Wertenteil, S., Vento, S., Xue, J., Rajendiran, 

K., Kannan, K., Thurman, J.M., Morrison, D., Brody, R., Urbina, E., 

Attina, T., Trasande, L., Trachtman, H., 2017. EXposure to 

bisphenols and phthalates and association with oXidant stress, 

insulin resistance, and endothelial dysfunction in children. Pediatr. 

Res. 81, 857–864. https://doi.org/10.1038/pr.2017.16. 

Khalil, N., Ebert, J.R., Wang, L., Belcher, S., Lee, M., Czerwinski, 

S.A., Kannan, K., 2014. Bisphenol A and cardiometabolic risk factors 

in obese children. Sci. Total Environ. 470–471, 726–732. 

https://doi.org/10.1016/j.scitotenv.2013.09.088. 

Kim, E.J., Lee, D., Chung, B.C., Pyo, H., Lee, J., 2014. Association 
between urinary levels of bisphenol-A and estrogen metabolism in 
Korean adults. Sci. Total Environ. 470–471, 1401–1407. 
https://doi.org/10.1016/j.scitotenv.2013.07.040. 
Kim, J.H., Hong, Y.-C., 2017. Increase of urinary malondialdehyde 
level by bisphenol A exposure: a longitudinal panel study. Environ. 
Health 16, 8. https://doi.org/10. 1186/s12940-017-0221-9. 

Hines, C.J., Christianson, A.L., Jackson, M.V., Ye, X., Pretty, J.R., 
Arnold, J.E., Calafat, A.M., 2018. An evaluation of the relationship 
among urine, air, and hand measures of exposure to bisphenol A 
(BPA) in US manufacturing workers. Ann. Work EXpo. Heal. 
62, 840–851. https://doi.org/10.1093/annweh/wXy042. 

Hofer, T., 2001. OXidation of 2′-deoXyguanosine by H2O2-

ascorbate: Evidence against free OH and thermodynamic support for 

two-electron reduction of H2O2. J. Chem. Soc. Perkin Trans. 2, 

210–213. https://doi.org/10.1039/b006394k. 



Results 

  

 

92 
 

  

Kim, J.H., Rozek, L.S., Soliman, A.S., Sartor, M.A., Hablas, A., 

Seifeldin, I.A., Colacino, J.A., Weinhouse, C., Nahar, M.S., Dolinoy,  

D.C., 2013. Bisphenol A-associated epigenomic changes in 
prepubescent girls: a cross-sectional study in Gharbiah. Egypt. 
Environ. Health 12, 33. https://doi.org/10.1186/1476-069X-12-
33. 
Kim, K.Y., Lee, E., Kim, Y., 2019. The association between bisphenol 
A exposure andobesity in children-A systematic review with meta-
analysis. Int. J. Environ. Res. Public Health 16. 
https://doi.org/10.3390/ijerph16142521. 
Kimura, E., Matsuyoshi, C., Miyazaki, W., Benner, S., Hosokawa, 
M., Yokoyama, K., Kakeyama, M., Tohyama, C., 2016. Prenatal 
exposure to bisphenol A impacts neuronal morphology in the 
hippocampal CA1 region in developing and aged mice. Arch. ToXicol. 
90, 691–700. https://doi.org/10.1007/s00204-015-1485-X. 
Knez, J., Kranvogl, R., Breznik, B.P., Vončina, E., Vlaisavljević, V., 

2014. Are urinary bisphenol A levels in men related to semen 

quality and embryo development after medically assisted 

reproduction? Fertil. Steril. 101, 215–221.e5. 

https://doi.org/10.1016/j.fertnstert.2013.09.030. 

Kovacic, P., 2010. How safe is bisphenol A? Fundamentals of 
toXicity: metabolism, electron transfer and oXidative stress. Med. 
Hypotheses 75, 1–4. https://doi.org/10. 1016/j.mehy.2010.03.002. 
Kowiański, P., Lietzau, G., Czuba, E., Waśkow, M., Steliga, A., 
Moryś, J., 2018. BDNF: A key factor with multipotent impact on 
brain signaling and synaptic plasticity. Cell. Mol. Neurobiol. 38, 
579–593. https://doi.org/10.1007/s10571-017-0510-4. 
Kumar, D., Thakur, M.K., 2017. Anxiety like behavior due to 

perinatal exposure to Bisphenol-A is associated with decrease in 

excitatory to inhibitory synaptic density of male mouse brain. 

ToXicology 378, 107–113. https://doi.org/10.1016/j.toX.2017.01. 

010. 

Kundakovic, M., Champagne, F.A., 2011. Epigenetic perspective on 
the developmental effects of bisphenol A. Brain Behav. Immun. 25, 
1084–1093. https://doi.org/10. 1016/j.bbi.2011.02.005. 
Kundakovic, M., Gudsnuk, K., Herbstman, J.B., Tang, D., Perera, 

F.P., Champagne, F.A., 2015. DNA methylation of BDNF as a 

biomarker of early-life adversity. Proc. Natl.Acad. Sci. 112, 6807–

6813. https://doi.org/10.1073/pnas.1408355111. 

Kurian, J.R., Keen, K.L., Kenealy, B.P., Garcia, J.P., Hedman, C.J., 

Terasawa, E., 2015. Acute influences of bisphenol A exposure on 

hypothalamic release of gonadotropin-releasing hormone and 

kisspeptin in female rhesus monkeys. Endocrinology 156, 2563–

2570. https://doi.org/10.1210/en.2014-1634. 

La Rocca, C., Tait, S., Guerranti, C., Busani, L., Ciardo, F., 

Bergamasco, B., Perra, G., Mancini, F.R., Marci, R., Bordi, G., 

Caserta, D., Focardi, S., Moscarini, M., Mantovani, 

A., 2015. EXposure to endocrine disruptors and nuclear receptors 
gene expression in infertile and fertile men from Italian areas with 
different environmental features. Int.J. Environ. Res. Public Health 
12, 12426–12445. https://doi.org/10.3390/ ijerph121012426. 

LaKind, J.S., Pollock, T., Naiman, D.Q., Kim, S., Nagasawa, A., 
Clarke, J., 2019. Factors affecting interpretation of national 
biomonitoring data from multiple countries: BPA as a case study. 
Environ. Res. 173, 318–329. 
https://doi.org/10.1016/j.envres.2019. 03.047. 
Lam, S.H., Hlaing, M.M., Zhang, X., Yan, C., Duan, Z., Zhu, L., 

Ung, C.Y., Mathavan, S., Ong, C.N., Gong, Z., 2011. ToXicogenomic 

and phenotypic analyses of bisphenol-A early-life exposure toXicity 

in zebrafish. PLoS ONE 6, e28273. https://doi.org/10. 

1371/journal.pone.0028273. 

Lang, I.A., Galloway, T.S., Scarlett, A., Henley, W.E., Depledge, M., 
Wallace, R.B., Melzer, D., 2008. Association of urinary bisphenol A 
concentration with medical disorders and laboratory abnormalities 
in adults. JAMA 300, 1303–1310. https://doi.org/10. 
1001/jama.300.11.1303. 

Lassen, T.H., Frederiksen, H., Jensen, T.K., Petersen, J.H., Joensen, 

U.N., Main, K.M., Skakkebaek, N.E., Juul, A., Jørgensen, N., 

Andersson, A.-M., 2014. Urinary bisphenol A levels in young men: 

association with reproductive hormones and semen quality. 

Environ. Health Perspect. 122, 478–484. 

https://doi.org/10.1289/ehp.1307309. 
Lee, H.A., Kim, Y.J., Lee, H., Gwak, H.S., Park, E.A., Cho, S.J., Kim, 
H.S., Ha, E.H., Park, H., 2013. Effect of urinary bisphenol A on 
androgenic hormones and insulin re- sistance in preadolescent girls: 
a pilot study from the Ewha Birth & Growth Cohort. 

Int. J. Environ. Res. Public Health 10, 5737–5749. 

https://doi.org/10.3390/ ijerph10115737. 

Lee, M.-R., Park, H., Bae, S., Lim, Y.-H., Kim, J.H., Cho, S.-H., Hong, 
Y.-C., 2014a. Urinary bisphenol A concentrations are associated with 
abnormal liver function in the elderly: a repeated panel study. J. 
Epidemiol. Community Health 68, 312–317. https://doi. 
org/10.1136/jech-2013-202548. 
Lee, S., Kang, S.M., Choi, M.H., Lee, J., Park, M.J., Kim, S.H., Lee, 
W.Y., Hong, J., Chung, B.C., 2014b. Changes in steroid metabolism 
among girls with precocious puberty may not be associated with 
urinary levels of bisphenol A. Reprod. ToXicol. 44, 1–6. 
https://doi.org/10.1016/j.reprotoX.2013.03.008. 
Leranth, C., Hajszan, T., Szigeti-Buck, K., Bober, J., MacLusky, N.J., 

2008. Bisphenol A prevents the synaptogenic response to estradiol in 

hippocampus and prefrontal cortex of ovariectomized nonhuman 

primates. Proc. Natl. Acad. Sci. U. S. A. 105, 14187–14191. 

https://doi.org/10.1073/pnas.0806139105.  

Li, D.-K., Zhou, Z., Miao, M., He, Y., Wang, J., Ferber, J., Herrinton,  

L.J., Gao, E., Yuan, W., 2011. Urine bisphenol-A (BPA) level in 

relation to semen quality. Fertil. Steril. 95 (625–30), e1–e4. 

https://doi.org/10.1016/j.fertnstert.2010.09.026. 

Li, M., Bi, Y., Qi, L., Wang, T., Xu, M., Huang, Y., Xu, Y., Chen, Y., Lu, 
J., Wang, W., Ning, G., 2012. EXposure to bisphenol A is associated 
with low-grade albuminuria in Chinese adults. Kidney Int. 81, 
1131–1139. https://doi.org/10.1038/ki.2012.6. 

Li, Q., Kappil, M.A., Li, A., Dassanayake, P.S., Darrah, T.H., 
Friedman, A.E., Friedman, M., Lambertini, L., Landrigan, P., 
Stodgell, C.J., Xia, Y., Nanes, J.A., Aagaard, K.M., Schadt, E.E., 
Murray, J.C., Clark, E.B., Dole, N., Culhane, J., Swanson, J., 
Varner, M., 
Moye, J., Kasten, C., Miller, R.K., Chen, J., 2015. EXploring the 
associations between microRNA expression profiles and 
environmental pollutants in human placenta from the National 
Children’s Study (NCS). Epigenetics 10, 793–802. 
https://doi.org/10. 
1080/15592294.2015.1066960. 

Liu, C., Xu, X., Zhang, Y., Li, W., Huo, X., 2016. Associations 
between maternal phenolic exposure and cord sex hormones in male 
newborns. Hum. Reprod. 31, 648–656. 
https://doi.org/10.1093/humrep/dev327. 
Liu, J., Martin, J.W., 2017. Prolonged exposure to bisphenol A from 
single dermal contact events. Environ. Sci. Technol. 51, 9940–9949. 
https://doi.org/10.1021/acs.est. 7b03093. 
Liu, X., Miao, M., Zhou, Z., Gao, E., Chen, J., Wang, J., Sun, F., Yuan, 
W., Li, D.-K., 2015. EXposure to bisphenol-A and reproductive 
hormones among male adults. Environ. ToXicol. Pharmacol. 39, 
934–941. https://doi.org/10.1016/j.etap.2015.03.007. 

López-Jaramillo, P., Gómez-Arbeláez, D., López-López, J., López-
López, C., Martínez-Ortega, J., Gómez-Rodríguez, A., Triana-
Cubillos, S., 2014. The role of leptin/adi- ponectin ratio in metabolic 
syndrome and diabetes. Horm. Mol. Biol. Clin. Investig. 18,  37–45.  
https://doi.org/10.1515/hmbci-2013-0053. 

Luo, G., Wang, S., Li, Z., Wei, R., Zhang, L., Liu, H., Wang, C., 
Niu, R., Wang, J., 2014. Maternal bisphenol a diet induces anxiety-
like behavior in female juvenile with neuroimmune activation. 
ToXicol. Sci. 140, 364–373. https://doi.org/10.1093/ 
toXsci/kfu085. 
Lv, Y., Rui, C., Dai, Y., Pang, Q., Li, Y., Fan, R., Lu, S., 2016. 
EXposure of children to BPA through dust and the association of 
urinary BPA and triclosan with oXidative stress in Guangzhou. China. 
Environ. Sci. Process. Impacts 18, 1492–1499. 
https://doi.org/10.1039/C6EM00472E. 

Machtinger, R., Combelles, C.M.H., Missmer, S.A., Correia, K.F., 

Williams, P., Hauser, R., Racowsky, C., 2013. Bisphenol-A and 

human oocyte maturation in vitro. Hum. Reprod. 28, 2735–2745. 

https://doi.org/10.1093/humrep/det312. 

Manikkam, M., Guerrero-Bosagna, C., Tracey, R., Haque, M.M., 
Skinner, M.K., 2012. Transgenerational actions of environmental 
compounds on reproductive disease and identification of epigenetic 
biomarkers of ancestral exposures. PLoS ONE 7, e31901. 
https://doi.org/10.1371/journal.pone.0031901. 

Martinowich, K., Manji, H., Lu, B., 2007. New insights into BDNF 

function in depression and anxiety. Nat. Neurosci. 10.1038/nn1971. 

Meeker, J.D., Calafat, A.M., Hauser, R., 2010a. Urinary bisphenol A 

concentrations in relation to serum thyroid and reproductive 

hormone levels in men from an infertility clinic. Environ. Sci. 

Technol. 44, 1458–1463. https://doi.org/10.1021/es9028292. 

Meeker, J.D., Ehrlich, S., Toth, T.L., Wright, D.L., Calafat, A.M., 

Trisini, A.T., Ye, X., 

Hauser, R., 2010b. Semen quality and sperm DNA damage in 

relation to urinary bisphenol A among men from an infertility clinic. 

Reprod. ToXicol. 30, 532–539. 

https://doi.org/10.1016/j.reprotoX.2010.07.005. 

Meeker, J.D., Ferguson, K.K., 2011. Relationship between urinary 

phthalate and bi- sphenol 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, 1396–1402. 

https://doi.org/10.1289/ehp.1103582. 

Melzer, D., Harries, L., Cipelli, R., Henley, W., Money, C., 
McCormack, P., Young, A., Guralnik, J., Ferrucci, L., Bandinelli, S., 
Corsi, A.M., Galloway, T., 2011. Bisphenol A exposure is associated 
with in vivo estrogenic gene expression in adults. Environ. Health 
Perspect. 119, 1788–1793. https://doi.org/10.1289/ehp.1103809. 

Melzer, D., Rice, N.E., Lewis, C., Henley, W.E., Galloway, T.S., 

2010. Association of ur- inary bisphenol A concentration with heart 

disease: Evidence from NHANES 2003/06. PLoS ONE 5, e8673. 

https://doi.org/10.1371/journal.pone.0008673. 

Menale, C., Grandone, A., Nicolucci, C., Cirillo, G., Crispi, S., Di 
Sessa, A., Marzuillo, P., Rossi, S., Mita, D.G., Perrone, L., Diano, N., 
Miraglia Del Giudice, E., 2017. Bisphenol A is associated with insulin 
resistance and modulates adiponectin and resistin gene expression 
in obese children. Pediatr. Obes. 12, 380–387. 
https://doi.org/10.1111/ ijpo.12154. 
Mendiola, J., Jørgensen, N., Andersson, A.-M., Calafat, A.M., Ye, X., 
Redmon, J.B., Drobnis, E.Z., Wang, C., Sparks, A., Thurston, S.W., 
Liu, F., Swan, S.H., 2010. Are environmental levels of bisphenol A 
associated with reproductive function in fertile men? Environ. 
Health Perspect. 118, 1286–1291. https://doi.org/10.1289/ehp. 
1002037. 
Mesnage, R., Phedonos, A., Arno, M., Balu, S., Corton, J.C., 
Antoniou, M.N., 2017. Transcriptome profiling reveals bisphenol A 
alternatives activate estrogen receptor alpha in human breast cancer 
cells. ToXicol. Sci. 158, 431–443. https://doi.org/10. 
1093/toXsci/kfX101. 

 



Results 

  

 

93 
 

 

  

Miao, M., Yuan, W., Yang, F., Liang, H., Zhou, Z., Li, R., Gao, E., Li, 
D.-K., 2015. Associations between bisphenol A exposure and 
reproductive hormones among fe- male workers. Int. J. Environ. 
Res. Public Health 12, 13240–13250. https://doi.org/ 
10.3390/ijerph121013240. 

Miao, M., Zhou, X., Li, Y., Zhang, O., Zhou, Z., Li, T., Yuan, W., Li, 
R., Li, D.-K., 2014. 

LINE-1 hypomethylation in spermatozoa is associated with 

Bisphenol A exposure. Andrology 2, 138–144. 

https://doi.org/10.1111/j.2047-2927.2013.00166.X. 

Michael Caudle, W., 2016. This can’t be stressed enough: The 
contribution of select environmental toXicants to disruption of the 
stress circuitry and response. Physiol. Behav. 166, 65–75. 
https://doi.org/10.1016/j.physbeh.2015.09.021. 

Milošević, N., Jakšić, V., Sudji, J., Vuković, B., Ičin, T., Milić, N., 
Medić Stojanoska, M., 2017. Possible influence of the environmental 
pollutant bisphenol A on the cardio- metabolic risk factors. Int. J. 
Environ. Health Res. 27, 11–26. https://doi.org/10. 
1080/09603123.2016.1246654. 

Mínguez-Alarcón, L., Gaskins, A.J., Chiu, Y.-H., Williams, P.L., 

Ehrlich, S., Chavarro, J.E., Petrozza, J.C., Ford, J.B., Calafat, A.M., 

Hauser, R., EARTH Study Team, 2015. 

Urinary bisphenol A concentrations and association with in vitro 

fertilization out- comes among women from a fertility clinic. Hum. 

Reprod. 30, 2120–2128. 10.1093/humrep/dev183. 

Mok-Lin, E., Ehrlich, S., Williams, P.L., Petrozza, J., Wright, D.L., 

Calafat, A.M., Ye, X., Hauser, R., 2010. Urinary bisphenol A 

concentrations and ovarian response among women undergoing 

IVF. Int. J. Androl. 33, 385–393. https://doi.org/10.1111/j. 

1365-2605.2009.01014.X. 

Molina-Molina, J.-M., Amaya, E., Grimaldi, M., Sáenz, J.-M., Real, 

M., Fernández, M.F., Balaguer, P., Olea, N., 2013. In vitro study on 

the agonistic and antagonistic activities of bisphenol-S and other 

bisphenol-A congeners and derivatives via nuclear receptors. ToXicol. 

Appl. Pharmacol. 272, 127–136. 

https://doi.org/10.1016/j.taap.2013.05. 

015. 

Molina-Molina, J.M., Jiménez-Díaz, I., Fernández, M.F., Rodriguez-

Carrillo, A., Peinado, F.M., Mustieles, V., Barouki, R., Piccoli, C., 

Olea, N., Freire, C., 2019. Determination of bisphenol A and 

bisphenol S concentrations and assessment of estrogen- and anti- 

androgen-like activities in thermal paper receipts from Brazil, 

France, and Spain. 

Environ. Res. 170, 406–415. 
https://doi.org/10.1016/j.envres.2018.12.046. 

Moreman, J., Lee, O., Trznadel, M., David, A., Kudoh, T., Tyler, C.R., 
2017. Acute toXicity, teratogenic, and estrogenic effects of bisphenol 
A and its alternative replacements bisphenol S, bisphenol F, and 
bisphenol AF in zebrafish embryo-larvae. Environ. Sci. 
Technol. 51, 12796–12805. 
https://doi.org/10.1021/acs.est.7b03283. 

Morgan, M.K., Nash, M., Barr, D.B., Starr, J.M., Scott Clifton, M., 

Sobus, J.R., 2018. Distribution, variability, and predictors of 

urinary bisphenol A levels in 50 North Carolina adults over a siX-

week monitoring period. Environ. Int. 112, 85–99. https:// 

doi.org/10.1016/j.envint.2017.12.014. 

Moriyama, K., Tagami, T., Akamizu, T., Usui, T., Saijo, M., 
Kanamoto, N., Hataya, Y., Shimatsu, A., Kuzuya, H., Nakao, K., 
2002. Thyroid hormone action is disrupted by bisphenol A as an 
antagonist. J. Clin. Endocrinol. Metab. 87, 5185–5190. https://doi. 
org/10.1210/jc.2002-020209. 

Murata, M., Kang, J.-H., 2018. Bisphenol A (BPA) and cell signaling 
pathways. Biotechnol. Adv. 36, 311–327. 
https://doi.org/10.1016/j.biotechadv.2017.12.002. 

Mustieles, V., Arrebola, J.P., 2020. How polluted is your fat? What 

the study of adipose tissue can contribute to environmental 

epidemiology. J. Epidemiol. Community Health. 10.1136/jech-2019-

213181. 

Mustieles, V., Casas, M., Ferrando-Marco, P., Ocón-Hernández, O., 
Reina-Pérez, I., Rodríguez-Carrillo, A., Vela-Soria, F., Pérez-Lobato, 
R., Navarrete-Muñoz, E.M., Freire, C., Olea, N., Fernández, M.F., 
2019. Bisphenol A and adiposity measures in peripubertal boys from 
the INMA-Granada cohort. Environ. Res. 173, 443–451. 

https://doi.org/10.1016/j.envres.2019.03.045. 

Mustieles, V., Messerlian, C., Reina, I., Rodríguez-Carrillo, A., Olea, 
N., Fernández F., M., 2018a. Is Bisphenol A (BPA) a Threat to 
Children’s Behavior? J. Ment. Heal. Clin. Psychol. 2, 6–9. 
Mustieles, V., Ocón-Hernandez, O., Mínguez-Alarcón, L., Dávila-

Arias, C., Pérez-Lobato, R., Calvente, I., Arrebola, J.P., Vela-Soria, 

F., Rubio, S., Hauser, R., Olea, N., Fernández, M.F., 2018b. 

Bisphenol A and reproductive hormones and cortisol in 

peripubertal boys: The INMA-Granada cohort. Sci. Total Environ. 

618, 1046–1053. https://doi.org/10.1016/j.scitotenv.2017.09.093. 

Mustieles, V., Pérez-Lobato, R., Olea, N., Fernández, M.F., 2015. 

Bisphenol A: Human exposure and neurobehavior. 

NeurotoXicology. https://doi.org/10.1016/j.neuro.2015.06.002. 

Mustieles, V., Williams, P.L., Fernandez, M.F., Mínguez-Alarcón, L., 

Ford, J.B., Calafat, A.M., Hauser, R., Messerlian, C., 2018c. 

Maternal and paternal preconception exposure to bisphenols and 

size at birth. Hum. Reprod. 33, 1528–1537. 
  Mustieles, V., Zhang, Y., Yland, J., Braun, J.M., Williams, P.L., 

Wylie, B.J., Attaman, J.A., Ford, J.B., Azevedo, A., Calafat, A.M.,  

Hauser, R., Messerlian, C., 2020. Maternal and paternal 
preconception exposure to phenols and preterm birth. Environ. Int. 
137, 105523.   https://doi.org/10.1016/j.envint.2020.105523. 

Nahar, M.S., Kim, J.H., Sartor, M.A., Dolinoy, D.C., 2014. Bisphenol 
A-associated alterations in the expression and epigenetic regulation 
of genes encoding xenobiotic metabolizing enzymes in human fetal 
liver. Environ. Mol. Mutagen. 55, 184–195. 
https://doi.org/10.1002/em.21823. 

Nahar, M.S., Liao, C., Kannan, K., Harris, C., Dolinoy, D.C., 2015. 

In utero bisphenol A concentration, metabolism, and global DNA 

methylation across matched placenta, 

kidney, and liver in the human fetus. Chemosphere 124, 54–60. 

https://doi.org/10. 1016/j.chemosphere.2014.10.071. 

Nesan, D., Sewell, L.C., Kurrasch, D.M., 2018. Opening the black 
boX of endocrine disruption of brain development: Lessons from the 
characterization of Bisphenol A. Horm. Behav. 
10.1016/j.yhbeh.2017.12.001. 
Ning, G., Bi, Y., Wang, T., Xu, M., Xu, Y., Huang, Y., Li, M., Li, X., 
Wang, W., Chen, Y., Wu, Y., Hou, J., Song, A., Liu, Y., Lai, S., 2011. 
Relationship of urinary bisphenol A concentration to risk for 
prevalent type 2 diabetes in Chinese adults: a cross-sectional analysis. 
Ann. Intern. Med. 155, 368–374. https://doi.org/10.7326/0003-
4819-155- 
6-201109200-00005. 

Norman, A.W., 2008. From vitamin D to hormone D: 

fundamentals of the vitamin D endocrine system essential for good 

health. Am. J. Clin. Nutr. 88, 491S–499S. https:// 

doi.org/10.1093/ajcn/88.2.491S. 

NRC, 2006. Human Biomonitoring for Environmental Chemicals. 

URL 10.17226/11700 (accessed 21.4.20). 

Oppeneer, S.J., Robien, K., 2015. Bisphenol A exposure and 

associations with obesity among adults: a critical review. Public 

Health Nutr. 18, 1847–1863. https://doi.org/ 

10.1017/S1368980014002213. 
Perng, W., Watkins, D.J., Cantoral, A., Mercado-García, A., Meeker, 
J.D., Téllez-Rojo, M.M., Peterson, K.E., 2017. EXposure to phthalates 
is associated with lipid profile in peripubertal Mexican youth. 
Environ. Res. 154, 311–317. https://doi.org/10.1016/j. 
envres.2017.01.033. 
Pinacho, R., Saia, G., Fusté, M., Meléndez-Pérez, I., Villalta-Gil, V., 

Haro, J.M., Gill, G., Ramos, B., 2015. Phosphorylation of 

transcription factor specificity protein 4 is increased in peripheral 

blood mononuclear cells of first-episode psychosis. PLoS ONE 10, 

e0125115. https://doi.org/10.1371/journal.pone.0125115. 

Priya, A., Johar, K., Wong-Riley, M.T.T., 2013. Specificity protein 4 
functionally regulates the transcription of NMDA receptor subunits 
GluN1, GluN2A, and GluN2B. Biochim. Biophys. Acta - Mol. Cell Res. 
1833, 2745–2756. https://doi.org/10.1016/j.bbamcr. 
2013.07.002. 

Rancière, F., Lyons, J.G., Loh, V.H.Y., Botton, J., Galloway, T., 

Wang, T., Shaw, J.E., Magliano, D.J., 2015. Bisphenol A and the 

risk of cardiometabolic disorders: a systematic review with meta-

analysis of the epidemiological evidence. Environ. Heal. 14, 46. 

https://doi.org/10.1186/s12940-015-0036-5. 

Rebuli, M.E., Gibson, P., Rhodes, C.L., Cushing, B.S., Patisaul, H.B., 

2016. Sex differences in microglial colonization and vulnerabilities to 

endocrine disruption in the social brain. Gen. Comp. Endocrinol. 

238, 39–46. https://doi.org/10.1016/j.ygcen.2016.04.018. 

Richa, R., Sinha, R.P., 2014. HydroXymethylation of DNA: an 
epigenetic marker. EXCLI J. 13, 592–610. 

Robledo, C., Peck, J.D., Stoner, J.A., Carabin, H., Cowan, L., Koch, 

H.M., Goodman, J.R., 2013. Is bisphenol-A exposure during 

pregnancy associated with blood glucose levels or diagnosis of 

gestational diabetes? J. ToXicol. Environ. Health. A 76, 865–873. 

https://doi.org/10.1080/15287394.2013.824395. 
Rochester, J.R., 2013. Bisphenol A and human health: a review of 
the literature. Reprod.ToXicol. 42, 132–155. 
https://doi.org/10.1016/j.reprotoX.2013.08.008. 

Rochester, J.R., Bolden, A.L., 2015. Bisphenol S and F: A systematic 

review and com- parison of the hormonal activity of bisphenol A 

substitutes. Environ. Health Perspect. 123, 643–650. 

https://doi.org/10.1289/ehp.1408989. 

Rodríguez-Carrillo, A., Mustieles, V., Pérez-Lobato, R., Molina-

Molina, J.M., Reina-Pérez, I., Vela-Soria, F., Rubio, S., Olea, N., 

Fernández, M.F., 2019. Bisphenol A and cognitive function in 

school-age boys: Is BPA predominantly related to behavior? 

NeurotoXicology 74, 162–171. 

https://doi.org/10.1016/j.neuro.2019.06.006. 

Romano, M.E., Webster, G.M., Vuong, A.M., Thomas Zoeller, R., 
Chen, A., Hoofnagle, A.N., Calafat, A.M., Karagas, M.R., Yolton, 
K., Lanphear, B.P., Braun, J.M., 2015. Gestational urinary 
bisphenol A and maternal and newborn thyroid hormone 
concentrations: The HOME Study. Environ. Res. 138, 453–460. 
https://doi.org/10.1016/ j.envres.2015.03.003. 
Rönn, M., Lind, L., Örberg, J., Kullberg, J., Söderberg, S., Larsson, 
A., Johansson, L., Ahlström, H., Lind, P.M., 2014. Bisphenol A is 
related to circulating levels of adi- ponectin, leptin and ghrelin, but 
not to fat mass or fat distribution in humans. Chemosphere 112, 
42–48. https://doi.org/10.1016/j.chemosphere.2014.03.042. 

Rosenfeld, C.S., 2017. Neuroendocrine disruption in animal models 
due to exposure to bisphenol A analogues. Front. Neuroendocrinol. 
47, 123–133. https://doi.org/10. 1016/j.yfrne.2017.08.001. 
Rubin, B.S., 2011. Bisphenol A: an endocrine disruptor with 
widespread exposure and multiple effects. J. Steroid Biochem. Mol. 



Results 

  

 

94 
 

 

  

Ruiz-Pino, F., Miceli, D., Franssen, D., Vazquez, M.J., Farinetti, A., 

Castellano, J.M., Panzica, G., Tena-Sempere, M., 2019. Environmentally 

relevant perinatal exposures to bisphenol A disrupt postnatal Kiss1/NKB 

neuronal maturation and puberty onset in female mice. Environ. 

Health Perspect. 127, 107011. https://doi.org/10.1289/ EHP5570. 

Sabanayagam, C., Teppala, S., Shankar, A., 2013. Relationship between 

urinary bisphenol A levels and prediabetes among subjects free of 

diabetes. Acta Diabetol. 50, 625–631. 

https://doi.org/10.1007/s00592-013-0472-z. 

Sakuma, S., Nakanishi, M., Morinaga, K., Fujitake, M., Wada, S., 

Fujimoto, Y., 2010. Bisphenol A 3,4-quinone induces the conversion of 

Xanthine dehydrogenase into oXidase in vitro. Food Chem. ToXicol. 

48, 2217–2222. https://doi.org/10.1016/j.fct. 2010.05.051. 
Saltiel, A.R., Olefsky, J.M., 2017. Inflammatory mechanisms linking 

obesity and meta- bolic disease. J. Clin. Invest. 127, 1. 

https://doi.org/10.1172/JCI92035. 

Sansone, A., Kliesch, S., Isidori, A.M., Schlatt, S., 2019. AMH and 
INSL3 in testicular and extragonadal pathophysiology: what do we 
know? Andrology. https://doi.org/10. 1111/andr.12597. 
Savastano, S., Tarantino, G., D’Esposito, V., Passaretti, F., Cabaro, S., 

Liotti, A., Liguoro, D., Perruolo, G., Ariemma, F., Finelli, C., Beguinot, 

F., Formisano, P., Valentino, R., 2015. Bisphenol-A plasma levels are 

related to inflammatory markers, visceral obe- sity and insulin-

resistance: a cross-sectional study on adult male population. J. Transl. 

Med. 13, 169. https://doi.org/10.1186/s12967-015-0532-y. 

Scinicariello, F., Buser, M.C., 2016. Serum testosterone concentrations 

and urinary bi- sphenol A, benzophenone-3, triclosan, and paraben 

levels in male and female children and adolescents: NHANES 2011–

2012. Environ. Health Perspect. 124, 1898–1904. 

https://doi.org/10.1289/EHP150. 

Sever, R., Glass, C.K., 2013. Signaling by nuclear receptors. Cold 
Spring Harb. Perspect. Biol. 5, a016709. 
https://doi.org/10.1101/cshperspect.a016709. 

Shan, J., Yuan, L., Xiao, Q., Chiorazzi, N., Budman, D., Teichberg, S., 

Xu, H., 2002. TSP50, a possible protease in human testes, is activated 

in breast cancer epithelial cells. Cancer Res. 62, 290–294. 

Shankar, A., Teppala, S., 2011. Relationship between urinary 

bisphenol A levels and diabetes mellitus. J. Clin. Endocrinol. Metab. 

96, 3822–3826. https://doi.org/10.1210/jc.2011-1682. 

Shapiro, G.D., Dodds, L., Arbuckle, T.E., Ashley-Martin, J., Fraser, W., 

Fisher, M., Taback, S., Keely, E., Bouchard, M.F., Monnier, P., Dallaire, 

R., Morisset, A., Ettinger, A.S., 2015. EXposure to phthalates, 

bisphenol A and metals in pregnancy and the asso- ciation with 

impaired glucose tolerance and gestational diabetes mellitus: The 

MIREC study. Environ. Int. 83, 63–71. 

https://doi.org/10.1016/j.envint.2015.05.016. 

Sheng, Z.G., Tang, Y., Liu, Y.X., Yuan, Y., Zhao, B.Q., Chao, X.J., Zhu, 
B.Z., 2012. Low concentrations of bisphenol a suppress thyroid 
hormone receptor transcription through a nongenomic mechanism. 
ToXicol. Appl. Pharmacol. 259, 133–142. 
https://doi.org/10.1016/j.taap.2011.12.018. 

Silva, M.M. Da, Xavier, L.L.F., Gonçalves, C.F.L., Santos-Silva, A.P., 

Paiva-Melo, F.D., Freitas, M.L. De, Fortunato, R.S., Alves, L.M., 

Ferreira, A.C.F., 2018. Bisphenol A increases hydrogen peroXide 

generation by thyrocytes both in vivo and in vitro. Endocr. Connect. 

10.1530/EC-18-0348. 

Silver, M.K., O’Neill, M.S., Sowers, M.R., Park, S.K., 2011. Urinary 
bisphenol A and type-2 diabetes in U.S. adults: Data from NHANES 
2003–2008. PLoS ONE 6, e26868. 
https://doi.org/10.1371/journal.pone.0026868. 
Skorupskaite, K., George, J.T., Anderson, R.A., 2014. The kisspeptin-

GnRH pathway in human reproductive health and disease. Hum. 

Reprod. Update 20, 485–500. https:// 

doi.org/10.1093/humupd/dmu009. 

Sohrabji, F., Lewis, D.K., 2006. Estrogen-BDNF interactions: 

Implications for neurode- generative diseases. Front. Neuroendocrinol. 

10.1016/j.yfrne.2006.09.003. 

Sollome, J., Martin, E., Sethupathy, P., Fry, R.C., 2016. 

Environmental contaminants and microRNA regulation: 

Transcription factors as regulators of toXicant-altered 

microRNA expression. ToXicol. Appl. Pharmacol. 312, 61–66. 

https://doi.org/10. 1016/j.taap.2016.06.009. 

Song, H., Park, J., Bui, P.T.C., Choi, K., Gye, M.C., Hong, Y.-C., Kim, 
J.H., Lee, Y.J., 2017. Bisphenol A induces COX-2 through the mitogen-
activated protein kinase pathway and is associated with levels of 
inflammation-related markers in elderly populations. 
Environ. Res. 158, 490–498. 
https://doi.org/10.1016/j.envres.2017.07.005. 

Soto, A.M., Schaeberle, C., Maier, M.S., Sonnenschein, C., Maffini, 
M.V., 2017. Evidence of absence: estrogenicity assessment of a new 
food-contact coating and the bisphenol used in its synthesis. Environ. 
Sci. Technol. 51, 1718–1726. https://doi.org/10.1021/ 
acs.est.6b04704. 

Sriphrapradang, C., Chailurkit, L., Aekplakorn, W., 
Ongphiphadhanakul, B., 2013. Association between bisphenol A and 
abnormal free thyroXine level in men. https:// 
doi.org/10.1007/s12020-013-9889-y. 

Stahlhut, R.W., van Breemen, R.B., Gerona, R.R., Taylor, J.A., 
Welshons, W. V., Vom Saal, F.S., 2016. Comment on “Optimal exposure 
biomarkers for nonpersistent chemicals in environmental 
epidemiology.” Environ. Health Perspect. 10.1289/ehp.1511057. 

Sutovsky, P., Lovercamp, K., 2010. Molecular markers of sperm 
quality. Soc. Reprod.Fertil. Suppl. 67, 247–256. 

https://doi.org/10.1016/j.envres.2016.02.006. 

Svinka, J., Mikulits, W., Eferl, R., 2014. STAT3 in hepatocellular 

carcinoma: new per- spectives. Hepatic Oncol. 1, 107–120. 

https://doi.org/10.2217/hep.13.7. 

Tai, X., Chen, Y., 2016. Urinary bisphenol A concentrations positively 
associated with glycated hemoglobin and other indicators of diabetes in 
Canadian men. Environ. Res. 147, 172–178.  

Tao, X., Finkbeiner, S., Arnold, D.B., Shaywitz, A.J., Greenberg, M.E., 
1998. Ca2+ influx regulates BDNF transcription by a CREB family 
transcription factor-dependent me- chanism. Neuron 20, 709–726. 
https://doi.org/10.1016/S0896-6273(00)81010-7. 
Tarantino, G., Valentino, R., Di Somma, C., D’Esposito, V., Passaretti, 
F., Pizza, G., Brancato, V., Orio, F., Formisano, P., Colao, A., 
Savastano, S., 2013. Bisphenol A in polycystic ovary syndrome and its 
association with liver-spleen axis. Clin. Endocrinol. 
(OXf)  78,  447–453.  https://doi.org/10.1111/j.1365265.2012.04500.X. 

Teeguarden, J.G., Twaddle, N.C., Churchwell, M.I., Doerge, D.R., 2016. 

Urine and serum biomonitoring of exposure to environmental 

estrogens I: Bisphenol A in pregnant women. Food Chem. ToXicol. 92, 

129–142. https://doi.org/10.1016/j.fct.2016.03. 023. 
Tian, Y.H., Baek, J.H., Lee, S.Y., Jang, C.G., 2010. Prenatal and 

postnatal exposure to bisphenol A induces anxiolytic behaviors and 

cognitive deficits in mice. Synapse 64, 432–439. 

https://doi.org/10.1002/syn.20746. 

Tiwari, S.K., Agarwal, S., Seth, B., Yadav, A., Ray, R.S., Mishra, V.N., 

Chaturvedi, R.K., 2015. Inhibitory effects of bisphenol-A on neural 

stem cells proliferation and dif- ferentiation in the rat brain are 

dependent on Wnt/beta-Catenin pathway. Mol. Neurobiol.  52,  1735–

1757.  https://doi.org/10.1007/s12035-014-8940-1. 

Trasande, L., Attina, T.M., Trachtman, H., 2013. Bisphenol A 

exposure is associated with low-grade urinary albumin excretion in 

children of the United States. Kidney Int. 83, 741–748.  

https://doi.org/10.1038/ki.2012.422. 

Tüfekci, K.U., Öner, M.G., Meuwissen, R.L.J., Genç, Ş., 2014. The role 

of microRNAs in human diseases, in: Methods in Molecular Biology 

(Clifton, N.J.). pp. 33–50. 10.1007/978-1-62703-748-8_3. 

Vaidya, S.V., Kulkarni, H., 2012. Association of urinary bisphenol A 
concentration with allergic asthma: results from the National Health 
and Nutrition EXamination Survey 2005–2006. J. Asthma 49, 800–
806. https://doi.org/10.3109/02770903.2012. 
721041. 

Vandenberg, L.N., Chahoud, I., Heindel, J.J., Padmanabhan, V., 

Paumgartten, F.J.R., Schoenfelder, G., 2010. Urinary, circulating, and 

tissue biomonitoring studies indicate widespread exposure to 

bisphenol A. Environ. Health Perspect. 118, 1055–1070. 

https://doi.org/10.1289/ehp.0901716. 

Vandenberg, L.N., Colborn, T., Hayes, T.B., Heindel, J.J., Jacobs, D.R., 
Lee, D.-H., Shioda, T., Soto, A.M., vom Saal, F.S., Welshons, W.V., 
Zoeller, R.T., Myers, J.P., 2012. Hormones and endocrine-disrupting 
chemicals: low-dose effects and nonmonotonic dose responses. Endocr. 
Rev. 33, 378–455. https://doi.org/10.1210/er.2011-1050. Vandenberg, 
L.N., Hauser, R., Marcus, M., Olea, N., Welshons, W.V., 2007. Human 
exposure to bisphenol A (BPA). Reprod. ToXicol. 24, 139–177. 
https://doi.org/10. 1016/j.reprotoX.2007.07.010. 
Vandenberg, L.N., Hunt, P.A., Gore, A.C., 2019. Endocrine disruptors 
and the future of toXicology testing — lessons from CLARITY–BPA. 
Nat. Rev. Endocrinol. 10.1038/ s41574-019-0173-y. 

Vernet, C., Philippat, C., Agier, L., Calafat, A.M., Ye, X., Lyon-Caen, 

S., Hainaut,  P., SirouX, V., Schisterman, E.F., Slama, R., 2019. An 

empirical validation of the within subject biospecimens pooling 

approach to minimize exposure misclassification in biomarker-

based studies. Epidemiology 30, 756–767. 

https://doi.org/10.1097/EDE.0000000000001056. 

Viberg, H., Lee, I., 2012. A single exposure to bisphenol A alters the 

levels of important neuroproteins in adult male and female mice. 

NeurotoXicology 33, 1390–1395. 

https://doi.org/10.1016/j.neuro.2012.09.002. 

Viguié, C., Collet, S.H., Gayrard, V., Picard-Hagen, N., Puel, S., 
Roques, B.B., Toutain, P.L., LacroiX, M.Z., 2013. Maternal and fetal 
exposure to bisphenol A is associated with alterations of thyroid 
function in pregnant ewes and their newborn lambs. 
Endocrinology 154, 521–528. https://doi.org/10.1210/en.2012-1401. 

Viguié, C., Mhaouty-Kodja, S., Habert, R., Chevrier, C., Michel, C., 

Pasquier, E., 2018. Evidence-based adverse outcome pathway 

approach for the identification of BPA as en endocrine disruptor in 

relation to its effect on the estrous cycle. Mol. Cell. Endocrinol. 475, 

10–28. https://doi.org/10.1016/j.mce.2018.02.007. 

Vitku, J., Heracek, J., Sosvorova, L., Hampl, R., Chlupacova, T., Hill, 

M., Sobotka, V., Bicikova, M., Starka, L., 2016. Associations of 

bisphenol A and polychlorinated biphenyls with spermatogenesis and 

steroidogenesis in two biological fluids from men attending an 

infertility clinic. Environ. Int. 89–90, 166–173. https://doi.org/10. 

1016/j.envint.2016.01.021. 

Volberg, V., Harley, K., Calafat, A.M., Davé, V., McFadden, J., 

Eskenazi, B., Holland, N., 2013. Maternal bisphenol a exposure during 

pregnancy and its association with adipokines in Mexican-American 

children. Environ. Mol. Mutagen. 54, 621–628. 

https://doi.org/10.1002/em.21803. 

von Goetz, N., Pirow, R., Hart, A., Bradley, E., Poças, F., Arcella, D., 
Lillegard, I.T.L., Simoneau, C., van Engelen, J., Husoy, T., Theobald, 
A., Leclercq, C., 2017. Including non-dietary sources into an exposure 
assessment of the European Food Safety Authority: The challenge of 
multi-sector chemicals such as Bisphenol A. Regul. ToXicol. Pharm. 85, 
70–78. https://doi.org/10.1016/j.yrtph.2017.02.004. 

 



Results  

 

95 
 

 

 

Vottero, A., Rochira, V., Capelletti, M., Viani, I., Zirilli, L., Neri, T.M., 
Carani, C., Bernasconi, S., Ghizzoni, L., 2006. Aromatase is 
differentially expressed in peripheral blood leukocytes from children, 
and adult female and male subjects. Eur. J. Endocrinol.  154,  425–431.  
https://doi.org/10.1530/eje.1.02102. 

Wang, C., Li, Z., Han, H., Luo, G., Zhou, B., Wang, S., Wang, J., 

2016a. Impairment of object recognition memory by maternal 

bisphenol A exposure is associated with inhibition of Akt and 

ERK/CREB/BDNF pathway in the male offspring hippocampus. 

ToXicology 341–343, 56–64. 

https://doi.org/10.1016/j.toX.2016.01.010. 
Wang, C., Niu, R., Zhu, Y., Han, H., Luo, G., Zhou, B., Wang, J., 2014. 

Changes in memory and synaptic plasticity induced in male rats after 

maternal exposure to bisphenol A. ToXicology 322, 51–60. 

https://doi.org/10.1016/j.toX.2014.05.001. 

Wang, I.-J., Chen, C.-Y., Bornehag, C.-G., 2016b. Bisphenol A exposure 

may increase the risk of development of atopic disorders in children. 

Int. J. Hyg. Environ. Health 219, 311–316. 

https://doi.org/10.1016/j.ijheh.2015.12.001. 

Wang, T., Li, M., Chen, B., Xu, M., Xu, Y., Huang, Y., Lu, J., Chen, Y., 
Wang, W., Li, X., Liu, Y., Bi, Y., Lai, S., Ning, G., 2012. Urinary 
bisphenol A (BPA) concentration associates with obesity and insulin 
resistance. J. Clin. Endocrinol. Metab. 97, E223–E227. 
https://doi.org/10.1210/jc.2011-1989. 

Wang, T., Lu, J., Xu, M., Xu, Y., Li, M., Liu, Y., Tian, X., Chen, Y., Dai, 
M., Wang, W., Lai, S., Bi, Y., Ning, G., 2013. Urinary bisphenol a 
concentration and thyroid function in Chinese adults. Epidemiology 
24, 295–302. https://doi.org/10.1097/EDE. 

0b013e318280e02f. 

Wang, Y.-X., Liu, C., Shen, Y., Wang, Q., Pan, A., Yang, P., Chen, Y.-J., 
Deng, Y.-L., Lu, Q., Cheng, L.-M., Miao, X.-P., Xu, S.-Q., Lu, W.-Q., 
Zeng, Q., 2019. Urinary levels of bisphenol A, F and S and markers of 
oXidative stress among healthy adult men: Variability and association 
analysis. Environ. Int. 123, 301–309. https://doi.org/10. 
1016/j.envint.2018.11.071. 
Wassenaar, P.N.H., Trasande, L., Legler, J., 2017. Systematic review 

and meta-analysis of early-life exposure to bisphenol A and obesity-

related outcomes in rodents. Environ.Health Perspect. 125, 106001. 

https://doi.org/10.1289/EHP1233. 

Watkins, D.J., Ferguson, K.K., Anzalota Del Toro, L.V., Alshawabkeh, 

A.N., Cordero, J.F., Meeker, J.D., 2015. Associations between urinary 

phenol and paraben concentrations and markers of oXidative stress and 

inflammation among pregnant women in Puerto Rico. Int. J. Hyg. 

Environ. Health 218, 212–219. https://doi.org/10.1016/j.ijheh. 

2014.11.001. 

Watkins, D.J., Peterson, K.E., Ferguson, K.K., Mercado-García, A., 

Tamayo y Ortiz, M., Cantoral, A., Meeker, J.D., Téllez-Rojo, M.M., 

2016. Relating phthalate and BPA exposure to metabolism in 

peripubescence: The role of exposure timing, sex, and puberty. J. Clin. 

Endocrinol. Metab. 101, 79–88. 10.1210/jc.2015-2706. 

Watkins, Sánchez, B.N., Téllez-Rojo, M.M., Lee, J.M., Mercado-García, 

A., Blank- Goldenberg, C., Peterson, K.E., Meeker, J.D., 2017a. 

Phthalate and bisphenol A exposure during in utero windows of 

susceptibility in relation to reproductive hormones 

and pubertal development in girls. Environ. Res. 159, 143–151. 

10.1016/j.envres. 2017.07.051. 

Watkins, Sánchez, B.N., Téllez-Rojo, M.M., Lee, J.M., Mercado-García, 

A., Blank- Goldenberg, C., Peterson, K.E., Meeker, J.D., 2017b. Impact 

of phthalate and BPA exposure during in utero windows of 

susceptibility on reproductive hormones and sexual maturation in 

peripubertal males. Environ. Health 16, 69. 10.1186/s12940- 017-0278-

5. 

Weinhouse, C., Bergin, I.L., Harris, C., Dolinoy, D.C., 2015. Stat3 is a 

candidate epigenetic biomarker of perinatal Bisphenol A exposure 

associated with murine hepatic tumors with implications for human 

health. Epigenetics 10, 1099–1110. https://doi.org/10. 

1080/15592294.2015.1107694. 

Wetherill, Y.B., Akingbemi, B.T., Kanno, J., McLachlan, J.A., Nadal, A., 

Sonnenschein, C., Watson, C.S., Zoeller, R.T., Belcher, S.M., 2007. In 

vitro molecular mechanisms of bisphenol A action. Reprod. ToXicol. 

24, 178–198. https://doi.org/10.1016/j. 

reprotoX.2007.05.010. 

Wu, Y., Beland, F.A., Fang, J.-L., 2016. Effect of triclosan, 
triclocarban, 2,2’,4,4’-tetra-bromodiphenyl ether, and bisphenol A on 
the iodide uptake, thyroid peroXidase ac- tivity, and expression of 
genes involved in thyroid hormone synthesis. ToXicol. In 
Vitro 32, 310–319. https://doi.org/10.1016/j.tiv.2016.01.014. 

Xu, X., Chiung, Y.M., Lu, F., Qiu, S., Ji, M., Huo, X., 2015. 

Associations of cadmium, bisphenol A and polychlorinated biphenyl  

 

co-exposure in utero with placental gene expression and neonatal 

outcomes. Reprod. ToXicol. 52, 62–70. https://doi.org/10. 

1016/j.reprotoX.2015.02.004. 

Xu, X. hong, Zhang, J., Wang, Y. min, Ye, Y. ping, Luo, Q. qing, 2010. 

Perinatal exposure to bisphenol-A impairs learning-memory by 

concomitant down-regulation of N-methyl-d-aspartate receptors of 

hippocampus in male offspring mice. Horm. Behav. 58, 326–333.   

10.1016/j.yhbeh.2010.02.012. 

Xu, X., Xie, L., Hong, X., Ruan, Q., Lu, H., Zhang, Q., Zhang, G., Liu, X., 
2013. Perinatal exposure to bisphenol-A inhibits synaptogenesis and 
affects the synaptic morpholo- gical development in offspring male mice. 
Chemosphere 91, 1073–1081. https://doi. 
org/10.1016/j.chemosphere.2012.12.065. 

Yang, M., Lee, H.-S., Hwang, M.-W., Jin, M., 2014a. Effects of Korean red 

ginseng (Panax Ginseng Meyer) on bisphenol A exposure and gynecologic 

complaints: single blind, randomized clinical trial of efficacy and safety. 

BMC Complement. Altern. Med. 14, 265. https://doi.org/10.1186/1472-

6882-14-265. 

Yang, Y., Guan, J., Yin, J., Shao, B., Li, H., 2014b. Urinary levels of 

bisphenol analogues in residents living near a manufacturing plant in 

south China. Chemosphere 112, 481–486. 

https://doi.org/10.1016/j.chemosphere.2014.05.004. 

Yang, Y.J., Hong, Y.-C., Oh, S.-Y., Park, M.-S., Kim, H., Leem, J.-H., Ha, 
E.-H., 2009. Bisphenol A exposure is associated with oXidative stress and 
inflammation in postmenopausal women. Environ. Res. 109, 797–801. 
https://doi.org/10.1016/j.envres. 2009.04.014. 
Ye, X., Wong, L.-Y., Kramer, J., Zhou, X., Jia, T., Calafat, A.M., 2015. 
Urinary concentrations of bisphenol A and three other bisphenols in 
convenience samples of U.S. adults during 2000–2014. Environ. Sci. 
Technol. 49, 11834–11839. https://doi.org/ 
10.1021/acs.est.5b02135. 

Ye, X., Zhou, X., Hennings, R., Kramer, J., Calafat, A.M., 2013. Potential 

external con- tamination with bisphenol A and other ubiquitous organic 

environmental chemicals during biomonitoring analysis: An elusive 

laboratory challenge. Environ. Health Perspect. 121, 283–286. 

https://doi.org/10.1289/ehp.1206093. 
Yen, P.M., Ando, S., Feng, X., Liu, Y., Maruvada, P., Xia, X., 2006. 

Thyroid hormone action at the cellular, genomic and target gene 

levels. Mol. Cell. Endocrinol. 246, 121–127. 

https://doi.org/10.1016/j.mce.2005.11.030. 

Yeom, C.-W., Park, Y.-J., Choi, S.-W., Bhang, S.-Y., 2016. Association of 

peripheral BDNF level with cognition, attention and behavior in 

preschool children. Child Adolesc. Psychiatry Ment. Health 10, 10. 

https://doi.org/10.1186/s13034-016-0097-4. 

Yi, B., Kasai, H., Lee, H.-S., Kang, Y., Park, J.Y., Yang, M., 2011. 
Inhibition by wheat sprout (Triticum aestivum) juice of bisphenol A-
induced oXidative stress in young women. Mutat. Res. 724, 64–68. 
https://doi.org/10.1016/j.mrgentoX.2011.06.007. 
Zhai, J., Ding, L., Zhao, S., Li, W., Sun, Y., Su, S., Zhang, J., Zhao, H., 
Chen, Z.-J., 2017. 

Kisspeptin: a new marker for human pre-ovulation. Gynecol. 

Endocrinol. 33, 560–563. 

https://doi.org/10.1080/09513590.2017.1296129. 

Zhang, T., Xue, J., Gao, C., Qiu, R., Li, Y., Li, X., Huang, M., Kannan, K., 

2016. Urinary Concentrations of bisphenols and their association with 

biomarkers of oXidative stress in people living near e-waste recycling 

facilities in China. Environ. Sci. Technol. 50, 4045–4053. 

https://doi.org/10.1021/acs.est.6b00032. 

Zhao, H., Bi, Y., Ma, L., Zhao, L., Wang, T., Zhang, L., Tao, B., Sun, L., 
Zhao, Y., Wang, W., Li, X., Xu, M., Chen, J., Ning, G., Liu, J., 2012. The 
effects of bisphenol A (BPA) exposure on fat mass and serum leptin 
concentrations have no impact on bone mineral densities in non-obese 
premenopausal women. Clin. Biochem. 45, 1602–1606. 
https://doi.org/10.1016/j.clinbiochem.2012.08.024. 
Zheng, H., Zhou, X., Li, D., Yang, F., Pan, H., Li, T., Miao, M., Li, R., 
Yuan, W., 2017. Genome-wide alteration in DNA hydroXymethylation in 
the sperm from bisphenol A- exposed men. PLoS ONE 12, e0178535. 
https://doi.org/10.1371/journal.pone. 
0178535. 

Zhou, Q., Miao, M., Ran, M., Ding, L., Bai, L., Wu, T., Yuan, W., Gao, E., 
Wang, J., Li, G., Li, D.-K., 2013. Serum bisphenol-A concentration and 
sex hormone levels in men. Fertil. Steril. 100, 478–482. 
https://doi.org/10.1016/j.fertnstert.2013.04.017. 
Zhou, Y., Wang, Z., Xia, M., Zhuang, S., Gong, X., Pan, J., Li, C., Fan, R., 
Pang, Q., Lu, S., 2017. NeurotoXicity of low bisphenol A (BPA) exposure 
for young male mice: Implications for children exposed to environmental 
levels of BPA. Environ. Pollut.229, 40–48. 
https://doi.org/10.1016/j.envpol.2017.05.043. 

Zhuang, W., Wu, K., Wang, Y., Zhu, H., Deng, Z., Peng, L., Zhu, G., 2015. 

Association of serum bisphenol-A concentration and male reproductive 

function among exposed workers. Arch. Environ. Contam. ToXicol. 68, 

38–45. https://doi.org/10.1007/ s00244-014-0078-7. 

 



 

 
 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

ARTICLE 2 

Rodríguez-Carrillo, A., Mustieles, V., Pérez-Lobato, R., Molina-Molina, 

J.M., Reina-Pérez, I., Vela-Soria, F., Rubio, S., Olea, N., Fernández, M.F., 

2019. Bisphenol A and cognitive function in school-age boys: Is BPA 

predominantly related to behavior? Neurotoxicology 74, 162–171. 

https://doi.org/10.1016/J.NEURO.2019.06.006 

Impact factor: 4.29; Q2; Category: Pharmacology and pharmacy; 

Ranking: 92/275 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

99 
 

 

 

_____________________________________________

_ 

Bisphenol A and cognitive function in school-age boys: Is BPA 

predominantly related to behavior? 

Andrea Rodríguez-Carrilloa,b, Vicente Mustielesa,b,c,⁎, Rocío Pérez-Lobatoa, 

José M. Molina-Molinaa,b,c, Iris Reina-Péreza,b, Fernando Vela-Soriaa,b, Soledad Rubiod, 

Nicolás Oleaa,b,c, Mariana F. Fernándeza,b,c,⁎
 

a 
University of Granada, Center for Biomedical Research (CIBM), Spain 

b 
Instituto de Investigación Biosanitaria Ibs GRANADA, Spain 

c 
Consortium for Biomedical Research in Epidemiology & Public Health (CIBERESP), 18100, Spain 

d 
University of Córdoba, Institute of Fine Chemistry and Nanochemistry, 14017 Córdoba, Spain 

A  B  S  T  R  A  C  T   
 

Background: Bisphenol A (BPA) has been associated with impairments in children’s behavior, but few studies have investigated its 

relationship with cognitive function. 

Objective: To investigate the association of urinary BPA concentrations with cognitive domains and intelligence quotient (IQ) in 

Spanish boys. 

Methods: BPA levels were quantified by liquid chromatography-tandem mass spectrometry (LC–MS-MS) in one  spot urine sample 

from 269 boys of the INMA-Granada cohort, in their follow-up at 9–11 years of age. Cognitive   function was evaluated by a 

trained psychologist using a comprehensive neuropsychological test battery (including general intelligence, language skills, 

working memory, attention, impulsivity, visual-motor coordination, processing speed and executive function, among others). 

Cross-sectional associations between BPA levels   and neuropsychological standardized scores were analyzed by adjusted linear 

and logistic regression models. Results: Median (P25, P75) BPA concentrations were 4.76 (2.77, 9.03) μg/L and 4.75 (2.75, 

10.2) μg/g of creatinine (Cr). Boys in the third and fourth quartile of volume-based BPA concentrations showed better pro 

cessing speed scores than boys in the first quartile (β = 5.47; 95%CI: 1.4, 9.4 and β = 3.57; 95%CI: -0.4, 7.5, respectively); 

and boys in the third quartile showed better inhibitory control (β = 1.6; 95%CI: -0.3, 3.5) and impulsivity (β= -4.2; 95%CI: -

9.0, 0.0). In contrast, boys in the fourth quartile showed poorer working memory scores than those in the first quartile (β= -

1.0; 95%CI: -2.1, -0.1). All these associations were attenuated when Cr-standardized BPA concentrations were considered. Cr-

based BPA concentrations were also associated with a higher risk of being below the 20th percentile of working memory scores 

[ORa = 1.51; 95%CI: 1.01, 2.25]. 

Discussion: Our findings do not support an association between urinary BPA concentrations and cognitive function or IQ among 

boys, except for working memory. BPA was previously found to be associated with behavior problems in the same study population, 

suggesting that BPA may predominantly affect the behavior of children rather than their cognitive function, in line with previous 

epidemiologic studies. 

 
1. Introduction 

Bisphenol A (BPA) is a man-made chemical extensively 

used in the manufacture of a wide range of materials, 

including polycarbonate plastics, epoXy resin liners of canned 

food, medical devices, some dental sealants, and thermal 

receipts, among others (Vandenberg et al., 2007; Molina-

Molina et al., 2019). Even more, BPA has recently been 

detected in socks for infants, highlighting the novel role of 

textiles as potential sources of chemical exposure (Freire et 

al., 2019). Diet is considered the  predominant source of 

exposure to BPA in the general population, due its leaching 

from food packaging and can liners (Vandenberg et al., 

2010), followed by dermal absorption and inhalation 

(Ehrlich et al., 2014; Michałowicz, 2014). 

 

Biomonitoring studies have confirmed the continuous and 

chronic exposure of humans to BPA, explaining its detection 

in the urine of more than 90% of the general population in 

Europe and the USA (Becker et al., 2009; Calafat et al., 

2008; Casaset al., 2011; Vandenberg et al., 2010). BPA has 

been detected in other biological matrices besides urine, such 

as maternal blood, placenta, amniotic fluid, cord and fetal 

serum blood, and maternal breast milk, demonstrating the 

internal exposure to BPA of mothers, fetuses, and newborns 

(Vandenberg et al., 2010). BPA is a known endocrine-

disrupting compound (EDC) with the potential to alter 

hormonal homeostasis (Mustieles et al., 2018a), even at 

environmentally relevant doses, through its effects on  
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on multiple steroid hormone receptors that mediate a myriad 

of cellular effects (Casals-Casas and Desvergne, 2011; 

Vandenberg et al., 2010). Several in vitro and in vivo studies 

have shown that BPA can interfere with estrogenic pathways 

by binding to nuclear estrogen receptors (ERs) (Wetherill et 

al., 2007) as well as other membrane estrogen receptor 

families (Alonso-Magdalena et al., 2012). It has also been 

found to exert antagonistic activities after binding to the 

androgen receptor (Molina- Molina et al., 2013) and to alter 

the expression of steroidogenic enzymes, as well as 

interacting with glucocorticoid, PPAR-γ, and thyroid 

signaling pathways (Mustieles et al., 2015, 2018b). 

The developing brain is a key target for BPA, and 

experimental studies have associated pre-, peri, and post-

natal BPA exposure with various alterations in brain 

structure, behavior, and certain cognitive domains (Nesan et 

al., 2018). Rodent models have shown that BPA can alter the 

expression of nuclear estrogen receptors in the amygdala and 

hypothalamus (Cao et al., 2013; Rebuli et al., 2014), in 

neuronal cell populations in the substantia nigra (Tando et 

al., 2007), in the periventricular preoptic area of the 

hypothalamus (Rubin et al., 2006), and in the locus coeruleus 

(Tando et al., 2014). Behavioral changes linked to BPA 

exposure include increased anxiety (Luo et al., 2014; Xu et al., 

2012), hyperactivity (Komada et al., 2014), greater 

aggressiveness (Patisaul and Bateman, 2008), and 

modifications in socio-sexual (Porrini et al., 2005) and play 

(Dessì-Fulgheri et al., 2002) behaviors. Rodent studies have 

also found that BPA exposure induces spatial and non-spatial 

memory impairments associated with neural modifications, 

especially in processes involved in synaptic plasticity 

(Kuwahara et al., 2013; Mhaouty-Kodja et al., 2018; 

Poimenova et al., 2010; Weinberger et al., 2014; Xu et al., 

2010). 

Although most published studies have analyzed the 

relationship of developmental BPA exposure with the 

behavior of children, which has been reported to be sex-

specific (Casas et al., 2015; Findlay and Kohen, 2015; 

Mustieles et al., 2015, 2018b; Perera et al., 2012; Roen et al., 

2015), much less is known about its relationship with their 

cognitive functions. Therefore, the objective of this study was 

to explore the relationship of urinary BPA concentrations 

with cognitive functioning in a group of Spanish boys aged 9–

11 years. 

2. Methods 

2.1. Study population 

The INMA (Infancia y Medio Ambiente – Environment and 

Childhood) cohort is a population-based study developed in 

seven Spanish regions with the aim of exploring the possible 

effects of environmental pollutants during pregnancy and 

early childhood (GuXens et al., 2012) on child growth and 

development. From 2000 to 2002, the INMA-Granada sub-

cohort enrolled 668 mother-son pairs (Fernandez et al., 

2007). For the current study, all families from the INMA-

Granada cohort were contacted and invited to participate in 

the 2010–2012     follow-up, when the children reached the age 

of 9–11 years. Written consent was obtained from 300 families 

(44.9%), and BPA concentrations were available for 298 boys. 

Eighteen of these children were excluded from the present 

study for the presence of chronic disease that could interfere 

with cognitive development, i.e., hyperthyroidism (n = 1), 

diabetes (n = 1), language disorder (n = 2), attention deficit 

hyperactivity disorder (ADHD) (n = 7), Noonan syndrome (n 

= 1), Asperger syndrome (n = 2), cerebral palsy (n = 1), 

Tourette syndrome with ADHD (n = 1), and Charcot–Marie–

Toth syndrome with ADHD (n = 1), and for a history of brain 

tumor surgery (n = 1). Additionally, 11 children were 

excluded due to an incomplete neuropsychological 

assessment or the absence of important covariate data. 

Therefore, the final study sample size comprised 269  

mother-son pairs with data available on urinary BPA 

concentrations, cognitive assessment data, and covariates. The 

study followed the principles of the declaration of Helsinki 

and was approved by the Ethics Committee of San Cecilio 

University Hospital (Granada, Spain). 

2.2. BPA exposure assessment 

At the follow-up session at the hospital, always held 

between 5 p.m. and 8 p.m., a single non-fasting spot urine 

sample was collected in a 10- mL polypropylene tube and 

immediately stored at -20 °C. Total BPA (free plus conjugated) 

was quantified at the laboratory of the Analytical Chemistry 

Department of Cordoba University (Spain) as previously 

described (Perez-Lobato et al., 2016), using liquid 

chromatography- mass spectrometry with a limit of detection 

(LOD) of 0.1 μg/L and a limit of quantification (LOQ) of 0.2 

μg/L. Urinary creatinine (Cr) concentrations (mg/dl) were 

determined at the Public Health Laboratory of the Basque 

Country (Spain) to account for urine dilution (Fernández et 

al., 2015). The researchers who conducted the urine analyses 

were blinded to the characteristics of the study participants. 

Collection, storage, and processing of urine samples were 

conducted under controlled conditions, and account was taken 

of background BPA contamination from the presence of 

polymers in components of the urine collection containers 

and/or equipment or labware. An inter-laboratory  comparison 

was also performed with the Institute for Prevention and 

Occupational Medicine of the German Social Accident 

Insurance (IPA)—Institute of the Ruhr-University Bochum 

(Germany), with considerable experience in BPA 

determination. 

2.3. Neuropsychological assessment 

The cognitive function of each boy was assessed at the 

University Hospital facilities by a trained neuropsychologist 

(RPL) blinded to their exposure levels, using a comprehensive 

neuropsychological battery of tests (Perez-Lobato et al., 2015). 

This battery was chosen because it assesses omnibus features 

of child neurodevelopment (e.g., IQ, language, attention, 

processing speed, etc.) and because previous epidemiologic 

studies have used similar tests to study cognitive domains in 

relation to BPA exposure (Mustieles et al., 2015): 

1 General cognitive intelligence: applying the Kaufman Brief 

Intelligence Test (K-BIT) (Kaufman and Kaufman, 1997) and 

basing the IQ calculation on verbal and nonverbal scale 

scores. 

2 Language: using the verbal scale of the K-BIT (Kaufman and 

Kaufman, 1997), which has two subtests: i) verbal knowledge, 

in which the child must name graphically displayed objects to 

assess receptive vocabulary; and ii) general knowledge and 

riddles, in which the child must name words from their 

definition and their visualization with letters missing to 

assess expressive reasoning. 

3 Attention: applying the continuous performance test (CPT) 

(Conners, 1995) to assess sustained and selective attention 

together with impulsivity. In this task, the child must press 

any key on the keyboard as quickly as possible whenever the 

letter ‘A’ appears in yellow (‘go’ condition). Dependent 

variables for analyses are hits (press any key in ‘go’ 

condition), commission errors (press any key in ‘no go’ 

condition), omission errors (no key pressed in ‘go’ con- 

dition), and attention index. 

4 Verbal memory: applying the Complutense-Spain Madrid 

verbal learning test (TAVECI) (Benedet et al., 2001) to assess 

different memory and learning processes, including 

immediate recall, short- and long-term recall, and 

recognition. The examiner reads aloud a list of 15 words five 

times. The child must state words recalled immediately after 

each reading and then after intervals of 10 and 20 min. 



Results  

 

101 
 

 

  

5 Visual-motor coordination: applying the Trail Making 

Test part A (TMTA) (Reitan, 1958), in which the child 

must connect consecutive numbers in an alternating 

sequence as quickly as possible, with the time in 

seconds (s) as dependent variable. 

6 Processing speed: calculating the sum of two subtests 

(symbol search and coding) from Edition IV of the 

Wechsler Intelligence Scales for Children (WISC-IV) 

(Wechsler, 2007). The two tasks must be completed in a 

maximum of 2 min. In the first task, the child selects 

certain figures from a series of figures. In the second 

task, the child fills in spaces under numbers with 

corresponding symbols following an established 

model. 

7 Executive function: assessing four components: 

updating, inhibition, shifting, and abstract reasoning 

(Diamond, 2013). 

8 Updating measurements: assessing two components: a) 

Working memory: the child listens to a letter–number 

sequencing subtest from the WISC-IV (Spanish 

version) and repeats the numbers from the lowest to 

the highest, followed by repetition of the letters in 

alphabetic order (Wechsler, 2007); b) Verbal fluency: 

the children must say as many names of animals as 

possible during a 1-min period in the categorical verbal 

fluency test (FAS), with the number of animals 

correctly pronounced as dependent variable (Benton 

and Hamsher, 1989). 

9 Inhibition: applying two subtests: a) the Spanish 

version of the Stroop Color and Word Test (Golden, 

2005) to evaluate cognition and inhibition, in which 

the child must name colored words (condition 1), read 

color-words printed in black ink (condition 2), and 

name the color of words printed in colors that conflict 

with their meaning, e.g. the word ‘red’ appears in 

yellow ink (condition 3, inhibition); the dependent 

variable is the interference score, calculated from the 

results of the three conditions using a specific for- 

mula; b) the Go/No-Go task (Donders, 1969) to 

evaluate motor inhibition, in which the child must 

respond to certain stimuli on the computer screen 

while inhibiting any response to a distracter stimulus, 

with the hit and false alarm rates as dependent 

variables. 

10 Shifting: using part B of the TMT (Reitan, 1958), in 

which the child must connect consecutive numbers and 

letters in an alternating sequence as quickly as possible, 

with the time measured in seconds (s) as dependent 

variable. 

11 Abstract reasoning (matrix analogies test): measured 

with the non-verbal scale of the K-BIT (Kaufman and 

Kaufman, 1997). The child selects a picture that best 

completes a visual pattern following a visual analogy. 

The dependent variable is the number of correct 

responses. 

A higher score always indicates better cognitive function 

except for the following tests, in which a higher score 

indicates worse cognitive function: i) subtests “commission 

errors” and “omissions” from the CPT test on sustained 

attention function; ii) the TMT-A test of visual-motor 

coordination function; iii) the TMT-B test of shifting; and 

iv) the “false- alarm rate” subtest of the Go/No-Go test on 

impulsivity and/or inhibition function. 

2.4. Covariates 

Models were adjusted for the same set of covariates as 

in a previous study of BPA and behavior in the same 

population (Perez-Lobato et al., 2016), including: 

breastfeeding and smoking during pregnancy; child’s age 

and body mass index [BMI (kg/m
2

)] (Wirt et al., 2015), 

and mother’s age, marital status (married/not married), 

education level (university/secondary school/up to  

 

primary) and mother’s intelligence score, measured with the 

Similarities subtest of the Wechsler Adult Intelligence-Third Edition 

(WAIS-III) at the time of assessment. The final models also included 

as potential confounders exposure to environmental tobacco smoke 

(any/none) in the home, based on questionnaire. 

2.5. Statistical analysis 

The analysis was based on our previous experience of 

behavior and cognitive functioning in these same children from 

the INMA-Granada cohort (Pérez-Lobato et al., 2015 and 2016). 

In the descriptive analysis of parental and children 

characteristics, absolute frequencies were calculated for 

categorical variables, and measures of central tendency      and 

dispersion for continuous variables. The relationship of 

urinary                BPA concentrations with the characteristics of children 

and parents was analyzed with the Mann–Whitney or Kruskal–

Wallis test for categorical covariates and the Spearman 

correlation test for continuous covariates. The median value and 

interquartile range (IQR) of BPA concentrations (μg/L) were 

calculated. BPA exposure was considered using both volume-

based urinary BPA (μg/L) and creatinine (Cr)-standardized ur 

inary BPA (μg/g) concentrations, as independent variables, as 

recommended (LaKind and Naiman, 2015). These 

concentrations were  loge-transformed to standardize the data 

distribution and reduce the  influence of outliers. BPA levels 

were also divided into quartiles to evaluate potential non-

linear associations. Mean (standard deviation),  median and 

range values were calculated for neuropsychological test           scores, 

which were analyzed as continuous variables because some 

scores could not be standardized for Spanish child populations. 

Linear regression models were used to analyze the 

association between BPA concentrations and neuropsychological 

test scores, with Beta coefficients representing the mean change 

in neuropsychological scores associated with each unit increase 

in loge-BPA concentrations or the mean difference in 

neuropsychological scores between the second, third, or fourth 

quartiles and the first quartile of BPA exposure. Their respective 

95% Confidence Intervals (CIs) were also calculated. Logistic  

regression models were also performed using loge-transformed 

Cr- standardized BPA concentrations to analyze the risk of being 

below or above the 20th or 80th percentile of cognitive function 

scores, calculating multivariable-adjusted odds ratios (ORs) with 

their corresponding 95% CIs. All models were adjusted for 

children’s age and BMI, tobacco exposure at home, mothers’ age, 

intelligence, marital status, education level, breastfeeding, and 

smoking during pregnancy. 

SPSS v20.0 (IBM, Chicago, IL) was used for data analyses, 

and the significance level was set at p≤ 0.05. 

3. Results 

3.1. Characteristics of the study population 

The mean (± standard deviation) age of the children was   

9.9  ( ± 0.3) years, the mean BMI 19.2 ( ± 3.5) kg/m
2

, and around 

one third of families reported tobacco exposure at home (Table 

1). The median age was 39.7 ( ± 4.9) years for mothers and 42.1 

( ± 5.4) years for fathers; 23.4% of mothers and 21.6% of fathers 

had completed  university education, around 90% of mothers and 

fathers were married,   21.6% of mothers reported smoking 

during pregnancy, and 87% reported breastfeeding the child. The 

place of residence was urban in 24.5% of families, semirural in 

58%, and rural in 17.5% (Table 1). 

BPA was found in all urine samples, at a wide range of 

concentrations. Fig. 1 shows a boXplot of BPA concentrations. 

Median (P25, P75)  urinary BPA concentrations (μg/L) and Cr-

standardized BPA concentrations (μg/g) were 4.76 (2.77, 9.03) 

and 4.75 (2.75, 10.2), respectively. Table 2 displays the 

distribution of the raw cognitive function scores of the children. 

Median IQ was 108 and all remaining cognitive scores were 

within normal ranges. 
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3.2. Cross-sectional associations between BPA and cognitive 

function scores 

When loge-transformed volume-based urinary BPA 

concentrations (μg/L) were used as a continuous variable, 

higher BPA levels tended to be associated with greater 

cognitive function scores, although in general, confidence 

intervals included the null value. In adjusted models, 

inhibitory control [third quartile β = 1.6; 95%CI: -0.3, 3.5] and 

impulsivity [third quartile β= -4.2; 95%CI: -9.0, 0.0] (Table 

5). In contrast, boys in the fourth quartile showed worse 

working memory than those in the first quartile [fourth 

quartile β= -1.0; 95%CI: -2.1, -0.1]. All these associations 

were attenuated when quartiles of Cr-standardized BPA 

concentrations were considered (Table 5). 

 

Logistic regression analyses also showed that higher 

loge-transformed Cr-standardized BPA concentrations 

were associated with a higher risk of being below the 20th 

percentile of working memory, in both unadjusted and 

adjusted models [OR = 1.44; 95%CI: 1.00, 2.08; OR a = 

1.51; 95%CI: 1.01, 2.25]. No associations were observed 

with the remaining cognitive functions evaluated (Table 

6). 

 

4. Discussion 

The results of this study do not support a relationship 

between urinary BPA concentrations and cognitive 

abilities in boys at 9–11 years of age. Initially, some 

associations were observed with specific cognitive 

functions, but these were attenuated or disappeared when 

the models were adjusted for covariates or when Cr-

standardized BPA concentrations were considered, with 

the exception of working memory. Given the 

comprehensive assessment of neuropsychological 

functions conducted, the absence of associations is 

surprising, especially in the context of previous 

associations found with behavior throughout the 

literature (Mustieles et al., 2015). 

A previous study of the same study population, 

including the same 269 boys as in the current analysis, 

found that higher volume-based and Cr-standardized BPA 

concentrations were both associated with worse 

behavioral scores in all scales, mainly with more somatic 

complaints and more social and thought problems, and 

that there were no substantial differences between 

unadjusted and adjusted models (Perez- Lobato et al., 

2016). In contrast, no consistent associations were 

observed between urinary BPA concentrations and 

cognitive functions in the present study, even when 

models were adjusted for the same set of covariates, 

except for a potential association between higher BPA 

concentrations and poorer working memory. 

Our findings are in line with previous epidemiological 

studies on child behavior and cognitive functions, 

suggesting that BPA exposure may be predominantly 

associated with behavior domains rather than cognitive 

functions. Although epidemiologic evidence on the impact 

of BPA exposure in children has been strengthened over 

the past few years, most researchers have assessed 

behavior rather than cognitive function. Moreover, the 

few studies on cognitive function have published less 

consistent results than those obtained for children’s 

behavior (Ejaredar et al., 2017; Mustieles et al., 2015, 

2018b). Thus, in the EDEN birth cohort, Philippat et al. 

(2017) reported the association of prenatal urinary BPA 

concentrations with relationship problems and hyper- 

activity–inattention in children at 3 and 5 years of age 

(Philippat et al., 2017). In the same cohort, Nakiwala et al. 

(2018) found no association in the boys between prenatal 

BPA exposure and the verbal performance or IQ 

(Nakiwala et al., 2018) (see Supplemental Table 1). A 

similar pattern was observed in the Spanish INMA-

Sabadell cohort, in which prenatal BPA exposure was 

associated with an increased risk of ADHD- hyperactivity 

symptoms and psychomotor development but not with 

cognitive development (Casas et al., 2015). Likewise, in a 

study of the MIREC mother-child cohort (Braun et al., 

2017a), higher prenatal urinary BPA concentrations were 

related to more behavior problems in the children at 3 

years of age, but no significant associations were found 

with most of cognitive functions (Braun et al., 2017a). 

Finally, exposure to dental composite restorations based 

on bisphenol A-glycidyl methacrylate was associated with 

behavior problems but not cognitive functions in the New 

England Children’s Amalgam Trial (NECAT) of children 

aged 6–10 years (Maserejian et al., 2012a, b; Maserejian 

et al., 2014). Further details of these epidemiological 

studies are summarized in Supplemental Table 1. 

Prenatal urinary   BPA   concentrations   have   been   

consistently associated with more behavior problems 
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and worse executive function during infancy, persisting into 

early and late childhood among children from the HOME cohort 

Study (Braun et al., 2011, 2017b; Stacy et al., 2017). However, 

prenatal BPA exposure has not been associated with any 

specific cognitive domain or with the IQ over time (Braun et al., 

2017a; Stacy et al., 2017). Only BPA exposure was cross-

sectionally associated with worse overall cognition, verbal 

abilities and speed of mental processing among boys in the 

HOME study at 8 years of age (Stacy et al., 2017), and only 

working memory, a component of executive function, remained 

negatively and significant associated with BPA exposure 

among boys in the MIREC study at 3 years of age (Braun et 

al., 2017a). Another exception is the association of higher 

prenatal urinary BPA concentrations with a greater risk of 

poorer language skills among male but not female toddlers 

in the Odense Child Cohort, suggesting a possible sex-

specific effect of BPA on early language development, 

although no association was found with ADHD symptoms 

(Jensen et al., 2019). 
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Differences in findings on the effects of BPA exposure between 

children’s behavior and their cognitive functions may in part be 

attributable to methodological factors. Thus, trained psychologists 

usually conduct the assessment of cognitive function at a specific 

time point, whereas the parents report on the behavior of their 

children in daily life. It is also possible that sex-specific behaviors 

may be more sensitive to BPA exposure in comparison to cognitive 

domains and the IQ, which may also explain the different 

patterns described in the literature (Mustieles et al., 

2015, 2018b). In general, the relationship of BPA 

exposure to behavior problems rather than cognition 

appears to be a consistent pattern in the epidemiologic 

literature, although further studies on cognition are 

required. 

EXperimental studies, mostly in rodents, have shown 

that BPA exposure can interfere with diverse brain areas 

and functions, leading not only to behavioral changes but 

also to impairments in memory and spatial learning, 

among other functions (Braun et al., 2017c; Gore et al., 

2018). These results could be at least partially explained 

by hormonal mechanisms related to an altered estrogen-

androgen balance (Mustieles et al., 2015). These include 

subtle epigenetic disruptions of nuclear estrogenic 

receptors and developmental alterations in sexually-

dimorphic brain areas and functions in response to low 

BPA doses, as shown in the CLARITY-BPA studies, 

among others (Arambula et al., 2018, 2017,2016; 

Kundakovic et al., 2013). A recent review of the 

CLARITY-BPA studies confirms this altered 

neuroendocrine development, and the abrogation of 

brain and behavioral sexual dimorphisms, even at BPA 

doses below those considered "safe" for humans by 

regulatory agencies (Patisaul, 2019). 

The median urinary BPA concentration in this study was 

4.75 μg/L (4.76 μg/g Cr), similar to some previous findings 

in children of the same age (Calafat et al., 2008) and 

younger populations (Braun et al., 2011; Casas et al., 

2011; Perera et al., 2012); however, it was higher than 

observations in other studies of children of the same age, 

including: the German Environmental Survey on 

Children (Becker et al., 2009), 2.13 ng/mL; the 2005–

2006 NHANES study (Lakind and Naiman, 2011), 2.7 

ng/mL, the 2007–2011 Canadian Health measures 

survey(Findlay and Kohen, 2015), 1.3 ng/mL; and the 

DEMOCOPHES study on Spanish children at similar age 

(6–11 y) (Covaci et al., 2015), 1.83 ng/ mL; among others 

(Hong et al., 2013). Urinary BPA concentrations can be 

influenced by the type and timing of sample collection 

(non-fasting between 17:00 and 20:00 h in the present  
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However, this possibility is counteracted by our interpretation 
of results, which was based on the model robustness 
(comparison between unadjusted and adjusted models and 
between volume-based and creatinine-adjusted BPA 
concentrations), and on the comparison of associations 
observed in the current study with the available epidemiologic 
literature (Supplemental Table 1). Finally, sex-dependent 
relationships cannot be ruled out, because the study only 
included boys. The main study strengths include its 
contribution to the scant data available on BPA exposure and 
cognitive functions and the application by a trained 
psychologist of a comprehensive battery of tests. In addition, 
the analyses controlled for a large number of relevant covariates 
based on data from multiple questionnaires, physical 
examinations, and laboratory analyses of samples collected at 
the follow-up.  

5. Conclusion 

Results obtained in boys aged 9–11 years from the 

Spanish INMA-Granada cohort do not support an 

association between urinary BPA concentrations and 

cognitive abilities of the children, except for poorer working 

memory. Given our previous finding of a positive 

association between BPA and behavior problems in the 

same study population, these data suggest that BPA may be 

predominantly associated with their behavior. 
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Background: Bisphenol A (BPA) exposure has been linked to altered behavior in children. Within the European Human 

Biomonitoring Initiative (HBM4EU), an adverse outcome pathway (AOP) network was constructed supporting the 

mechanistic link between BPA exposure and brain-derived neurotrophic factor (BDNF). 

Objective: To test this toxicologically-based hypothesis in the prospective INMA-Granada birth cohort (Spain).  

Methods: BPA concentrations were quantified by LC-MS/MS in spot urine samples from boys aged 9–11 years, 

normalized by creatinine and log-2 transformed. At adolescence (15–17 years), blood and urine specimens  were 

collected, and serum and urinary BDNF protein levels were measured using immunoassays. DNA methylation levels at 6 

CpGs in Exon IV of the BDNF gene were also assessed in peripheral blood using bisulfite- pyrosequencing. 

Adolescent's behavior was parent-rated using the Child Behavior Checklist (CBCL/6-18) in 148 boys. Adjusted linear 

regression and mediation models were fit. 

Results: Childhood urinary BPA concentrations were longitudinally and positively associated with thought problems (β = 

0.76; 95% CI: 0.02, 1.49) and somatic complaints (β = 0.80; 95% CI: −0.16, 1.75) at adolescence. BPA concentrations were 

positively associated with BDNF DNA methylation at CpG6 (β = 0.21; 95% CI: 0.06, 0.36) and mean CpG methylation (β 

= 0.10; 95% CI: 0.01, 0.18), but not with total serum or urinary BDNF protein levels. 
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When independent variables were categorized in tertiles, positive dose-response associations were observed between BPA-

thought problems (p-trend = 0.08), BPA-CpG6 (p-trend ≤ 0.01), and CpG6-thought problems (p-trend ≤ 0.01). A significant 

mediated effect by CpG6 DNA methylation was observed (β = 0.23; 95% CI: 0.01, 0.57), accounting for up to 34% of the 

BPA-thought problems association. 

 

Conclusions: In line with toxicological studies, BPA exposure was longitudinally associated with increased BDNF DNA 

methylation, supporting the biological plausibility of BPA-behavior relationships previously described in the epidemiological 

literature. Given its novelty and preliminary nature, this effect biomarker approach should be replicated in larger birth cohorts. 

 

1. Introduction 

 

Bisphenol A (BPA) is a highly produced synthetic 

monomer used in polycarbonate plastics and epoxy resins. 

Among many consumer prod ucts, BPA is found in the inner 

lining of cans and tins (Cao et al., 2009; González et al., 2020; 

Kim et al., 2020), polycarbonate plastic bottles (Carwile et al., 

2009), thermal receipts (Ehrlich et al., 2014; Molina- Molina et 

al., 2019), medical equipment (Iribarne-Durán et al., 2019), and 

textiles (Freire et al., 2019). Human BPA exposure is 

ubiquitous and more than 90% of the European population still 

has detectable con centrations in their urine (Covaci et al., 2015; 

Tschersich et al., 2021), despite the fact that BPA analogues have 

been recently introduced as re placements (Wu et al., 2018). BPA 

has also been measured in serum, placenta, breastmilk and 

amniotic fluid, demonstrating internal exposure (Vandenberg et 

al., 2010). 

As a paradigmatic endocrine disrupting chemical (EDC), BPA 

is known to interfere with diverse aspects of hormone signaling 

at low doses (Heindel et al., 2020; Ma et al., 2019). Apart from 

its reprotoxic (Peretz et al., 2014) and metabolism disrupting 

activities (Akash et al., 2020), BPA is a developmental 

neurotoxicant in experimental animals (Nesan et al., 2018; 

Patisaul, 2019). The human literature appears increasingly 

consistent  for  altered  behavior  in  children  (Ejaredar  et  al.,  

2017; Mustieles et al., 2015; Mustieles and Fernández, 2020), 

 

although the potential mechanisms underlying observational 

associations remain poorly investigated. 

Research on novel effect biomarkers is among the aims 

of the European Human Biomonitoring for Europe 

(HBM4EU) Initiative. Effect biomarkers are measurable 

biological changes that allow the evaluation of dose–response 

relationships and may provide a mechanistic link be- tween 

exposure, early health impairment and health outcomes, 

consequently improving HBM and risk assessment of 

environmental chemicals (Baken et al., 2019; Mustieles et 

al., 2020). We have recently reviewed all the effect biomarkers 

used in epidemiological studies in re lation to BPA exposure, 

identifying brain-derived neurotrophic factor (BDNF) as a 

promising biomarker of brain function (Mustieles et al., 

2020). An adverse outcome pathway (AOP) network was 

also constructed, supporting that BPA may interfere with 

BDNF signaling through different but converging biological 

mechanisms (thyroid, estrogenic and glutamatergic-related 

pathways), potentially leading to behavioral and cognitive 

impairments (Fig. 1). 

Discovered in 1982, BDNF is a member of the 

neurotrophin family of growth factors (Binder and 

Scharfman, 2004). Although it can be found throughout the 

brain, its expression is particularly high in the hippo- 

campus, amygdala, cerebellum and cerebral cortex in 

both rodents and humans (Miranda et al., 2019). 
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The precursor pro-BDNF is synthesized and stored in 

dendrites or axons, and then is used to produce the mature 

BDNF protein. Of note, the pro- and mature-BDNF forms 

show opposite actions on neuronal function, providing an 

additional level of regulation. While pro-BDNF 

preferentially binds the p75 neurotrophin receptor leading 

to apoptosis, the mature BDNF form activates tyrosine 

kinase receptors promoting cell survival and synaptic 

plasticity (Miranda et al., 2019). 

Epigenetic mechanisms, especially DNA 

methylation, influence BDNF expression and regulation 

(Ikegame et al., 2013). Patients with          psychiatric disorders 

generally show decreased neural BDNF levels, often 

associated with increased DNA methylation at specific 

BDNF promoters (Ikegame et al., 2013). Importantly, DNA 

methylation changes in the BDNF gene are consistent across 

tissues including brain and blood, supporting its use as a 

peripheral biomarker of psychiatric disorders based on 

both rodent (Kundakovic et al., 2015) and human post- 

mortem studies (Stenz et al., 2015). On the other hand, 

serum total     BDNF levels have been previously associated 

with depression and other psychiatric disorders as shown 

by different meta-analyses (Polyakova et al., 2015; 

Rodrigues-Amorim et al., 2018; Toll, 2015). Al though less 

studied, urinary total BDNF levels have also been proposed 

as a biomarker of executive function in adults (Koven and 

Collins, 2014). The current work aimed to test our previous 

toxicologically-based hypothesis (Mustieles et al., 2020) 

focusing on the BPA exposure – BDNF – behavior triad 

in the Environment and Childhood (INMA)-Gra- nada birth 

cohort of boys by investigating: i) whether childhood 

BPA exposure (9–11 years) is longitudinally associated 

with behavioral function at adolescence (15–17 years); ii) 

the longitudinal relationship between childhood BPA 

exposure and BDNF biomarkers measured at adolescence 

(protein levels in serum and urine, and blood DNA 

methylation); iii) the cross-sectional relationship between 

BDNF biomarkers and behavior in adolescents; and iv) 

whether BDNF biomarkers may mediate BPA-behavior 

associations. 

 

2. Methods 

 

2.1. Study population 

 

This study forms part of the INMA Project, a multicenter 

population- based birth cohort study formed by seven 

cohorts designed to investigate the effect of environmental 

exposures and diet during pregnancy on fetal, child and 

adolescent development in different geographical areas of 

Spain (Guxens et al., 2012). The INMA-Granada cohort 

initially recruited 668 mother-son pairs with the aim to 

investigate associations between prenatal exposure to 

environmental chemicals and male urogenital 

malformations (Fernandez et al., 2007). A random sample 

of the initial cohort was re-contacted and asked to 

participate in follow- up clinical visits at the ages of 4–5 

years (N = 220) and 9–11 years (N = 300). In the last 

follow-up (2017–2019), all boys that participated in the two 

previous visits were re-contacted. Of these, 155 boys aged 

15–17 years agreed to participate and their parents signed the 

informed consent (Castiello et al., 2020). The principles of 

the declaration of Helsinki were followed, and the initial 

study and all follow-ups were ap proved by the Biomedical 

Research Ethics Committee of Granada. The physical and 

neuropsychological evaluation was performed at the Pedi -

atric Unit of San Cecilio University Hospital (HUSC) in 

Granada. 

The current analysis included 130 boys with available 

urinary BPA  concentrations  at  9–11  years  of  age  and  

behavioral   data   at 15–17 years completed by parents. 

Between 107 and 121 boys were included in BPA-BDNF 

biomarker associations. Between 103 and 116 boys were 

included in BDNF-behavior associations. Finally, 103 

children with complete data on exposure, BDNF and 

outcome were included in the mediation analysis (Fig. 2). 

Although no significant differences in sociodemographic  

or clinical characteristics were observed between the children 

included in this analysis (n = 130) and the remaining who also 

participated in the previous follow-up at 9–11 years of age 

(n = 139), childhood BPA concentrations tended to be higher 

and maternal education lower in the current analysis (Table 

S1). 

 

2.2. Childhood BPA exposure assessment 

 

Children provided a single non-fasting spot urine sample 

at the 9–11 year-old visit, between 17:00 and 20:00 h. Urine 

was collected in 10-mL polypropylene tubes and immediately 

stored at −20 °C. Total BPA (free plus conjugated) was 

determined by liquid chromatography-mass spectrometry at 

the laboratory of the Department of Analytical Chemistry of 

the University of Cordoba (Spain) as previously described in 

detail (Perez-Lobato et al., 2016). The limits of detection 

(LOD) and quantification (LOQ) were, respectively, 0.1 μg/L 

and 0.2 μg/L. Extended analytical information and procedures, 

including       quality control and assurance (QA/QC) followed are 

provided in Perez- Lobato et al. (2016). The collection, storage, 

and processing of urine biospecimens was performed under 

controlled conditions, and account was taken for potential BPA 

external contamination from collection containers, equipment 

or labware. Urinary creatinine concentrations (mg/dL) were 

assessed at the Public Health Laboratory of the Basque 

Country (Spain) to account for urine dilution. BPA 

concentrations were normalized by urinary creatinine and 

expressed as μg of BPA/g of creatinine. 

 

2.3. BDNF biomarkers at adolescence 

 

On the day of their hospital visit at 15–17 years of age, 

each adolescent collected the first morning urine void and 

peripheral venous blood was collected from participants under 

non-fasting conditions between 17:00–19:00 h. Blood samples 

were immediately processed to obtain serum and whole blood 

aliquots. Urine and processed blood samples were 

subsequently stored at −80 °C. Whole blood was sent on dry 

ice to the Human Genotyping Laboratory at the Spanish 

National Cancer Research Centre, where genomic DNA was 

extracted with the Maxwell® RSC equipment, quantified 

using the PicoGreen assay and normalized to 50 ng/μL. The 

extracted DNA was always stored at −80 °C until use. 

Total serum BDNF levels (ng/mL) were measured using 

the commercial Quantikine® enzyme-linked immunosorbent 

assay (ELISA) kit (R&D Systems, Minneapolis, MN, USA). 

Serum samples were defrosted, vortexed, separated in two 

aliquots of 10 μL, diluted 100 times and tested according to 

manufacturer's instructions at the Biomedical Research Center 

(CIBM) of the University of Granada (Spain). Each sam ple was 

tested in duplicate in different plates and the mean of these two 

values was calculated in order to reduce measurement 

variation. Intra- and inter-assay coefficients of variability were 

<5% and <15%, respectively. 

Total urinary BDNF levels were measured using the 

commercial RayBio® ELISA kit (Raybiotech, Norcross, GA, 

USA). Urine samples were defrosted, vortexed, and pre-

treated following the protocol established by Koven and 

Collins (2014), with minor modifications. Samples were 

assessed at the Biomedical Research Center (CIBM) of the 

University of Granada (Spain) following manufacturer's 

instructions. Each sample was assessed in duplicate and the 

mean value was calculated. Intra- and inter-assay coefficients 

of variability were <5% and <15%, respectively. Creatinine 

concentrations (mg/dL) in the urine of adolescents were 

assessed at the Instituto de Investigación Biosanitaria de 

Granada (ibs.Granada, Spain) to account for urine dilu tion. 

Urinary BDNF concentrations were normalized by creatinine 

and expressed as μg of BDNF/g of creatinine. 

DNA methylation was analyzed using the bisulfite 

pyrosequencing technique at IRSET (Institut de Recherche en 

Santé, Environnement et Travail - INSERM UMR1085), Rennes, 

France. Briefly, genomic DNA concentration and purity was 

measured using NanoDrop (Thermo Scientific NanoDrop 

8000; DNA50 mode). All the samples had approximately 1.8–

1.9 ratio at 260/280 absorbance indicating  that the extracted  
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DNA was pure. Since accurate quantification of DNA is extremely 

important for epigenetic studies, DNA concentration was further 

verified using QuantiFluor dsDNA system (Promega E2670) 

which is a highly sensitive system for measuring only double-

stranded DNA (dsDNA). Subsequently, 500 ng of genomic DNA 

was bisulfite converted (BS) using Epitect Fast Bisulfite 

Conversion kit (Qiagen, 59826) following manufacturer's proto-col. 

The concentration after bisulfite conversion and purification was 

remeasured using NanoDrop (Thermo Scientific NanoDrop 

8000; RNA40 mode) as recommended for BS-DNA. 20 ng of BS-

converted DNA was used for downstream PCR amplification 

(Biometra TProfessional Thermoycler, France) of BDNF by using 

Takara EpiTaq hotstart DNA polymerase (Takara, R110A; 0.6 U/25 

μl final concentration) that could amplify BS-converted DNA, 

under the following conditions: initial denaturation 98 °C for 30 s 

followed by denaturation at 98 °C for 30 s, annealing at 55 °C for 30 

s, and extension at 72 °C at 30 s, for a total of 40 cycles. The primers 

used for BDNF amplification (0.4 μM final concentration) are 

provided in Table S2, of which the reverse primer was 

biotinylated. The targeted region was Exon IV of BDNF 

(genomic coordinates: chr11:27,723,070–27,723,280 retrieved 

from UCSC Genome Browser Human February 2009 

(GRCh37/hg19), which has been previously vali dated in rodents 

and humans (Kundakovic et al., 2015) and contains 6 CpGs 

including a CREB-binding site (cAMP response element-

binding site). Following PCR amplification, the products were 

purified using MinElute PCR purification kit (Qiagen, 28,006) and 

were loaded on a 2% agarose gel and a single BDNF product (210 bp 

size) was observed indicating BDNF primer specificity and absence 

of primer-dimers. The samples were sent to the Genomic Platform 

LIGAN (Lille Integrated Genomics Advanced Network for 

personalized medicine), Lille (France), and were pyrosequenced 

using Pyromark Q24 Advanced Pyrosequencing technol ogy. The 

degree of methylation at each CpG was expressed as percentage of 

DNA methylation. 

The Pyromark Q24 software measures the percentage of 

methylation at each CpG and has a built-in quality control system 

for each run. The software uses non-CpG peaks as reference peaks 

and determines how well they match with the theoretical 

pyrogram generated based on the original BDNF sequence to be 

analyzed. CpG sites that deviate from an expected peak size are 

highlighted by the software. Since this could happen due to 

variations in PCR efficiency at certain regions, sam ples with CpGs 

that did not pass the quality control were pyrosequenced again 

 

to discard an error from technical handling. The number of 

CpGs that did not finally pass the quality control was small 

(<4% of all CpG measurements performed). Given that the 

quality control was CpG-specific, one individual could for 

example have data quan tified for CpGs 1-to-5 but lack data on 

CpG6 or any other CpG. This small percentage of missing CpGs 

was multiple imputed (see Statistical analysis section). 

Extended details on the fine-tuning and quality controls 

performed for the measurement of BDNF biomarkers can be 

found elsewhere, as part of the HBM4EU project (Fernández 

et al., 2021). 

 

2.4. Behavioral assessment 

 

Adolescent's behavioral function was evaluated using the 

parent- reported Child Behavior Checklist (CBCL/6-18), a 

validated questionnaire that evaluates the parental perception 

about the behavior of their children and/or adolescents during 

the previous six months (Achenbach and Rescorla, 2001). The 

CBCL includes 118 items rated on a three-point Likert scale 

(0 = “Not True”,1= “Somewhat or Some- times True”, or 2 = 

“Very/Often True”), that are grouped into eight syn- drome 

scales (anxious/depressed, withdrawn/depressed, somatic 

complaints, social problems, thought problems, attention 

problems, rule-breaking behavior, and aggressive behavior). 

These scales are grouped into two empirically-derived 

composite scales: i) the internal izing domain as a measure of 

emotional problems (sum of scores on the anxious/depressed, 

withdrawn/depressed, and somatic complaints scales); and ii) 

the externalizing domain as a measure of behavioral problems 

(sum of scores on the rule-breaking behavior and aggressive 

behavior scales). Three other scales are considered mixed-

syndrome scales that do not belong to either domain: social, 

thought, and attention problems (Achenbach and Rescorla, 

2001). The total problems composite scale finally quantifies 

general impairment and corresponds to the sum of scores from 

all eight syndrome scales, together with a group of 17 “Other 

problems” items that do not belong to any specific syndrome 

scale. Raw scores for each scale were converted to sex- and 

age-normalized t-scores, which were used to evaluate behavior 

as a continuous outcome in the main analyses. Higher scores 

mean more behavioral problems in all scales. Children with 

CBCL/6–18 T-scores ≥60 on internalizing or externalizing 

problem scales and T-scores ≥65 on diagnostic scales are 
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considered as borderline/clinical cases (Achenbach and Rescorla, 

2001). Parents assessed the behavioral functioning of 

adolescents under the supervision of a trained psychologist 

(AM) blinded to the BPA exposure status of the children. 

 

2.5. Covariates 

 

Information on sociodemographic, lifestyle factors and 

anthropometric data were obtained from validated 

questionnaires and physical examinations by trained stuff during 

the follow-ups of the children and from their clinical records. 

Maternal education (categorized as up to primary, secondary 

school or university) and age of boys (months) were gathered 

from the questionnaires. Pediatricians measured the weight (kg) 

and height (cm) of the adolescents without shoes and in light 

clothing using an electronic scale (TANITA model 354, Seca 

Corporation, Hamburg, Germany), and age- and sex-specific 

body mass index (BMI) z-scores were calculated using the 2007 

World Health Organization (WHO) growth reference standards 

(de Onis, 2007). Urinary cotinine levels were measured at 9–11 

years of age to account for second-hand smoke exposure. 

Cotinine was determined by competitive enzyme immunoassay 

(EIA) using commercial EIA microplate kits at the Public Health 

Laboratory of the Basque Country (Fernández et al., 2015). 

Alcohol consumption frequency and type of beverage 

(fermented vs. distilled drinks) was self-reported by 

adolescents, and classified as never or less than 1 drink/month 

vs. more than 1 drink/ month. 

 

2.6. Statistical analysis 

 

Study participant characteristics were described using 

measures of central tendency and dispersion for numerical 

variables and frequencies for categorical variables. Creatinine-

normalized urinary BPA concentrations were log2-transformed 

to minimize the skewness of the distribution. For BDNF DNA 

methylation measures, there was a small percentage of specific 

CpGs that did not pass the quality control (<4%) among 

individuals that had the remaining CpGs adequately quantified. 

Given that CpGs showed varying degrees of correlation among 

them (Table S3), missing CpG data were multiple imputed (20 

imputations) using the regression method to avoid potential 

selection bias issues (i.e., slight differences in sample size for 

each CpG investigated). 

Covariates were chosen a priori based on previous 

knowledge and/ or those that modified the estimate (regression 

coefficient) of the exposure variable by >10%. To avoid an 

overadjustment, and to improve the comparability of exposure-

mediator-outcome associations, all models were adjusted for the 

same set of covariates: adolescent's age (months) and BMI (z-

scores) at behavioral assessment, since age at assessment 

predicted CBCL scores in this population and childhood 

adiposity is known to play a relevant role in neurodevelopment 

(Steegers et al., 2021); maternal education (primary, secondary 

or higher) as a well- known measure of socioeconomic status 

and parenting environment (Koutra et al., 2012; Patra et al., 

2016), children's urinary cotinine levels  (mg/dL) at 9–11 years of 

age, as tobacco exposure during childhood is an important 

predictor of neurobehavior (Chen et al., 2013); and alcohol 

consumption at adolescence since it has been identified as a 

relevant  predictor of BDNF regulation in this period (Miguez et 

al., 2020). 

Multivariable   linear   regression   models   were   fit   to   

assess: i) Longitudinal associations between childhood log2-

transformed creatinine-normalized BPA concentrations and 

continuous t-scores for each behavioral scale at adolescence; ii) 

Longitudinal associations between childhood log2-transformed 

BPA concentrations and continuous values of BDNF biomarkers 

at adolescence; and iii) Cross-sectional associations between 

selected log2-transformed BDNF biomarkers and t- scores of 

selected CBCL scales, both assessed at adolescence. Beta 

coefficients and 95% CIs represent the mean change in the 

dependent variable, for each doubling in the independent 

variable. In order to explore potential dose-response  

 

associations within positive findings, we additionally categorized 

independent variables (BPA concentrations and BDNF 

biomarkers) in tertiles, taking the lowest tertile as the reference. 

Statistical tests for trend across tertiles were calculated by 

entering the independent variable as an ordinal level indicator (1, 

2, 3) of each tertile in the regression model. 

To determine whether selected BDNF biomarkers are 

potential me diators of the longitudinal association between BPA 

exposure and adolescent's behavior, mediation analysis was 

performed to calculate the total, direct and indirect effects. To 

reduce the number of comparisons, mediation analysis was 

guided by associations previously observed in multivariable 

regression models. Beta coefficients and 95% CIs were es timated 

after 10,000 bootstrapped replications. The total effect repre sents 

the relationship between the exposure (i.e., BPA) and outcome 

(i.e., behavior) without accounting for any mediator. The natural 

direct effect represents the proportion of the statistical 

relationship between  exposure  and  outcome  that  is  not  

attributable  to  the  mediator (i.e., BDNF). The mediational or 

natural indirect effect represents the proportion of the statistical 

relationship between exposure and outcome that is driven by the 

mediator. The percentage mediated was cal culated as: indirect 

effect / (direct effect + indirect effect) × 100. 

SPSS v25.0 (IBM, Chicago, IL) was used for data analyses. 

Mediation analysis was performed using the PROCESS macro v3.5 

for SPSS (http:// processmacro.org/index.html). The significance 

level was set at P-value <0.05 and all tests were two-tailed. A P-

value between 0.05 and 0.10 was considered as being suggestive 

of statistical significance. Notwithstanding, results were 

interpreted considering their internal validity and coherence, as 

well as the existing toxicological and epidemiological support, 

rather than solely depending on statistical significance (Amrhein 

et al., 2019). Given the targeted and predefined toxicological 

hypothesis investigated in this work (Mustieles et al., 2020), and 

the moderate number of comparisons tested, we did not perform 

a post-hoc correction for multiple comparisons to avoid a 

disproportionate increase in the frequency of type II errors 

(Rothman, 2014). 

 

3. Results 

 

3.1. Characteristics of the study population 

 

Mean (standard deviation - SD) age of children at urine 

collection was 9.90 (0.32) years. Children's mean (SD) urinary 

concentrations of creatinine and cotinine were 100 (39.8) mg/dL 

and 15.9 (32.8) ng/mL, respectively. Adolescents completed the 

follow-up with a mean (SD) age and BMI of 16.6 (0.38) years 

and 23.6 (5.08) kg/m2, respectively, and 38.5% consumed 

alcoholic beverages more than once per month. Regarding 

mothers, more than two-thirds had completed primary (37.7%) 

and secondary (36.2%) education, while 26.2% had completed 

university studies (Table 1). The distribution of CBCL behavior t-

scores of adolescents is presented in Table S4. Internalizing 

problems (30.0%) were more prevalent than externalizing 

behaviors (13.8%) (Table S4). 

BPA concentrations were quantified in all urine samples at 

the 9–11 year-old visit, showing a large range of concentrations 

(between 0.46 and 76.4 μg/g), and a median and interquartile 

range (IQR) of 5.41 (3.05, 10.6) μg/g (Table 1). Serum and 

urinary total protein BDNF levels measured in adolescents 

showed a median (IQR) of 31.5 (25.4, 38.8) ng/mL and 2.14 

(1.56, 3.09) μg/g, respectively (Table 1). The mean percentage of 

BDNF DNA methylation in the six CpGs investigated in blood 

samples from the adolescents showed a median (IQR) of 3.70 

(3.45, 4.04), with a minimum value of 2.70% and a maximum of 

5.54%. The range and distributions of methylation percentages 

for each individual CpG are presented in Fig. S1. Pearson 

correlation coefficients were assessed between CpG's percentage 

of DNA methylation and serum and urinary BDNF levels (Table 

S3). Most CpGs tended to positively correlate among them 

(suggesting the possibility of co-methylation), while CpG1 

showed a different pattern of correlation (Table S3). A higher 

percentage of methylation in most CpGs tended to correlate with 

lower serum protein BDNF levels, with the exception of CpG1. 
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On the contrary, urinary protein BDNF levels were not correlated with 

most CpGs, with the exception of CpG1, for which a positive 

borderline-significant correlation was observed (Table S3). Serum and 

urinary BDNF protein levels were not significantly correlated, 

although an inverse relationship was observed between both 

biomarkers. 

 

3.2. Longitudinal associations of childhood BPA exposure with 

behavior at adolescence 

 

Childhood urinary BPA concentrations tended to be associated with 

poorer behavior in most CBCL scales at adolescence, except for 

social and attention problems (Table 2). Each doubling in urinary BPA 

concen tration was associated with a 0.76-point (95% CI: 0.02, 1.49) 

increase in t-scores for the  thought problems scale (Table 2). When 

BPA concentrations were categorized in tertiles, a dose-response 

function with thought problems was confirmed (Fig. 3.A, p-trend 

= 0.08). Children in the upper BPA tertile showed a mean increase 

of 2 points in thought problems t-scores (range 50–82 points, Table 

S4) compared to those in the lowest tertile (Fig. 3.A). BPA exposure 

was additionally associated with increased somatic (β = 0.80; 95% 

CI: −0.16, 1.75) and total problems (β = 0.80; 95% CI: −0.13, 1.73), 

although confidence intervals included the null value, and a dose-

response shape was not observed for total problems (Fig. S2). 

 

3.3. Longitudinal associations of childhood BPA exposure 

with BDNF biomarkers at adolescence 

 

Childhood urinary BPA concentrations tended to be 

associated with a higher percentage of BDNF DNA 

methylation at adolescence in all CpGs investigated (Table 

3). BPA concentrations were positively and significantly 

associated with higher DNA methylation at CpG6 (β = 0.21; 

95% CI: 0.06, 0.36) and the mean methylation of the six 

CpGs assessed (β = 0.10; 95% CI: 0.01, 0.18). Suggestive 

associations with CpG3 and CpG5 were also observed (β = 

0.09; 95% CI: −0.00, 0.17; β = 0.11; 95% CI: −0.00, 0.22). 

Notably, the magnitude of the association observed for CpG6 

doubled those of CpGs 3, 5 and CpG mean. When BPA 

concentrations were categorized in tertiles, dose-response 

associations were observed for these three CpGs, with CpG6 

showing again the most robust association (Figs. 3.B and S2). 

Childhood BPA exposure was not associated with total 

BDNF protein levels measured in either serum or urine at 

adolescence (Table 3). 

 

3.4. Cross-sectional associations between BDNF biomarkers 

and behavior at adolescence 

 

Given that BPA exposure was more clearly associated 

with thought problems compared to the remaining  CBCL  

scores  (Table  2  and Fig. S2), we decided to focus on this 

scale. When BDNF DNA methylation was considered as the 

independent variable, most CpGs tended to be positively 

associated with thought problems, being CpG1 the unique ex 

ception (Table 4). CpG6 was significantly associated with 

thought problems (β = 2.59; 95% CI: 0.31, 4.87), and a 

suggestive positive association was also observed for CpG5 (β 

= 3.42; 95% CI: −0.22, 7.05) [Table 4]. When the CpGs 

previously associated with BPA (Table 3) were catego rized in 

tertiles, dose-response associations were observed for CpGs 

5 and 6 and the mean CpG methylation, but not CpG3 (Fig. 

S2). This dose-response association was stronger and 

especially evident for CpG6. Thus, boys in the upper tertile of 

CpG6 BDNF DNA methylation showed a mean increase of 4 

points in thought problems t-scores (range 50–82 points, 

Table S4) compared to those in the lowest tertile (Fig. 3.C). 

Regarding serum and urinary total BDNF levels, no cross- 

sectional associations were observed with thought problems 

(Table 4). 

 

3.5. Mediation analysis 

 

As summarized in Fig. 3, BPA was longitudinally and 

dose- dependently associated with increased thought 

problems (Fig. 3.A), and with a higher percentage of BDNF 

DNA methylation, especially at CpG6 (Fig. 3.B) at 

adolescence. Additionally, CpG6 methylation was cross-

sectionally and dose-dependently associated with increased 

thought problems (Fig. 3.C). Based on these results, we 

decided to evaluate whether there was a mediation effect in 

the subset of 103 boys with available data for the exposure, 

mediator and outcome. In adjusted models, a significant 

indirect effect of CpG6 DNA methylation (β = 0.23; 95% CI: 

0.01, 0.57) was observed, accounting for up to 34% of the 

BPA-thought problems association (Fig. 4). No significant 

indirect effects were observed for CpG5 and the mean CpG 

methylation in relation to thought problems, or somatic 

complaints (Table S5). 

 

4. Discussion 

 

In the INMA-Granada birth cohort, higher childhood urinary 

BPA concentrations were longitudinally associated with 

increased behavior problems at adolescence, especially thought 

problems. Childhood BPA exposure was also longitudinally 

associated with a higher percentage of DNA methylation at the 

promoter region IV of the BDNF gene measured at adolescence, 

especially evident at CpG number 6. 
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Moreover, increased BDNF DNA methylation predicted the 

occurrence of thought problems, and CpG6 mediated the association 

between BPA and thought problems. Our findings suggest that BPA 

exposure may alter BDNF epigenetic regulation, leading to altered 

neurobehavior during a critical and understudied period of 

development such as adolescence (Fuhrmann et al., 2015; Pfeifer and 

Allen, 2020). 

In this same cohort, we previously found that higher urinary BPA 

concentrations were cross-sectionally associated with increased 

thought, somatic and social problems in  269  boys  at  the  age  of 

9–11 years (Perez-Lobato et al., 2016). Although in the current work 

the number of adolescent boys assessed at 15–17 years was lower 

due to attrition during the follow-up (n = 130), we prospectively 

confirmed previous associations with thought and somatic 

problems, which may signal greater vulnerability to the 

subsequent development of a mental disorder in adulthood (Paus et 

al., 2008). The thought problems scale includes obsessive 

thoughts, compulsive behaviors and strange ideas among other 

items, and has been linked to psychosis during adulthood 

(Salcedo et al., 2018).  

Moreover, the co-occurrence of high scores in both the thought 

problems and somatic complaints scales has been related to mania 

(Morgan and Cauce, 1999). Nevertheless, the interpreta tion of our 

results must be done at a population instead of a clinical level  

 

(Bellinger, 2012, 2004). 

Previous studies have reported associations between prenatal BPA 

exposure and child internalizing problems (Braun et al., 2017, 

2011; Grohs et al., 2019; Harley et al., 2013; Perera et al., 

2016; Philippat et al., 2017), including somatic complaints (Evans 

et al., 2014; Li et al., 2020). Regarding thought problems, higher 

prenatal BPA exposure was associated with increased scores in 

this scale at 7–9 years in children from the Columbia Center for 

Children's Environmental Health (CCCEH) cohort, although 

postnatal BPA exposure in the same children was not cross-

sectionally associated with this scale (Roen et al., 2015). Postnatal 

studies have been more scarce, although our findings may be 

compatible with those previously described by Hong et al. (2013) 

and Harley et al. (2013) who found cross-sectional associations 

between postnatal BPA exposure and CBCL total problems and 

internalizing problems, respectively. Noteworthy, BPA exposure 

has been related to both internalizing and externalizing behaviors in 

toxico logical and observational studies (Mustieles and Fernández, 

2020), hindering comparisons but suggesting that poorer 

emotional regulation and executive function may underlie these 

altered behavioral phenotypes. In this context, the effect 

biomarker approach followed in this work complemented the 

information provided by neuropsychological scales, increasing the 

internal coherence and validity of our findings. 
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Similar to toxicological studies in rodents (Kundakovic et al., 

2015; Mustieles et al., 2020), our findings support that childhood 

BPA exposure promotes a higher degree of DNA methylation at 

the promoter region IV of the BDNF gene. Kundakovic et al. 

(2015) orally treated pregnant BALB/c mice with either BPA (200 

μg/kg per day) or vehicle throughout gestational days 0–19, 

demonstrating lasting DNA methyla tion changes in Exon IV of the 

BDNF gene in the hippocampus and blood of the exposed offspring, 

which is in line with a CLARITY-BPA toxicolog ical report in adult 

rats (Cheong et al., 2018). Kundakovic et al. (2015)    additionally 

tested their hypothesis in a subset of children from the 

abovementioned CCCEH cohort. The authors found that boys -but 

not girls- born to mothers in the highest category of prenatal 

urinary BPA concentrations showed a significantly higher cord 

blood DNA methyla tion of BDNF Exon IV at CpG sites 1 and 2 

compared to boys in the lowest exposure group (n = 40 boys with 

either low or high prenatal BPA exposure). Importantly, prenatal 

BPA was previously associated with be havioral problems  in  198 

children from  the CCCEH  cohort  (Perera et al., 2012) including 

thought problems at 7–9 years of age (Roen et al., 2015). 

Although in the current study BPA exposure was more robustly 

associated with CpGs 5 and 6, a possible association towards 

higher methylation at CpG 2 -but  not  CpG  1-  was  also  noticed 

(Table 3). Our findings point to the same direction as 

Kundakovic et al. (2015), although BDNF DNA methylation was 

evaluated at different developmental periods (neonates vs. 

adolescents). Indeed, this may explain the divergence in the 

involvement of specific CpGs, since BDNF regulation varies 

throughout development (Kowiański et al., 2018). 

The mediational effect observed for CpG6 DNA methylation 

between  BPA exposure and thought problems is supported by: i) 

the strong and predefined toxicological hypothesis (Kundakovic et 

al., 2015; Mustieles et al., 2020); and ii) the consistent dose-

response associations between the BPA CpG6 – thought problems 

triad (Fig. 3). Our results highlight BDNF epigenetic regulation as 

a plausible key event in BPA- neurobehavior associations that 

should be further investigated in larger birth cohorts. 

All CpGs investigated showed a methylation status below  

10% (Fig. S1), supporting previous reports describing BDNF as a 

low methylated gene in absolute terms (Cattaneo et al., 2016). 

Indeed, due to this characteristic, microarray-based DNA 

methylome measurements do not seem a reliable method for BDNF 

methylation assessment compared to bisulfite-pyrosequencing 

(Forest et al., 2018; Sugden et al., 2020). Despite low absolute  

methylation status in the BDNF gene, slight variations in 

methylation at Exon IV have been linked to functional gene 

expression changes in experimental animals and human in vitro 

models (Kundakovic et al., 2015; Martinowich et al., 2007; 

Pruunsild et al., 2011; Zheleznyakova et al., 2016). Our results 

support this point, since in the case of CpG6, even small mean 

methylation differences of around 2% between extreme tertiles 

(T3: 3.8% vs. T1: 1.8%) predicted a difference of almost 4-

points in thought problems t-scores (T3: 56.7 vs. T1: 52.8) 

[Fig. 3.C]. 

Serum total protein BDNF levels measured in INMA-

Granada adolescents (median: 31.5 ng/mL) were in line with a 

previous report in 223  male teenagers around 14 years of age 

showing a mean of 27.0 ng/mL (Pedersen et al., 2017). While 

no previous study has assessed urinary BDNF concentrations 

in adolescents, current urinary BDNF levels (median: 4.52 

ng/mL) were higher compared to young adults (0.6 ng/mL) 

(Koven and Collins, 2014). Despite serum total BDNF levels 

have been related to psychiatric diseases (Polyakova et al., 

2015; Rodrigues- Amorim et al., 2018) and that urinary BDNF 

has been proposed as a bio marker of executive function in adults 

(Koven and Collins, 2014), we did not find associations with 

BPA exposure. 

The fact that we found longitudinal associations between 

BPA exposure and blood BDNF DNA methylation but not 

with serum or urinary total BDNF levels may be due to several 

reasons. First, we expect DNA methylation to be more stable 

over time (months or even years) compared to circulating 

protein levels (Kundakovic et al., 2015), facilitating the 

detection of prospective associations. However, the temporal 

variability of BDNF biomarkers is unknown for DNA 

methylation and scarce in the case of urinary and serum BDNF 

protein levels (Molendijk et al., 2012). Second, total BDNF 

protein levels were measured, not differenti ating between the 

pro- and mature forms, which may have reduced the  ability to 

detect associations (Jiang et al., 2017; Lin et al., 2021). Finally, 

while peripheral BDNF DNA methylation seems to be well 

correlated with its methylation status in the brain (Stenz et al., 

2015), serum BDNF may be influenced by peripheral sources 

such as platelets (Gejl et al., 2019), and urinary BDNF by local 

production in the bladder (Antunes-Lopes and Cruz, 2019), 

which would tend to mask associations. Further research is 

needed to confirm our findings and identify the most 
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predictive BDNF biomarkers, as well as to assess their stability 

over time through repeated measures. 

A higher percentage of DNA methylation in most CpGs 

correlated with lower serum protein BDNF levels, with the 

exception of CpG1 (Table S3). This is in line with our initial 

hypothesis that a higher percentage of DNA methylation would 

reduce BDNF gene expression and protein synthesis. However, 

we were not able to elucidate whether this negative correlation 

was mainly accounted by reduced levels of the mature BDNF 

form, the pro-BDNF form, or both. Interestingly, uri nary BDNF 

levels showed and inverse relationship with CpG1 DNA 

methylation, and with serum BDNF levels, suggesting that serum 

and urinary BDNF levels may have a different biological 

meaning. 

BPA exposure in INMA-Granada boys is higher compared 

to some studies (Covaci et al., 2015; Tschersich et al., 2021), but 

similar to others (Braun et al., 2011; Calafat et al., 2008; Perera et 

al., 2012). Timing of urine collection in the present study (i.e., 

evening), but also food intake and lifestyle patterns may partially 

explain the higher levels, since a subset of the same boys at 4–5 

years of age showed similar urinary BPA concentrations 

compared to the 9–11 years-old visit (Casas et al., 2011). 

Overall, our findings suggest that BDNF methylation status at 

Exon IV is a physiologically valid molecular effect biomarker of 

children's behavior that may mediate some of the well-known 

toxicological effects of BPA exposure on brain and behavior 

(Nesan et al., 2018; Patisaul, 2019). Given that many previous 

epidemiological studies have reported associations between 

prenatal/postnatal BPA exposure and neurodevelopment (reviewed 

in Mustieles et al., 2015; Mustieles and Fernández, 2020), BDNF 

biomarkers, as well as other neurological effect biomarkers 

(Cediel Ulloa et al., 2021), could be implemented in future 

biomonitoring studies to improve the inference of causal 

relationships. Moreover, effect biomarkers of brain function will 

be useful for the timely assessment of BPA structural analogues 

such bisphenol S and F which show similar neuroendocrine 

disruption potential (Rosenfeld, 2017; Tanner et al., 2020). 

Among the strengths of this work are the predefined 

hypothesis based on toxicological data organized following the 

AOP framework (Mustieles et al., 2020), together with the 

assessment of BDNF at complementary levels of biological 

organization. For BDNF DNA methylation, the gold standard 

(bisulfite-pyrosequencing) was used. The need for a more 

systematic implementation of effect biomarkers has been re cently 

highlighted (Zare Jeddi et al., 2021), and together with our previ -

ous theoretical work (Mustieles et al., 2020), this study exemplifies 

how to go from toxicological knowledge to the implementation 

and validation of novel effect biomarkers in HBM studies. 

Another strength is that BPA exposure was evaluated during late 

childhood and behavior during adolescence, which are important 

but understudied periods of brain development (Konrad et al., 

2013). The longitudinal design confirmed previous cross-

sectional associations between BPA and behavior in the same 

cohort (Perez-Lobato et al., 2016), reducing the possibility of 

reverse causality issues. Additionally, we observed dose-response 

relationships among the exposure-BDNF-behavior triad, and 

indications of potential mediation by BDNF DNA methylation. 

Overall, this effect biomarker approach grounded on toxicological 

data helped to establish dose–response and mechanistic 

relationships, increasing the biological plausibility and internal 

consistency of the findings. 

Regarding limitations, BPA exposure was assessed in one 

spot urine sample, which may lead to exposure misclassification 

due to its non-persistent nature and short-term viability. 

However, this would likely result in attenuation bias, rather than 

an overestimation of effects (Vernet et al., 2019). The sample 

size was small, reducing our ability to detect potential 

associations, and limiting the number of covariates to be 

controlled for in the models. Notwithstanding, this dataset was 

sufficient to observe interrelated associations coherent with the 

hypothesized toxicological pathway. A limitation of our mediation 

analysis is that BDNF methylation was measured in samples 

collected at the same time that adolescent's behavior was 

assessed. Notwithstanding, we do not expect a substantial 

alteration in the temporal ordering of the exposure-mediator- 

outcome (Gelfand et al., 2009), since DNA methylation 

constitutes the most stable “omics” signature over time 

(Gallego-Paüls et al., 2021), probably providing information on 

the past months before the measurement. Future studies testing 

the temporal variability of BDNF biomarkers will help to 

improve the interpretation of exposure-BDNF associations. 

Another limitation is that our study design only included boys 

and sex-dependent associations could not be tested (Mustieles 

and Fernández, 2020). Apart from anxiety, de pression and other 

psychiatric diseases, BDNF has also an important role in long-term 

memory and learning (Cunha et al., 2010). Although we 

investigated behavioral outcomes, unfortunately no evaluation 

of cognitive abilities was performed during the last INMA-

Granada follow-up when boys were aged 15–17 years. While 

adolescence is an important and understudied period of brain 

development, BPA exposure during pregnancy was not 

available in this cohort, being unable to compare how prenatal 

and postnatal BPA exposures interact to influence adoles cent's 

neurobehavior. In addition to BPA, other environmental 

chemicals such as phthalates (Ponsonby et al., 2016), lead 

(Sachana et al., 2018) and arsenic (Karim et al., 2019), are also 

known to alter BDNF regulation in experimental animals, and 

future works should consider the influence of chemical mixtures. 

Finally, residual confounding      arising from unmeasured or 

uncontrolled covariates including lifestyle patterns (e.g., 

physical activity, diet, etc.) cannot be ruled out. 

 

5. Conclusions 

 

Childhood BPA exposure was longitudinally associated with 

a higher percentage of BDNF DNA methylation at adolescence, 

partially account ing for BPA-behavior associations. Our results 

highlight the role of BDNF as a promising and toxicologically-

supported effect biomarker of brain function that may help to 

improve the inference of causal relationships in observational 

studies dealing with environmental exposures and children's 

neurodevelopment. Given the modest sample size analyzed in 

this pilot study and the novelty of these findings, future studies 

should replicate them under different settings, windows of 

development, and in the context of chemical mixtures. 
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A  B  S  T  R  A  C  T   
 

Background: Brain-derived neurotrophic factor (BDNF) plays an important role in brain development by regulating multiple 

pathways within the central nervous system. In the Human Biomonitoring for Europe Project (HBM4EU), this neurotrophin is 

being implemented as a novel effect biomarker to evaluate the potential threats of environmental chemicals on neurodevelopment. 

Objectives: To explore the relationships among exposure to environmental metals, BDNF biomarkers at two levels of biological 

complexity, and behavioral function in adolescent males. 

Methods: Data were gathered from 125 adolescents on: spot urine sample total concentrations of the neurotoXic metal(oid)s arsenic 

(As), cadmium (Cd), mercury (Hg), and lead (Pb); serum BDNF protein concentrations; and concurrent behavioral functioning 

according to the Child Behavior Check List (CBCL/6–18). In 113 of the participants, information was also collected on blood BDNF 

DNA methylation at siX CpGs. Associations were evaluated by multivariate linear regression analysis adjusted for confounders. 

Results: As, Cd, Hg, and Pb were detected in 100%, 98.5%, 97.0%, and 89.5% of urine samples, respectively. Median serum BDNF 

concentration was 32.6 ng/mL, and total percentage of BDNF gene methylation was 3.8%.  In the adjusted models, urinary As 

was non-linearly associated with more internalizing problems and Cd with more externalizing behaviors. The percentage BDNF 

DNA methylation at CPGs #5 and the mean percentage CpG methylation increased across As tertiles (p-trend = 0.04 and 0.03, 

respectively), while 2nd tertile and 3rd tertile of Cd concentrations were associated with lower serum BDNF and higher CpG3 

methylation percentage. Additionally, when BDNF was categorized in tertiles, serum BDNF at the 3rd tertile was associated with 

fewer behavioral problems, particularly withdrawn (p-trend = 0.04), social problems (p-trend = 0.12), and thought problems 

(p-trend = 0.04). 

Conclusion: EXposure to As and Cd was associated with BDNF gene DNA methylation BDNF gene and serum BDNF, respectively. 

Associations with DNA methylation may be attributable to a higher variability over time in circulating BDNF concentrations than in 

the methylation status of this gene. Caution should be taken when interpreting the results relating postnatal Pb and Hg to behavioral 

functioning. Further studies are needed to verify these findings. 

  
1. Introduction 

 
The human brain develops from week eight of gestation 
up to late adolescence and even early adulthood (Rice and 
Barone, 2000; Stiles and Jernigan, 2010), being 
considered fully developed at around 25 years of age (Stiles 
and Jernigan, 2010). Hence, children are especially 

 

vulnerable to environmental neurotoXic compounds, 

including certain metals (Zhou et al., 2019). Current 

evidence suggests that exposure to environmental 

chemicals plays a major role in the so-called “silent 

pandemic of neurodevelopmental toXicity”, i.e., the rising 

incidence of behavioral and cognitive problems in children 

and adolescents, including autism spectrum disorders 
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(ASDs) and attention-deficit hyperactivity disorder (ADHD) 

(Bellinger, 2009; Grandjean and Landrigan, 2014). However, 

although developmental susceptibility to environmental 

chemicals may extend into adolescence, the potential adverse 

health effects of environmental exposure in this age group have 

not been fully elucidated (Mustieles et al., 2020; Pfeifer and 

Allen, 2021). 

Brain-derived neurotrophic factor (BDNF), a member of 

the neurotrophic family, has been associated with a wide 

range of neuropsychological processes, including neuro- and 

glio-synaptogenesis, synaptic plasticity, and  neurite  growth,  

among  others  (Kowiański  et  al.,  2018; Sasi et al., 2017). This 

is largely explained by the characteristic pattern of BDNF 

synthesis, in which several biologically active isoforms 

interact with multiple receptors, thereby triggering, 

upregulating, or downregulating numerous signaling 

pathways (Kowiański et al., 2018). BDNF has been proposed 

as a biomarker of effect for brain functioning, allowing the 

exploration of potential causal pathways between exposure to 

particular endocrine disruptors (e.g., metals, bisphenol A, 

polycyclic aromatic hydrocarbons) and neurobehavioral 

outcomes in epidemiological studies (Kalia et al., 2017; 

Kundakovic et al., 2015; Mustieles et al., 2020; Perera et al., 

2015; Tang et al., 2014). EXposure of humans to the 

neurotoXic environmental metals mercury (Hg) (particularly 

methyl-Hg), cadmium (Cd), lead (Pb), and arsenic (As) has 

been associated with disturbances in the pattern of BDNF 

synthesis, mainly detected as alterations in serum 

concentrations of total BDNF (Karim et al., 2019; Spulber et 

al., 2010; Y. Wang et al., 2016; Zhou et al., 2019; 

Zou et al., 2014). However, the biological meaning of BDNF 

gene DNA methylation patterns remain poorly understood. 

In a mouse study, Kundakovic et al. reported that blood 

BDNF gene methylation levels at siX CpGs reflected the 

methylation profile and transcription levels in the 

hippocampus; they suggested that blood BDNF DNA 

methylation levels might be a surrogate marker of brain 

BDNF expression in humans (Kundakovic et al., 2015). 

Humans are simultaneously exposed to multiple 

environmental chemicals. There are particular concerns 

about metallic/metalloid elements, which are ubiquitous in 

the environment, given that some of them are known to be 

neurodevelopmental toXicants, even at very low doses 

(Grandjean and Landrigan, 2006; Jakubowski, 2011; Rodrí- 

guez-Barranco et al., 2016; Schoeman et al., 2009). These 

elements are frequently detected in human urine, blood, and 

hair samples (Gil and Hernández, 2015). Chronic exposure 

of humans to As, Cd, Hg, and Pb has been implicated in 

various adverse effects (ATSDR 2020; 2016, 2012, 1999), and 

epidemiologists have increasingly addressed the effects of 

this exposure on neurodevelopment in relation to anxiety, 

depression, Alzheimer’s disease, and ASD, among others 

(Freire et al., 2018; Jaishankar et al., 2014; Long et al., 2019; 

Mravunac et al., 2019; Sanders et al., 2014; Shah-Kulkarni et 

al., 2020; Yousef et al., 2011; Zhou et al., 2019). However, the 

behavioral effects of environmental metal exposure remain 

controversial, in part because fully standardized instruments 

are not available to assess the behavioral functioning of 

children and adolescents (Ciesielski et al., 2012; Khan et al., 

2011; Lucchini et al., 2012; Roberts et al., 2013; Sanders et 

al., 2015). 

Effect biomarkers based on toXicologic findings have 

been identified by the Human Biomonitoring for Europe 

Project (HBM4EU) after comprehensive searches of the 

literature (Baken et al., 2019; Mustieles et al., 2020; 

Steffensen et al., 2020). The most promising biomarkers are 

being tested in several European cohorts to assess their value 

as indicators of the potential adverse effects of 

environmental chemicals. BDNF has been highlighted as a 

brain development marker that might complement 

neuropsychological tests (Mustieles et al., 2020). The hy- 

pothesis of the present study was that BDNF is involved in 

the causal pathway between metal exposure and adverse 

effects on behavioral function and therefore serves as an  

adequate epidemiological biomarker to evaluate exposure-

mediator-effect relationships. The study objectives were 

therefore: to assess the relationship between exposure to As, 

Cd, Pb, and/or Hg and behavioral functioning in adolescent 

males; and to investigate the role of the BDNF biomarker 

measured at two levels of biological organization (BDNF gene 

DNA methylation and serum protein concentration). 

2. Material and methods 

2.1. Study population 

This study is part of the INMA-INfancia y Medio Ambiente 

(Environment and Childhood) Project, a multicenter 

population-based birth cohort study designed to investigate 

the effects of environmental exposures and diet during 

pregnancy and early life on fetal, child, and adolescent 

development in different parts of Spain (GuXens et al., 2012). 

The INMA-Granada cohort recruited 668 mother-son pairs in 

Granada, Southern Spain, in 2000–2002 (Fernandez et al., 

2007). Randomly 

selected adolescents from the baseline cohort were re-
contacted to seek their participation in clinical follow-ups at 
the ages of 4–5 (n = 220, 32.9%) and 9–11 years (n = 298, 

44.6%). Participants who attended both follow-up sessions (n 
= 269) were invited to participate in the most recent follow-up 

at the age of 15–17 years (2017–2019) Agreement was 

obtained from 151 (56.13%) of these, who underwent physical 

examinations at the Pediatrics Unit of our third-level 

university hospital in Granada (Castiello et al., 2020). All 151 

participants provided a urine sample, and 135 of them also 

provided a blood sample. The present study included the 

adolescents with available data on urinary metal 

concentrations, behavioral outcomes, serum total BDNF 

protein concentrations, and relevant covariates (n 125); 

information on BDNF gene DNA methylation patterns was 

also available for 113 of these adolescents (see Fig. 1). The 

parents/guardians of the adolescents signed informed consent 

to their participation in the study, which was approved by the 

Biomedical Research Ethics Committee of Granada (Spain). 

2.2. Analysis of urinary metal concentrations 

A single spot urine sample was collected from the first 

morning void of each participant on the day of their hospital 

visit. Samples were stored at    80 ◦C until analysis. Urinary 

concentrations of total (both organic 

and inorganic) As, Cd, Hg, and Pb were measured at the 

laboratory of the Department of Legal Medicine, ToXicology 

and Physical Anthropology, University of Granada, using 

inductively coupled plasma mass spectrometry with an 

Agilent 8900 triple quadrupole ICP-MS (Agilent 

Technologies, Santa Clara, CA, USA) as previously described 

(Castiello et al., 2020). Quality control and quality assessment 

procedures included spiked samples with 400 μg/L of a 

multielement internal standard solution with Sc, Ge, Ir, and 

Rh; intermediate calibration standards; blanks; and the 

following certified reference materials (US National Institute 

of Standards and Technology): Trace Elements in Natural 

Water Standard Reference Material SRM 1640a and 

Seronorm (Sero, Billingstad, Norway), and Trace Elements 

Urine L1 and L2 (references 210605 and 210705, 

respectively)]. Limits of detection (LODs) were 0.60 μg/L for 

As, 0.01 μg/L for Cd, 0.05 μg/L for Hg, and 0.16 μg/L for Pb 

(Supplementary Material, Table S1). Urinary creatinine was 

measured by the Jaffle method in a Roche Cobas C-311 system 

using a commercial kit (Creatinine Jaffé Gen 2, CREJ2) and 

expressed as mg/dL. 

2.3. Serum BDNF and whole blood BDNF gene DNA 

methylation 

Peripheral venous blood samples were drawn from 

participants under non-fasting conditions between 5 p.m. and 

7 p.m. on the same day as the collection of the urine sample. 

Blood samples were immediately processed to obtain serum 

and whole blood aliquots, which were subsequently stored at 
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 – 80 Cº. Whole blood was sent in dry ice to the Human 

Genotyping Laboratory at the Spanish National Cancer 

Research Center, where genomic DNA was extracted using 

Maxwell® RSC equipment, quantified by PicoGreen assay, and 

diluted to 50 ng/µL. Extracted DNA was always stored at – 80 

Cº until use. 

Total serum BDNF concentrations (mature and immature 

isoforms of BDNF) were measured with an enzyme-linked 

immunosorbent assay using the commercial Quantikine® 

ELISA kit (R&D Systems, Minneap olis, MN, USA) at the 

Biomedical Research Center (CIBM), Granada, Spain. 

Briefly, samples were defrosted, vortexed, aliquoted in 10 μL, 

and diluted 100-fold. Next, 50 μL of diluted sample was 

tested in duplicate, placed in a 96-well plate coated with an 

anti-BDNF monoclonal antibody, and incubated at room 

temperature for 2 h. The plate was then washed four times 

with 400 μL wash buffer solution, followed by the addition of 

200 μL BDNF-specific monoclonal antibody in each well. The 

plate was incubated for 1 h at room temperature and then 

washed as described above. Finally, 200 μL of a miXture 

containing stabilized hydrogen peroXide and 

tetramethylbenzidine was added to each well, and the plate 

was incubated for 30 min at room temperature protected 

from light. Then, 50 μL of Stop Solution (sulfuric acid) was 

added to each well, and samples were immediately read by 

luminometry at 450 nm wavelength. Serum total BDNF 

protein concentrations had intra- and inter-assay 

coefficients of variation of <5% and 15%, respectively. 

DNA methylation of the BDNF gene was determined by 

bisulfite pyrosequencing analysis at the IRSET (Institut de 

Recherche en Santé, Environnement et Travail - INSERM   

UMR1085) in Rennes (France), as described in detail 

elsewhere (Mustieles et al., 2022). Genomic DNA levels were 

quantified using the QuantiFluor dsDNA system (Promega 

E2670). Successively, 500 ng of genomic DNA was bisulfite 

 

converted (BS) with Epitect Fast Bisulfite Conversion kit 

(Qiagen, 59826), and the concentration and purification were 

then remeasured with NanoDrop (Thermo Scientific 

NanoDrop 8000; RNA40 mode). Downstream PCR 

amplification (Biometra TProfessional Thermoycler, France) 

was performed using BDNF primers, 20 ng of BS-converted 

DNA, and Takara EpiTaq hot-start DNA polymerase at a final 

concentration of 0.6 U/25 μL (Takara, R110A) under the 

following conditions: initial denaturation at 98 ºC for 30 s 

denaturation, anneling at 55 ºC for 30 s, and extension at 

72 ºC for 30 s, running at total 40 cycles. Primers used for 

BDNF amplification (0.4 μM final concentration) are reported 

in Table S1, and the reverse primer was biotinylated. EXon IV 

of BDNF was the target region (genomic coordinates: 

chr11:27,723,070–27,723,280 retrieved from UCSC Genome 

Browser Human February 2009 (GRCh37/hg19), previously 

validated in rodents and humans (Kundakovic et al., 2015), 

which contains 6 CpGs, including a CREB-binding site (cAMP 

response element-binding site). After PCR amplification, the 

products were purified using the MinElute PCR purification 

kit (Qiagen, 28006) and then loaded on a 2% agarose gel to 

ensure amplification of a single BDNF product. Samples were 

sent to the LIGAN (Lille Integrated Genomics Advanced 

Network for personalized medicine) Genomic Platform in 

Lille (France) for pyrosequencing using Pyromark Q4 

Advanced Pyrosequencing technology. The methylation level 

at each CpG was expressed as percentage DNA methylation. 

2.4. Behavioral functioning assessment 

 

The validated Spanish version of the Child Behavior Checklist 

(CBCL/6–18) was used to evaluate the behavioral function of 

the participants (Sardinero García et al., 1997). This 

questionnaire was completed by the parents/guardians of 
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each participant in relation to his behavior during the previous 

siX months (Achenbach and Rescorla, 2013; Sardinero 

García et al., 1997). The CBCL contains 118 items rated on a 

three-point scale (not true, somewhat true, very/often true) 

and grouped in the following eight syndrome scales: 

anxious/depressed, withdrawn/depressed, somatic 

complaints, social problems, thought problems, attention 

problems, rule-breaking behavior, and aggressive behavior. 

These scales are summarized in three composite scales: 

internalizing problems (sum of anxious/depressed, 

withdrawn/depressed, and somatic complaints scale scores); 

externalizing problems (sum of rule-breaking behavior and 

aggressive behavior scale scores); and total problems 

(reported as sex and age-normalized T-scores). A higher 

scale score always indicates more behavioral problems 

(Achenbach and Rescorla, 2013). 

2.5. Covariates 

Data on sociodemographic characteristics and lifestyle 

factors were collected by administering ad hoc questionnaires 

to the participants and their parents/guardians. The weight, 

height, and body mass index (BMI) of participants were 

measured following standardized procedures, extensively 

detailed in Castiello et al. (2020). Covariates used in the 

present study included data collected at the 15- to 17-year-old 

follow up visit on the characteristics of the adolescents: age 

(in months, continuous), area of residence (categorized as  

urban or sub-urban/rural), 

annual family income (<25000, 25000–35000, or 

>35000 €), and passive smoking (yes or no); on the 

characteristics of their mothers: age (in years, continuous), 

intelligence (verbal reasoning measured by the similarities 

subtest of WAIS-III at the 9- to 10-year-old follow-up), 

marital status (stable partner: yes or no), schooling (up to 

primary, secondary, or university), current employment 

status (employed or unemployed) and alcohol consumption 

(yes or no). The adolescents also completed a validated food 

frequency questionnaire to obtain information on their 

overall fish consumption (monthly intake of <3 portions, 3–5 

portions, or >5 portions) (Notario-Barandiaran et al., 2020). 

2.6. Statistical analysis 

Descriptive analyses were performed to summarize the 

sociodemographic and lifestyle characteristics of the study 

participants. Urine samples with undetected levels of As, Cd, 

Hg, and Pb were assigned a value of LOD/√2. Detection 

frequencies and/or percentiles were calculated for raw 

urinary metal concentrations (μg/L) and the effect 

biomarkers, i.e., serum BDNF and percentage DNA methylation 

at 6 CPIs of EXon-IV from the BDNF gene. Spearman’s 

correlation analysis was conducted to assess relationships 

between metal levels concentrations, expressed as μg/L. 

Multivariate linear regression models were performed 

for: i) the association of metal exposure with behavioral 

outcomes; ii) the association of metal exposure with the BDNF 

biomarkers of effect (serum BDNF and methylation profile of 

the BDNF gene) and iii) the association of these biomarkers 

with behavioral outcomes. 

Urinary metal concentrations were left-skewed and 

therefore modeled as (natural) log-transformed variables. 

Associations with metals and effect biomarkers were 

considered as continuous variables and also categorized in 

tertiles to investigate possible non-linear relationships. Next, 

generalized additive models (GAM) were constructed for a 

more precise assessment of non-linear associations between 

metal exposure and behavioral outcomes. Confounders were 

carefully selected based on: i) substantive knowledge 

supporting their relevance for neurodevelopment and/or 

metals exposure; ii) their use in previous epidemiological 

studies; and iii) change in regression coefficient (beta) by 

more than 10%. Thus, two adjusted models were performed 

for all exposure-effects analyses.  

First model (Model 1) was adjusted for the age and BMI of 

adolescents, given that the age determines the stage of brain 

development and BMI is known to have an important impact 

on children’s behavior (Hughes et al., 2020; Richards and Xie, 

2015). We used unadjusted urinary metal concentrations and 

urinary creatinine concentrations as separate independent 

variables in accordance with previous observations reporting 

that this is a better approach to control for measurement error 

bias due to variability of urine concentrations (Barr et al., 

2005; O’Brien et al., 2016). Because multiple metals may 

simultaneously affect behavioral functioning, regression 

models were mutually adjusted for all metals. In models with 

continuous exposure variable, all metals were introduced as 

continuous variables, whereas in models with categorical 

exposure variable, all metals were introduced categorized into 

tertiles. This approach was performed given that our sample 

size was not large enough to conduct advanced analysis of 

miXture effects. Model 1 was further adjusted by maternal 

schooling and intelligence, since these variables have their own 

influence on neurodevelopment and have been also 

extensively used in epidemiological studies evaluating 

neurodevelopmental outcomes (Patra et al., 2016; Wirt et al., 

2015). Model 2 (fully-adjusted) was additionally controlled for 

adolescents’ passive smoking and fish intake. Second-hand 

tobacco is a potential source of exposure to heavy metals, 

especially for Cd (Campbell et al., 2014; NavasAcien, 2018; 

Spulber et al., 2010), while tobacco smoke has been negatively 

associated with the neuro- development of children (Chen et 

al., 2013; Lee et al., 2011; Spulber et al., 2010). Fish 

consumption was included because it is a major source of 

exposure to As, Hg, and Pb, although it has also been 

positively associated with neurodevelopment due to its 

content of fatty acids such as omega-3 (Gil and Gil, 2015; 

Mozaffarian and Rimm, 2006). Finally, multicollinearity was 

assessed in all regression models by calculating the variance 

inflation factor (VIF). Additionally, a sensitivity analysis was 

performed including one single element at a time to test the 

consistency across models. Associations showing p < 0.05 

were considered significant. Nevertheless, given the relative 

small sample size, statistical significance was additionally 

evaluated based on internal validity, coherence and previous 

toXicological and epidemiological evidence of the observed 

associations (Amrhein et al., 2019). SPSS v26.0 (IBM, 

Chicago, IL) and R statistical software version 3.4.3 were used 

for data analyses. 

3. Results 

3.1. Descriptive analyses 

Table 1 displays the general characteristics of the study 

participants and their mothers. The mean (standard deviation 

- SD) age of the adolescents was 16.9 (0.4) years and their 

mean BMI was 23.33 (4.99) kg/ m
2

. Almost three-quarters of 

the participants lived in urban areas, just under half were 

passive smokers, around one-third reported a monthly fish 

intake of less than 3 portions, and just over one-third had a 

family income of 25000–35000 €/year. Their mothers had a 

mean age of 39.5 years, almost all had a stable partner, just 

under one-third had a university education, more than three-

quarters were employed, and around half of them regularly 

consumed alcohol (Table 1). 

All urine samples contained quantifiable concentrations of 

As (median = 24.20 μg/L), 98.5% contained concentrations 

of Cd (median = 0.08 μg/L), 97.0% concentrations of Hg 

(median = 0.76 μg/L), and 89.5% concentrations of Pb 

(median    0.42 μg/L) (Table 2). Significant positive 
correlations were found between As and Cd, Hg and Pb con- 

centrations (Spearman’s rho = 0.22, 0.52 and 0.19, 

respectively) and between Cd with Hg and Pb concentrations 

(Spearman’s rho = 0.52 and 0.36, respectively) but not between 

Hg and 0.36, respectively) but not between Hg and Pb 
concentrations (Supple mentary Material, Table S2). 
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The median concentration of serum BDNF was 32.6 ng/mL and the 

median percentage DNA methylation values for CpGs 1 to 6 were: 

4.5%, 3.2%, 3.2%, 5.7%, 3.2%, and 2.4%, respectively; the median 

percentage total CpG methylation was 3.8% (Table 2). The 

distribution of CBCL T-scores is exhibited in Supplementary 

Material (Table S3). Globally, there was a lower prevalence of 

externalizing problems (16%) than of internalizing problems 

(32%) in this study population. 

 
1.1. Metal exposure and adolescents’ behavior 

 

Table 3 displays the associations between tertiles of urinary 

metal concentrations and CBCL T-scores. The overall patterns 

pointed towards a non-linear relationship of urinary As and Cd 

concentrations with behavioral problems, with As exposure being 

associated with more internalizing problems, such as anxiety, 

somatic and thought problems; and Cd with more externalizing 

problems, such as social, attention problems and aggressive 

behavior. Further, second and third tertiles (intermediate and 

high levels) of urinary As and Cd levels were associated with 

greater anxiety and more somatic complaints, aggressive 

behaviors, and social and internalizing problems; however, some 

of these associations did not reach the statistical significance. 

These associations persisted but some were attenuated after  

adjustment for passive smoking and fish intake (Table 3). GAM 

analyses confirmed the presence of non- linear relationships 

for As and Cd (Supplementary Material, Figs. S1 and S2). Both 

Hg and Pb exposure showed associations with lower CBCL 

scores in several subscales, especially withdrawn, somatic 

complaints, and social and internalizing problems, which 

remained after adjustment for passive smoking and fish intake 

(Table 3). 

Models considering continuous urinary metal 

concentrations showed associations of Cd with more social 

problems and aggressive behavior, although these 

relationships did not reach the statistically significance. 

However, Hg concentrations were significantly associated 

with fewer social problems (Table S4). The VIF was below 1.5 

for each independent variable, ruling out multicollinearity. 

Finally, sensitivity analyses not showed substantial 

differences between models, neither in the direction of 

associations, and neither in overall patterns (Table S7).  

1.2. Metal exposure and BDNF 

 

The overall pattern showed lower serum BDNF levels 

across tertiles  of urinary As and Cd concentrations, with 

significant associations between Cd and serum BDNF and 

between As and CpG5 and total CpGs methylation 

percentages. However, these associations were not 

observed for Hg and Pb (Table 4). 

In relation to the BDNF gene methylation profile, 

concentrations of As in the third tertile (higher level) were 

associated with higher percentage of methylation at CpGs 

#4, 5, and 6 and for total CpGs, with statistically significant 

results for CpG 5 and total DNA methylation. Associations 

were also found between urinary Cd in the second versus 

first tertile and lower BDNF gene methylation at CpGs #2 

and 3 (Table 4). In the fully-adjusted model, the 

aforementioned associations remained and some became 

stronger (Table 4). Urinary Pb concentrations were 

positively but non-significantly associated with higher 

DNA methylation patterns, while urinary Hg showed 

associations with decreasing BDNF gene DNA methylation 

(Table 4). Models with continuous data showed non-

significant associations of As with higher total CpG 

methylation and of Pb with higher methylation at CpG 1, 

whereas Cd was negatively but also non-significantly 

associated with methylation at CpG3 (Table S5). VIF values 

for each independent variable in all models were <1.5, 

ruling out multicollinearity. Sensitivity analyses showed 

an attenuation of associations between As and BDNF DNA 

methylation percentages, however, direction and overall 

tendencies were still observed (Table S8). 

1.3. BDNF and adolescents’ behavior 

 

Continuous serum BDNF concentrations suggested 

association with a lower score for the withdrawn subscale (β= 

- 0.12, 95% CI = - 0.27, 0.03) (Fig. 2A). Lower scores were 

obtained by adolescents in the second and third tertiles of 

serum BDNF concentrations than by those in the first (lowest) 
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tertile in the withdrawn [(βT2 = —3.77, 95% CI = —7.00;-0.53), 

(βT3 = —3.49, 95% CI = —6.95; —0.02)], social problems (βT3 

= —2.52, 95% CI= -5.69,0.65), and thought problems (βT3 

2.88, 95% CI 5.78; 0.01) subscales, observing a significant 

linear trend for both withdrawn (p-trend 0.04) and thought 

problems (p-trend 0.04) (Table S6). A lower score in the 

total problems scale was observed in participants in the 

second versus first tertile of serum BDNF concentra tions (β 

3.85, 95% CI 8.28; 0.58). 

When total DNA methylation of the BDNF gene was 

considered as a continuous variable, no significant 

association was found with the behavior of the adolescents, 

although the percentage BDNF gene methylation appeared 

in general to be inversely related to the behavioral scores 

(Fig. 2). Similar results were obtained when tertiles of total 

BDNF gene DNA methylation were considered (data not 

shown). 

4. Discussion 
 

The results of this exploratory study among Spanish 

adolescent males (aged 15–17 years) suggest a relationship 

between urinary As and Cd exposure and behavioral 

problems, possibly through their effects on BDNF secretion 

patterns (serum BDNF protein levels and BDNF gene DNA 

methylation percentage). In these adolescents, intermediate 

urinary As and Cd concentrations were associated with more 

internalizing and externalizing problems, respectively. 

Furthermore, results suggest that serum BDNF protein 

concentrations were lower in adolescents exposed to 

moderate and high As and Cd levels. High As concentrations 

were also associated with increased percentage BDNF gene 

DNA methylation and moderate urinary Cd concentrations 

suggested associations with decreased BDNF gene DNA 

methylation percentages. Interestingly, increased serum 

BDNF levels were associated with fewer behavioral 

alterations (i.e., withdrawn and social, thought, and total 

problems). Hg and Pb concentrations were found to be 

inversely related to behavioral functioning. No statistically 

significant relationships were found between Hg or Pb 

concentrations and percentage BDNF gene DNA methylation or 

serum BDNF protein concentrations. 

 

4.1.  Epidemiological evidence on the association of As 

and Cd exposure with neurobehavior 

 

Urinary Cd concentrations were within the range reported 

for adolescents by the National Health and Nutrition 

EXamination Survey (NHANES, 2009–2014) and the German 

Human Biomonitoring Commission (Sanders et al., 2019; 

Schulz et al., 2011). However, urinary As concentrations were 

higher in the present population. Previous epidemiological 

studies have assessed the potential harmful effects of 

postnatal exposure to As and Cd on neurobehavioral function, 

but the results have not been conclusive. On the one hand, two 

systematic reviews found no association between As 

exposure and behavioral outcomes in children between 5 and 

15 years of age (Rodríguez-Barranco et al., 2013; Tolins et al., 

2014). On the other hand, two epidemiological studies in 

children aged between 6 and 12 years reported that urinary As 

(total and inorganic) was associated with poorer attention 

(Rodríguez-Barranco et al., 2016) and with depressive 

problems (Lin et al., 2017), more in line with the present 

findings. In other epidemiological studies, postnatal 

newborn hair concentrations of Cd were associated with 

withdrawn and social and attention problems in 7- to 16-

year-old Chinese children (Bao et al., 2009), and urinary Cd 

was related to worse prosocial behavior in 10-year-old 

children (Gustin et al., 2018). However, no significant 

association was found between blood Cd concentrations and 

more behavioral problems in children at 2, 5, or 7 years of age 

(Cao et al., 2009). In the present study, urinary Cd concentrations 

were associated with CBCL subscales for externalizing behaviors 

(i.e., social problems and aggressive behavior) and for somatic 

and thought problems. These patterns seem to point towards an 

association of As and Cd exposure with altered behavioral 

functioning in adolescents. 

The above comparisons with the present findings should 

be interpreted with caution. First, because most previous 

studies measured As and Cd prenatally or during early or late 

childhood, whereas the present study focused on adolescence. 

Neurological mechanisms and the susceptibility of behavioral 

functions to these compounds differ among developmental 

periods (Gore et al., 2018; Spear, 2000; Stiles and Jernigan, 

2010); which may explain the absence of evidence on the 

association between metal exposure and behavioral domains 

during this period of development (Rodríguez-Barranco et al., 

2013; Spear, 2000). Second, data on metal concentrations may 

differ according to the matriX used (e.g., urine, blood, hair, or 

drinking water). Urine is a useful matriX for assessing chronic 

exposure to Cd in biomonitoring studies because of  its long half-

life, reflecting long-term exposure, whereas concentrations of As 

in urine correspond to acute exposure (Gil and Hernández, 

2015). Finally, wide variations in the instruments used to assess 

behavioral functioning may also explain discrepancies among 

studies (Rodríguez-Carrillo et al., 2019). 

 

4.2. Possible effects of As and Cd on neurobehavior through 

alteration of  BDNF expression patterns 

 

The suggestive association of As and Cd exposure with 
behavioral functioning might be explained by their binding to 
N-methyl-D-aspartate (NMDA) receptors in the hippocampus 
(Karri et al., 2016). This would lead to a reduction in BDNF 
concentrations and consequent behavioral and cognitive 
impairments, consistent with the adverse outcome pathways 
(AOPs) described by Mustieles et al. (2020) (Fig. 3). The 
hippocampus is responsible for the formation of emotional re- 
sponses and the acquisition of memory and learning, which are 
both associated with social behavior (Ciranna, 2006). It is 
especially suscceptible to exogenous and endogenous 
stressors, and the resulting changes in its structure and 
function can play a crucial role in the development of mood 
disorders (Zaletel et al., 2017). 

EXposure to As may affect behavioral function through a 

direct action on the BDNF gene, given that As can alter DNA 

methylation patterns, possibly by interacting with 

transcription factor binding sites (TFBS) and inhibiting DNA 

repair mechanisms (Demanelis et al., 2019; Karim et al., 2019) 

(mechanisms of action shown in Fig. 3, numbers 1 and 2). This 

may explain the present findings of increased BDNF gene 

methylation in adolescents with higher urinary As 

concentrations (Fig. 3). The present mechanism is also 

consistent with experimental findings of an association 

between memory deficits and decreased hippocampal BDNF 

and CAMP responsive element binding protein 1 (CREB) in 

mice exposed to As (Sun et al., 2015). As can also exert an 

indirect effect on BDNF via the following pathways: first, by 

the inhibition of NMDA receptors, which play a key role in 

Ca
+2 

influX mechanisms, leading to reduced BDNF 

concentrations (Wang et al., 2016) (Fig. 3, number 3); second, 

through an imbalance of the oXidative stress homeostasis, 

thereby increasing reactive oXygen species (ROS) and    reducing 

glutathione (GSH) (Karri et al., 2016; Mimouna et al., 2018), 

which favors cell injury or death and leads to 

neuroinflammation and ultimately to the degeneration of 

hippocampal brain cells, reducing the expression of BDNF 

(Karri et al., 2016) (Fig. 3, number 4); and, finally,          by altering 

the metabolism of neurotransmitters such as GSH or 

serotonin, which play an important role in the expression and 
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production of  BDNF  (Htway  et  al.,  2019;  Ramos-Chávez  et  

al.,  2015).  For example, adult male mice prenatally exposed 

to As exhibited a down-regulation of BDNF expression and 

social isolation-like behavior, possibly mediated by an As-

induced alteration of the serotonergic system (Htway et al., 

2019). The present results indicate that greater exposure to As 

could be associated with higher DNA BDNF gene DNA 

methylation percentage at several CpGs. If so, it would reduce 

BDNF gene expression levels and protein concentrations, 

potentially generating more behavioral problems. Some of the 

associations found with BDNF gene methylation and protein 

levels may be in line with the effects described in the above 

animal models. 

As in the case of As, the neurotoXic activity of Cd has also been 

implicated in the disruption of various pathways. It has been 

found to cross the blood-brain barrier, enter the CNS, and 

disrupt the hippocampal membrane function (Kumar et al., 

1996; Wang and Du, 2013) (Fig. 3, number 5). In murine 

 

studies, Cd exposure was reported to inhibit acetylcholine 

esterase (AchE) and Na+/K+-ATP-ase pump, reducing 

neuronal activity in pups (Gupta et al., 1991), Cd-induced 

redox homeostasis imbalance increased neuronal death in 

rats (Wang and Du, 2013) (Figs. 3 and 5), and Cd was found 

to mimic the ubiquitous intracellular ion Ca+2, thereby 

inhibiting its influx pathways (Xu et al., 2011) (Figs. 3 and 6). 

However, inadequate information is available to accurately 

determine whether these pathways have a direct or indirect 

effect on hippocampal BDNF expression. Some animal 

studies also found a downregulation of BDNF expression 

after Cd exposure (Kadry and Megeed, 2018; Mimouna et al., 

2018). In the present investigation, adolescents   with   

urinary   Cd   concentrations   in   the   second   tertile 

(intermediate level) showed associations with decreased 

serum BDNF concentrations and a tendency towards 

reduced BDNF gene DNA.  Na
+

/K
+

-ATP-ase pump, 

reducing neuronal activity in pups (Gupta et al., 1991), 
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Cd-induced redoX homeostasis imbalance increased 

neuronal death in rats (Wang and Du, 2013) (Figs. 3 and 5), 

and Cd was found to mimic the ubiquitous intracellular ion 

Ca
+2

, thereby inhibiting its influX pathways (Xu et al., 2011) 

(Figs. 3 and 6). However, inadequate information is available 

to accurately determine whether these pathways have a direct 

or indirect effect on hippocampal BDNF expression. Some 

animal studies also found a downregulation of BDNF 

expression after Cd exposure (Kadry and Megeed, 2018; 

Mimouna et al., 2018). In the present investigation, 

adolescents   with   urinary   Cd   concentrations   in   the   

second   tertile (intermediate level) showed associations with 

decreased serum BDNF concentrations and a tendency 

towards reduced BDNF gene DNA. 

 

4.3. Hg and Pb exposure, adolescents’ behavior 

and BDNF effect biomarker 

 

Urinary Hg and Pb concentrations were also within the range 

described for adolescents by the National Health and 

Nutrition Exami nation Survey (NHANES, 2009–2014) and 

German Human Biomonitoring Commission (Sanders et al., 

2019; Schulz et al., 2011). Unexpectedly, Hg and Pb 

concentrations were not associated with neurobehavioral 

problems in these adolescents. As anticipated, moderate 

urinary Pb concentrations tended to be associated with 

higher percentage DNA methylation at CpGs #1, 4 and with 

 

total CpG methylation, while urinary Hg concentrations were 

associated with lesser BDNF gene DNA methylation. No 

association was observed between serum BDNF protein 

concentrations and the studied metals. 

Adverse effects of prenatal and postnatal exposure to Pb and 

Hg on cognitive function and intelligence are well 

documented in humans (Canfield et al., 2003; Cecil et al., 

2008; Debes et al., 2006; Freire et al., 2018; Hu et al., 2006; 

Jusko et al., 2008; Lanphear et al., 2005; Llop et al., 2012; 

Wright et al., 2008). However, the potential impact of Hg and 

Pb on behavioral functioning remains unclear, although 

some studies found associations of postnatal exposure to Pb 

and Hg with anxiety, social problems, and ADHD (Debes et 

al., 2006; Liu et al., 2014; Roy et al., 2009). Caution should be 

taken in interpreting the present results on postnatal Pb and 

Hg and behavioral functioning, given that urinary 

concentrations of Hg and Pb may reflect short-term rather 

than long-term  exposure  (Gil  and  Hernández,  2015)  and  

may  not  serve  as appropriate biomarkers to evaluate 

potential effects on behavior. In addition, some of these 

apparently protective associations may be explained by 

dietary and lifestyle confounders. For instance, fish con- 

sumption is a potential source of toXic metals as well as 

beneficial nutrients for brain development (Cano-Sancho and 

Casas, 2021; Gil and Gil, 2015). Although fish consumption 

was controlled for in the present study, residual confounding 

or dietary misclassification cannot be ruled  out. 
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Fig. 3. Hypothesized adverse outcome pathway (AOP) based on the AOPs published by Mustieles et al. (2020) and other specific 

toXicological references for As (Demanelis et al., 2019; Karim et al., 2019; Karri et al., 2016; Wang et al., 2016) and Cd (Guan 

et al., 2019; Wang and Du, 2013; Xia et al., 2020; Xu et al., 2011; Zaletel et al., 2017). AOP followed by As and Cd in the 

hippocampus after crossing the blood brain barrier. As: Arsenic; aaT: amino acid transporter; BDNF: brain-derived neurotrophic 

factor; Cd: Cadmium; JNK: c-Jun N-terminal kinase; NMDAR: N-Methyl-D-aspartate receptors; pro-BDNF: immature isoform 

of BDNF; TFBS: Transcription factor binding sites. The observed downregulation of BDNF methylation might lead to higher 

concentrations of the immature BDNF isoform (pro-BDNF), known to activate cellular apoptosis by binding to P75 neurotrophin 

receptor (NTR) (Zaletel et al., 2017) [7], possibly explaining the suggested adverse association of Cd with behavior (Fig.3). Similar 

results were found in a zebrafish model showing increased BDNF expression after Cd exposure alongside locomotor alterations 

(Xia et al., 2020) [8] and in a genome-wide study finding that Cd exposure reduced global DNA methylation in drosophila 

melanogaster (Guan et al., 2019) [9]. However, further research is needed to verify this hypothesis, given the absence of 

published data on the effects of Cd on pro-BDNF secretion and fact that this BDNF form was not measured in the present 

study. 

 
4.4. Strengths and limitations 

 

Study limitations include the small sample size, reducing 

the statistical power of analyses and preventing the assessment 

of the miXture effect of the selected metals on BDNF and 

behavioral function, as well as potential interactions among 

them. Instead, we simultaneously adjusted the models for all 

metals in order to assess the effect exerted by a single metal 

while accounting for the influence of the remaining elements. 

Future studies in larger populations would be needed to 

address the combined effect of metals miXtures on BDNF and 

neurodevelopment. The cross-sectional design also means that 

causal relationships could not be inferred. Furthermore, the 

study investigated the concentration of total As and Hg, with 

no speciation procedure. Recent data from the Environment 

and Childhood study show that the primary source of Hg 

exposure is fish (Signes-Pastor et al., 2017), where Hg is 

present as methyl-Hg, the most neurotoXic form. The source of 

exposure of As, however, remains unknown, although rice 

(inorganic As) and seafood (organic As) consumption seem to be 

major sources of As exposure in the Spanish population (Signes-

Pastor et al., 2017). Therefore, it is not clear whether our study 

population is mostly exposed to inorganic or organic As. 

Nevertheless, this lack of specificity would tend to 

underestimate rather than overestimate As effects on 

neurodevelopment. Additionally, previous studies have also 

reported associations between urinary total As and behavioral 

function (Rodríguez-Barranco et al., 2016). 

 

 

 

While urinary Cd and As levels appear to be a 

straightforward choice, it may not be the best biomarker for 

Pb and Hg exposure, since their short biological half-lives 

makes them suitable biomarkers for current or recent  

exposure  (Gil  and  Hernández,  2015).  Conversely,  urinary  

Cd levels are a suitable biomarker of long-term and lifetime 

exposure to this metal (Gil and Hernández, 2015; Järup and 

Åkesson, 2009). Urinary As is also considered as adequate 

biomarker of short-term exposure, since it concentrations 

remains relatively stable among individuals with consistent 

dietary patterns (Hughes, 2006; Marchiset-Ferlay et al., 

2012). Therefore, results for Cd and As could be more reliable 

compared to those of Pb and Hg. Finally, spurious associations 

may have been identified due to the application of multiple 

analyses, although several significant associations are 

supported by toXicological and epidemiological studies and 

are unlikely to be the result of chance. Moreover, the estimated 

coefficients and confidence intervals should be taken as a 

global representation of the pattern of relationships between 

the study variables. Study strengths include the novel 

exploration approach of BDNF as biomarker of 

neurodevelopment, assessed at different levels of biological 

organization (DNA methylation and serum protein). In future 

epidemiological studies, this approach could contribute to 

elucidate the neurodevelopmental effects of metals and 

metalloids, especially As and Cd. Another strength is the effort 

to characterize the effect of As and Cd  on behavioral 
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functioning, given the scant available evidence on the impact 

of these pollutants. Finally, there has been inadequate 

research of this type in adolescence, which is characterized by 

important changes in neurological mechanisms. 

5. Conclusion 

Within an epidemiological context, serum BDNF protein 

levels and BDNF gene DNA methylation profile might serve as 

effect biomarkers to characterize the relationship of 

postnatal exposure to toXic metals, such as As and Cd, with 

behavioral problems in adolescents. However, due to study 

limitations, our results need to be verified in future larger 

epidemiological studies on metal exposures during this and 

other critical windows of neurodevelopment. Biomarkers of 

brain function are needed in human biomonitoring studies 

to better address current gaps in knowledge between 

environmental exposures and neurodevelopmental 

disorders. 
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Background: Numerous contemporary, non-persistent pesticides may elicit neurodevelopmental 

impairments. Brain-derived neurotrophic factor (BDNF) has been proposed as a novel effect biomarker of 

neurological function that could help to understand the biological responses of some environmental exposures. 

Objectives: To investigate the relationship between exposure to various non-persistent pesticides, BDNF, and 

behavioral functioning among adolescents.  

Methods: The concentrations of organophosphate (OP) insecticide metabolites, 3,5,6-trichloro-2-pyridinol 

(TCPy), 2-isopropyl-4-methyl-6-hydroxypyrimidine (IMPy), malathion diacid (MDA), and diethyl 

thiophosphate (DETP); metabolites of pyrethroids, 3-phenoxybenzoic acid (3-PBA), and dimethylcyclopropane 

carboxylic acid (DCCA) the metabolite of insecticide carbaryl, 1-naphthol (1-N); and the metabolite of ethylene-

bis-dithiocarbamate fungicides ethylene thiourea (ETU), were measured in spot urine samples, as well as serum 

BDNF protein levels and blood DNA methylation of Exon IV of BDNF gene in boys aged 15-17 years belonging to 

the Spanish INMA-Granada cohort. Adolescents’ behavior was reported by parents using the Child Behavior 

Check List (CBCL/6-18). This study included 140 adolescents of whom 118 had data on BDNF gene DNA 

methylation. Multivariable linear regression, weighted quantile sum (WQS) for mixture effects, and mediation 

models were fit.  

Results: IMPy, MDA, DCCA, and ETU were detected in more than 70% of urine samples, DETP in 53%, and 

TCPy, 3-PBA, and 1-N in less than 50% of samples. Higher levels of IMPy, TCPy, and ETU were significantly 

associated with more behavioral problems, including social, thought problems, and rule-breaking symptoms. 

IMPy, MDA, DETP, and 1-N were significantly associated with decreased serum BDNF levels, while MDA, 3-

PBA, and ETU were associated with higher DNA methylation percentages at several CpGs. WQS models suggest 

a mixture effect on more behavioral problems and BDNF DNA methylation at several CpGs. A mediated effect of 

serum BDNF within IMPy-thought and IMPy-rule breaking associations was suggested.  

Conclusion: BDNF biomarkers measured at different levels of biological organization provided novel 

information regarding the potential disruption of behavioral function due to contemporary pesticides, 

highlighting exposure to diazinon (IMPy) and the combined effect of IMPy, MDA, DCCA, and ETU 

concentrations. However, further research is warranted. 

Keywords: BDNF, non-persistent pesticides, HBM4EU, behavior, effect biomarkers 
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1. Introduction 

 

The adolescence dramatically reshapes teenagers’ 

perception of themselves, as well as their social context 

through complex neural mechanisms (Gore et al., 2018). 

They must exhibit social communicative skills, reproductive 

behaviors, adequate anxiety responses, and affective states 

according to their age and sex, among other factors (Spear, 

2000).  Exposure to environmental neurotoxic chemicals 

could be involved in the increasing incidence observed for 

mental health disorders such as social anxiety, depression, or 

eating disorders, among adolescents (Bjørling-Poulsen et al., 

2008; Bouchard et al., 2010; Pfeifer and Allen, 2021; Shoaff 

et al., 2020; Supke et al., 2021). 

A growing body of epidemiological research suggests that 

prenatal exposures to contemporary non-persistent 

pesticides, mainly organophosphate (OP) and pyrethroid 

insecticides, are associated with neurodevelopmental 

impairments (González-Alzaga et al., 2014; Hernández et al., 

2016; Oulhote and Bouchard, 2013; Wagner-Schuman et al., 

2015). However, limited evidence is available regarding the 

potential impact of pesticide exposures during childhood or 

adolescence (Bouchard et al., 2010; Dalsager et al., 2019a; 

Damgaard et al., 2006) with inconclusive results (Oulhote 

and Bouchard, 2013; Quirós-Alcalá et al., 2014; van Wendel 

de Joode et al., 2016; Wagner-Schuman et al., 2015).  

The general population is widely exposed to many non-

persistent pesticides. Although some of them are banned in 

the European Union (EU) (EFSA, 2019) (Supplementary 

Material, Table S1), and the use of others (e.g. some OPs) is 

decreasing, the employment of pyrethroids is increasing as 

agriculture and indoor biocides, being frequently detected in 

urinary samples of mothers, children, and neonates 

(Andersen et al., 2021; Dalsager et al., 2019b). Parent 

compounds of some specific and non-specific pesticide 

metabolites are known developmental neurotoxicants (Sun 

et al., 2008; Marinovich et al., 1997).  

Under the framework of the Human Biomonitoring for 

Europe Initiative (HBM4EU), brain-derived neurotrophic 

factor (BDNF) has been proposed as a promising effect 

biomarker to improve the causal inference between exposure 

to environmental chemicals and altered neurodevelopment 

(Mustieles et al., 2022, 2020; Rodríguez-Carrillo et al., 

2022). BDNF plays an important role in synaptic plasticity 

and is expressed throughout the brain, especially in the 

hippocampus, cortex, and other basal forebrain areas, which 

are susceptible to both exogenous and endogenous stressors. 

Thus, alterations in hippocampal BDNF expression could 

contribute to the development of mood disorders (Polyakova 

et al., 2015; Zaletel et al., 2017). In previous epidemiological 

studies, BDNF disruption has been assessed by measuring its 

protein levels in serum or plasma, or its degree of DNA 

methylation in blood concerning behavioral outcomes, 

including depression, bipolar disorder, attention-deficit 

hyperactivity disorder (ADHD), and even suicidal behavior 

at different stages of life (Bilgiç et al., 2020; Heinrich et al., 

2017; Kim et al., 2007; Kundakovic et al., 2015; Polyakova et 

al., 2015). Recent results from our research group 

highlighted the advantages of including BDNF as an effect 

biomarker to address the relationship between exposure to 

bisphenol A and toxic metals, and altered/inadequate 

neurodevelopment (Mustieles et al., 2022; Rodríguez-

Carrillo et al., 2022). 

The aim of this study was to explore the potential role of 

BDNF on the relationship between exposure to non-

persistent pesticides and behavior in adolescents, and to 

assess the mixture effect of pesticides exposure on behavioral 

symptoms and BDNF levels. To do so, we assessed the cross-

sectional relationship of urinary pesticide metabolites, both 

individually and combined, with: i) the behavioral function  

of adolescents and ii) the effect biomarker BDNF measured 

at two levels of biological organization (DNA methylation 

and serum protein levels); and iii) the association of BDNF 
with adolescents’ behavior. In addition, and if relevant, we 
aimed to test the potential mediation role of BDNF in 
exposure-effect relationships. 

 
2. Material and Methods 

 
2.1. Study population 
 
The Environment and Childhood (INMA) Project is a 

multicenter population-based birth cohort study that aimed 
to investigate the impact of environmental exposures and 
diet on health and development during key windows of 
susceptibility, i.e. pregnancy, childhood, and adolescence, 
in different geographical areas of Spain (Guxens et al., 
2012). During the last follow-up of the INMA-Granada 
cohort (2017-2019), a total number of 151 adolescents aged 
15-17 years agreed to participate in the clinical visit at the 
San Cecilio University Hospital (HUSC) of Granada, which 
included physical examination and behavioral assessments 
(Castiello et al., 2020). All participants provided a first-
morning urine sample, and most of them (n=135, 89%) also 
provided a blood sample. The present study included 
participants with available data on i) urinary pesticide 
metabolite concentrations and behavioral outcomes 
(n=140); ii) urinary pesticide metabolite concentrations, 
behavioral outcomes, and serum total BDNF protein levels 
(n=130); and iii) urinary pesticide metabolites, behavioral 
outcomes, and blood DNA methylation of the Exon IV of 
BDNF gene at six CpGs (n=118). Further details on the 
INMA-Granada cohort recruitment and follow-ups have 
been previously described (Castiello et al., 2020; Fernandez 
et al., 2007; Freire et al., 2018). The informed consent was 
signed by the parents’ participants and the study protocol 
was approved by the Biomedical Research Ethics 
Committee of Granada.  

 
2.2. Analysis of urinary pesticides metabolites 

concentrations 
 

A first morning spot urine sample was collected from 
each participant on the day of the clinical visit and kept at -
80ºC until analysis. Urine samples were analyzed for 3,5,6-
trichloro-2-pyridinol (TCPy), 2-isopropyl-6-methyl-4-
pyrimidinol (IMPy), and malathion diacid (MDA), specific 
metabolites of the OP insecticides 
chlorpyrifos/chlorpyrifos-methyl, diazinon, and malathion, 
respectively; dialkyl phosphates diethyl thiophosphate 
(DETP) and diethyl dithiophosphate (DEDTP), non-specific 
metabolites of several OP insecticides; 3-phenoxybenzoic 
acid (3-PBA) and dimethylcyclopropane carboxylic acid 
(DCCA) (sum of cis and trans isomers); 1-naphthol (1-N), 
primary metabolite of the carbamate insecticide carbaryl; 
and ethylene thiourea (ETU), major metabolite of ethylene-
bis-dithiocarbamate (EBDC) fungicides such as mancozeb 
(Supplementary Material, Table S1).  

The urinary pesticide metabolites TCPy, IMPy, DETP, 
DEDTP, 3-PBA, 1-N, and ETU were measured by ultra-
high-performance liquid chromatography coupled to mass 
spectrometry (UHPLC-MS/MS), using an UHPLC Ultimate 
3000 (Thermo Fischer) and a Q Exactive Focus mass 
spectrometer (Thermo Fischer) at the ‘’UNETE Research 
Unit’’ of the Biomedical Research Center (CIBM), 
University of Granada (Spain). The urinary acid metabolites 
MDA and DCCA were measured by liquid chromatography 
coupled to mass spectrometry (LC-MS/MS), using an 
Agilent 1290 liquid chromatography (Agilent) and API 
4000 mass spectrometry (AB Sciex Instruments) at the 
facilities of the MEDINA Foundation, Granada (Spain). All 
metabolites, including MDA and DCCA, were first extracted 
and calibrated according to Suárez et al., (2021). No 
deconjugation procedure was performed. Standards 
solutions and Internal Standards (IS) were added to 1 mL of 
urine samples. Successively, 2 mL of aqueous ammonium 
hydroxide solution at 1 % was added and kept at room 
temperature for 20 minutes. Cleanup and preconcentration 
were performed with solid-phase extraction (SPE). Briefly, 
activation was done using 3 mL of methanol, 3 of deionized 
water, and 2 mL of aqueous ammonium hydroxide solution 
at 1% (v/v). Cartridge was rinsed with 2 mL of formic acid 
at 1 % with deionized water and dried under vacuum.  
Further information regarding the analytical method and 
quality control procedures have fully described previously 
(Freire et al., 2021; Suárez et al., 2021). 
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Data regarding retention times, analytical 

parameters, calibration curves, mean accuracy, 
selected reaction monitoring (SRM), and relative 
standard deviation (RSD) values are reported in 
Supplementary Material (Table S2). Limits of 
detection (LOD) were 0.039 μg/L for TCPy, 0.117 
μg/L for IMPy, 0.052 μg/L for MDA, 0.116 μg/L for 
DETP, 0.142 μg/L for DEDTP, 0.117 μg/L for 3-PBA, 
0.055 μg/L for DCCA, 0.156 μg/L for 1-N, and 0.072 
μg/L for ETU (Table S2). To account for urine 
dilution, concentrations of creatinine in urine were 
assessed using a commercial kit (CREJ2) through 
the Jaffe method in a Roche Cobas C-311 system 
(mg/dL).  

 
2.3. Serum BDNF and whole blood DNA 

methylation of BDNF gene assessment 
On the same day of urine sample collection, 

peripheral venous blood samples were collected from 

participants under non-fasting conditions between 5 

and 7 p.m. and were immediately processed to obtain 

serum and whole blood aliquots and stored at -80 

ºC.Whole blood was sent on dry ice to the Human 

Genotyping Laboratory at the Spanish National 

Cancer Research Centre. DNA extraction was 

performed using Maxwell® RSC equipment and 

quantified by PicoGreen assay, showing an average 

concentration of 50 ng/µL.  

Total serum BDNF levels, which contains mature 

and immature isoforms of BDNF, were measured with 

an enzyme-linked immunosorbent assay using the 

commercial Quantikine® ELISA kit (R&D Systems, 

Minneapolis, MN, USA) at the CIBM, University of 

Granada (Spain), following manufacturer’s 

instructions. Full procedure was described elsewhere 

(Rodríguez-Carrillo et al., 2022). Serum total BDNF 

protein showed an intra- and inter-assay coefficient of 

variation (%) of <3% and 15%, respectively.  

DNA methylation of the BDNF gene was 

performed by bisulfite pyrosequencing analysis at 

IRSET (Institut de Recherche en Santé, 

Environnement et Travail - INSERM UMR1085), 

Rennes, France. Exon IV of BDNF gene was the 

targeted region (genomic coordinates: 

chr11:27,723,070–27,723,280 retrieved from UCSC 

Genome Browser Human February 2009 

(GRCh37/hg19), previously validated in rodents and 

humans (Kundakovic et al., 2015) which contains 6 

CpGs including a CREB-binding site (cAMP response 

element-binding site). Further information regarding 

measurement of BDNF DNA methylation was 

published according to Mustieles et al., (2022). 

Biotinylated primers used for BDNF amplification 

(0.4 µM final concentration) are provided in Table S2. 

The degree of methylation at each CpG was expressed 

as percentage of DNA methylation. 

 

2.4. Behavioral functioning assessment 

Behavioral function of adolescents was evaluated 

using the Spanish version of the validated Child 

Behavior Checklist (CBCL/6-18) (Achenbach and 

Rescorla, 2013; Sardinero García et al., 1997). In this 

questionnaire, parents report on their sons’ behavior 

during the previous 6 months. It is based on 118 items 

rated on a three-point scale (not true, somewhat true, 

or very/often true) and contains a total of eight 

syndrome scales: anxious/depressed, 

withdrawn/depressed, somatic complaints, social 

problems, thought problems, attention problems, 

rule-breaking behavior, and aggressive behavior. 

These scales are then summarized in three composite 

scales obtained from the sum of the mentioned  

syndrome scales, as follows: internal problems (sum of 

scores from anxious/depressed, withdrawn/depressed, and 

somatic complaints scales), externalizing problems (the sum 

of scores from the rule-breaking behavior and aggressive 

behavior scales) and total problems. All scales were 

normalized by age and sex and finally reported as T-scores. 

For all above-mentioned scales, higher scoring means more 

behavioral problems (Achenbach and Rescorla, 2013). 

 

2.5. Statistical analysis 

Absolute and relative frequencies (categorical variables) 
and central tendency measures and dispersion profiles 
(continuous variables) were calculated to describe 
sociodemographic and lifestyle characteristics of the study 
participants. For descriptive purposes, detection 
frequencies were calculated for urinary pesticides 
concentrations, while percentiles (25th, 50th and 75th) 
were calculated for both pesticide metabolites and BDNF 
effect biomarker levels. DEDTP was detected in only 1 urine 
sample and was thus excluded from further analyses. For 
pesticide metabolites detected above 70% of samples, 
concentrations below the LOD were imputed with LOD/√2 
(Schisterman et al., 2006). The total concentration of OP 
(ΣOPs) and pyrethroid (ΣPYR) urinary metabolites was 
further calculated by summing concentrations of their 
respective metabolites (i.e., ΣOPs= TCPy + IMPy + MDA + 
DETP; ΣPYR= DCCA + 3-PBA). A small number of DNA 
methylation measurements (<4% of all CpG measurements 
performed) could not be quantified, and thus were multiple 
imputed (20 times) using the regression method. 
Spearman’s correlation test was used to assess the 
relationship among concentrations of non-persistent 
pesticides metabolites. 

Multivariable linear regression models were performed 
to assess the association of i) urinary pesticide metabolite 
concentrations with adolescents’ behavioral function; ii) 
urinary pesticide metabolites with biomarkers of effect 
(serum BDNF and methylation profile of the BDNF gene), 
and iii) BDNF biomarkers with behavioral outcomes. Before 
regression analysis, pesticide metabolites detected in more 
than 70% of urine samples (IMPy, MDA, DCCA and ETU) 
were natural log-transformed to reduce distribution 
skewness (including ΣOPs and ΣPYR), while those detected 
in less than 70% of samples were dichotomized into 
detected vs. non-detected values. BDNF biomarkers 
(normally distributed) and behavioral outcomes were 
modeled as continuous variables. Metabolites detected in 
>70% of samples as well as ΣOPs, ΣPYR, and all BDNF effect 
biomarkers were further categorized into tertiles to assess 
possible non-linear associations. DETP (detected in 54% of 
samples) was categorized as follows: from below the LOD to 
the 50th percentile of urinary concentration, from the 50th 
to 75th percentile, and above the 75th percentile.  

All models were adjusted for adolescent’s age 
(continuous), body mass index (BMI, continuous kg/m2), 
alcohol consumption (less than one beverage/month or at  

 

 



Results 

142 
 

 

 

  
least 1 beverage/month) and maternal education (primary 

education, secondary education, or university education), 

which were selected based on their known influence on 

neurodevelopment and previous studies exploring pesticide 

exposure and behavioral function (Patra et al., 2016; Pyman 

et al., 2021; Wirt et al., 2015). Maternal education, a proxy 

for socioeconomical status, had a 6% of missing values 

(n=10). To maintain the initial sample size, this covariable 

was imputed using multiple imputation through regression 

method (20 imputations). Season of urinary collection was 

added to models with pesticide metabolites, since it may have 

an influence on pesticides exposure (Fortenberry et al., 

2014). To control for urine dilution variability and reduce 

potential error bias, creatinine concentration (ng/mL) was 

included in models as a separate covariate as recommended 

in previous studies (Barr et al., 2005; O’Brien et al., 2016). 

Regression estimates reflect the mean change in behavioral 

outcome score/serum BDNF level/methylation percentage 

for each log unit increase in urinary pesticide metabolite 

concentration in linear models. For models with the 

independent variable categorized into tertiles, regression 

estimates reflect the mean change in the dependent variable 

taking the first tertile (T1) as reference; in models with 

dichotomized pesticide exposure, regression estimates 

reflect the mean change in the dependent variable for 

detected versus undetected concentrations.  

Weighted Quantile Sum (WQS) analysis was performed 

to assess the combined effect of IMPy, MDA, DCCA, and ETU 

(>70% detection) on behavioral functioning and BDNF 

biomarkers. The WQS index is regressed from multivariable 

linear models, which constructs the unidirectional weighted 

index from quantiled chemical exposure variables, thus 

reducing potential multicollinearity and dimensionality 

while providing an overall mixture effect estimate (Tanner et 

al., 2020). Weights, expressed as percentages, show the 

relative strength of each mixture component. Pesticide  

metabolites were binned as quartiles. Since we hypothesized 

that the mixture effect would be associated with more 

behavioral problems and BDNF DNA methylation, but with 

lower serum BDNF protein levels (Mustieles et al., 2020), the 

index was constructed using weights in positive mode when 

addressing CBCL subscales and BDNF  DNA methylation, 

and as negative mode when addressing serum BDNF. Mean 

weights of chemicals exceeding 25% (100%/4 chemicals) 

were considered as chemicals of concern, meaning that their 

contribution to the outcome would be larger than expected 

by chance. Bootstrapping was set to 100. Finally, to evaluate 

the stability and generalizability of our results, repeated 

holdout validation was performed. This method combines 

cross-validation and bootstrap resampling by splitting data 

into 40-60% training test sets and repeating WQS regression 

100 times as previously performed in other epidemiological 

studies (Galbán-Velázquez et al., 2021; Tanner et al., 2020). 

To assess the role of BDNF as potential mediator of 

significant/suggestive exposure-effect associations, total, 

direct, and indirect effects were analyzed using mediation 

analysis in the PROCESS macro v3.5 

(http://processmacro.org/index.html). According to Hayes 

(2009), the magnitude of the effect and confidence intervals 

(95% CI) were estimating conducting 10000 bootstrapped 

replicates. The indirect or mediated- effect represents the 

proportion of the statistical relationship between the 

exposure (i.e., pesticides) and outcome (i.e., CBCL) that is 

driven by the mediator (i.e., BDNF). The percentage of 

mediation was calculated as: indirect effect/ (direct + 

indirect effect) x 100, where the direct effect represents the 

proportion of the statistical relationship between the 

exposure and the outcome not attributable to the mediator. 

The significance level was set at p<0.05, however, results 

were also interpreted based on patterns of associations, 

internal validity, and coherence with previous toxicological 

and epidemiological evidence (Amrhein et al., 2019). SPSS 

v26.0 (IBM, Chicago, IL) and R statistical software version 

3.4.3, package WQS (https://cran.r-project.org/ web/ 

packages/gWQS/index.html), were used for data analyses. 

  

Figure 1. Mixture effect of urinary IMPy, MDA, DCCA, and ETU (IMPy= 2-isopropyl-4-methyl-6-hydroxypyrimidine; 
MDA= malathion dicarboxylic acid; DCCA= 2,2-dichlorovinyl-2,2-dimethylcyclopropane-1-carboxiclic acid; ETU= 
ethylene thiourea.) on behavioral functioning (n=140) and BDNF gene DNA methylation at several CpGs (n=118) (BDNF= 
Brain-derived neurotrophic factor;). Models were adjusted for adolescents’ age, BMI, season of urine collection and 
maternal education. 
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3. Results 

 

3.1. Characteristics of study participants 

 

Sociodemographic characteristics of study participants 

are described in Table 1. Adolescents had a mean (standard 

deviation, SD) age and BMI of 16.2 (0.4) years and 23.2 (4.9) 

kg/m2, respectively. Less than a half of participants 

consumed more than one alcoholic beverage per month (39.7 

%) and had mothers with university education (25.9 %). Most 

urine samples were collected in autumn (42.6 %) (Table 1). 

Urinary DCCA was detected in all urine samples 
(median=1.06 ng/mL). MDA, IMPy, and ETU were detected 
in 83.0%, 74.8% and, 74.2% of samples, respectively 
(median=0.30, 0.25, and 0.26 ng/mL, respectively). DETP 
was detected in 54.3% (median=0.25 ng/mL), and TCPy, 3-
PBA, and ETU in <40% of samples (Table 2). Urinary 
concentrations of IMPy and TCPy were positively and 
significantly correlated with 3-PBA (Spearman’s rho, 
ρ=0.20 and 0.17, respectively), DETP with DCCA and 1-N 
(ρ = 0.20 and 0.21, respectively); no significant correlation 
was found for MDA and ETU (Table S3). 

Median total serum BDNF level was 32.59 ng/mL, 
median blood DNA methylation percentages of #1 to 6 CpGs 
of the BDNF gene were: 4.45%, 3.18%, 3.21%, 5.69%, 3.17%, 
and 2.42%, respectively; the median total CpGs DNA 
methylation was 3.70% (Table 2). Finally, adolescents’ 
externalizing problems (16%) were less prevalent than 
internalizing problems (32%) (Table S2). 

 
3.2. Pesticide’s exposure and adolescents’ behavioral 

functioning 
 

Multivariable linear regression models based on tertiles 

of urinary concentrations of pesticide metabolites showed 

that adolescents with IMPy concentrations at the third tertile 

(T3), versus first (T1), were associated with more social 

problems, rule-breaking, aggressive behavior, externalizing, 

and total problems [β= 3.34 (95%CI= 0.65,6.02), β= 3.76 

(95%CI= 1.06,6.45), β= 3.77 (95%CI= 1.07,4.46), β= 5.50 

(95%CI= 1.58,9.42), β= 4.60 (95%CI= 0.68,8.52), 

respectively] (Table 3). An apparent dose-dependent 

association with more thought problems was also found 

[βT2= 2.33 (95%CI= -0.24,4.90) βT3= 2.56 (95%CI= -

0.04,5.16)] (Table 3). Detected vs. undetected urinary TCPy 

was significantly associated with more social and thought 

problems (Table 3). ΣOPs at T3 was associated with more 

rule-breaking behavior and externalizing problems [β= 3.40 

(95%CI= 0.67,6.14), β= 4.33 (95%CI= 0.33,8.33), 

respectively]. DETP at T3 was associated with less withdrawn 

symptoms (β= -3.54, 95%CI= -6.85,0.23). 

 
 
 
 
 
The pyrethroid metabolite DCCA at T2 and T3, was 

associated with more attention problems, rule-breaking, 
and aggressive behaviors, although without reaching 
statistical significance. Detected versus undetected 
urinary 3-BPA was associated with less somatic, 
attention, and internalizing problems. No relevant 
associations were observed for ΣPYR (Table 3). Finally, 
urinary ETU at T2 and T3 was associated with more social 
problems and less anxiety problems [(β= 3.18, (95%CI= 
0.64,5.71), β= -2.70, 95%CI= -5.25-0.14), respectively] 
(Table 3). No associations were observed for MDA and 1-
N. Statistical analyses using pesticide metabolites as 
continuous showed similar results than those reported 
from categorized exposures (Table S4).  

The WQS model revealed some associations regarding 

the mixture effect of IMPy, MDA, DCCA and ETU on 

increasing withdrawn problems, with MDA and IMPy 

presenting the greatest influence on this effect (34% and 

50%, respectively).  In the case of social problems, IMPy, 

DCCA, and MDA had the greatest weights (33%, 29%, and 

28% of the association, respectively) (Figure 1). The 

mixture effect model also revealed associations with more 

thought problems, with IMPy and MDA presenting the 

greatest influence (41% and 35%, respectively); however, 

statistical significance was not reached (Fig. 1). Remaining 

associations are available in Table S6. 

 

3.3. Urinary pesticide metabolites and BDNF levels 

 

Adolescents with urinary IMPy, MDA, DETP, ETU, 

and 1-N concentrations at T3 were associated with lower 

serum BDNF levels [β= -4.29 (95%CI= -8.33,-0.25) β= -

6.74 (95%CI= -11.38,-2.10), β= -3.82 (95%CI= -8.25,0.61), 

β= -3.27 (95%CI= -7.36,0.82), respectively] (Table 4). 

Interestingly, exposure to ΣOPs was associated 

significantly and dose-dependently with lower serum 

BDNF levels [βT2= -5.05 (95%CI= -9.24,-0.85), βT3= -

7.88 (95%CI= -12.09,-3.67)].  

Adolescents with urinary MDA at T2 were associated 

with increased DNA methylation at CpG 2 (β= 0.26, 

95%CI= 0.04,0.46).   T3 urinary MDA levels were 

associated with higher DNA methylation at CpGs 1, 3, and 

total CpGs, although without reaching statistical 

significance. ΣOPs levels at T3 also showed a suggestive 

association with higher DNA methylation at CpG2 (β2= 

0.21, 95%CI= -0.02,0.45) (Table 4).  
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  Detected versus undetected concentrations of urinary 3-

PBA were associated with higher BDNF DNA methylation at 

CpGs #4, 5, 6 and total CpGs methylation [β= 0.65 (95%CI= 

0.03,1.26), β= 0.38 (95%CI= -0.01,0.76), β= 0.57 (95%CI= 

0.02,1.12), β= 0.30 (95%CI= 0.00,0.60), respectively] (Table 

4). Finally, ETU concentrations at T3 and T2 were associated 

with more DNA methylation percentages at CpGs: # 2, 3, 4, 

5, 6 and total CpGs [CpG2: βT3= 0.27 (95%CI= 0.05,0.49); 

CpG3: βT3= 0.41 (95%CI= 0.15,0.67); total CpGs βT3= 0.32 

(95%CI= 0.04,0.60)] (Table 4). In the linear regression 

analysis, overall patterns evidenced with the logistic 

regression were preserved although the associations tended 

to be attenuated (Table S5). 

The WQS model revealed associations between the 

mixture effect and higher BDNF DNA methylation at CpG3 

and total CpGs DNA methylation, with ETU and MDA 

showing the greatest influence on the mixture effect (37% 

and 42%, respectively, for methylation at CpG3, and 58% and 

25%, respectively, for total CpGs methylation) (Figure 1). 

Finally, the mixture effect was also associated with higher 

DNA methylation at CpG6 (MDA and IMPy showing the 

greatest influence, 51% and 32%, respectively), although 

without reaching statistical significance (Figure 1). 

Remaining associations are shown in Table S6. 

 

3.4. BDNF and adolescents’ behavior 

 

Briefly, adolescents with BDNF protein levels at T2 were 

associated with lower thought (β= -2.93, 95%CI= -5.47; -

0.38), rule-breaking (β= -2.71, 95%CI= -5.39; -0.02), and 

total problems (β= -3.57, 95%CI= -7.72; 0.58) (Fig. 2, red and 

green diamonds), while those with BDNF at T3 were 

associated with lower thought (β= -3.03, 95%CI= -5.65; -

0.40) and rule-breaking behavior problems (β= -2.35, 

95%CI= -5.11; 0.42) (Fig. 2, red and green diamonds, 

respectively).  

However, continuous BDNF levels were not associated 

with any CBCL  subscale may suggesting non-dose 

response associations (Table S7). Adolescents with CpG6 

DNA methylation at T3 were associated with higher 

thought problems (β= 2.86, 95%CI= 0.14; 5.57).  

Conversely, adolescents showing CpG 2 DNA methylation 

at T3 were associated with lower anxiety (β= -3.17, 95%CI= 

-6.00; -0.35), somatic (β= -3.81, 95%CI= -7.30; -0.31), 

attention (β= -4.60, 95%CI= -8.04; -1.16) and 

internalizing problems (β= -5.33, 95%CI= -9.88; -0.79) 

(Fig S1, red diamonds). Additionally, adolescents with 

CpGs 1 at T2 were associated with lower thought problems 

(β= -3.40, 95%CI= -6.05; -0.80), and CpG3 at T3 with 

lower externalizing problems β= -4.75, 95%CI= -9.16; -

0.34 (Fig S1, red diamonds). 

 

3.5. Mediation analysis 

 

Because urinary IMPy levels were dose-dependently 

associated with higher thought and rule-breaking 

problems, and with lower serum BDNF levels (Tables 3 

and 4), and additionally serum BDNF levels non-linearly 

associated with lower thought and rule-breaking problems 

(Figure 2); we investigated the potential mediation role of 

BDNF in exposure-effect relationships. The potential 

mediation role of categorized serum BDNF protein within 

IMPy (categorized)-thought problems (continuous) and 

IMPy (categorized)-rule breaking behavior (continuous) 

relationships was explored. The covariate-adjusted 

mediation model revealed a non-significant indirect effect 

between serum BDNF and IMPy-thought problems (β= 

0.17; 95%CI: -0.07, 0.57), which accounted for 21.5% of the 

association. Direct and total effects were not statistically 

significant. Additionally, serum BDNF showed a potential 

small indirect effect within IMPy-rule-breaking problems 

that accounted for 7.6% (β= 0.11; 95%CI: -0.08, 0.45) of 

the association, although both total and direct effects were 

significant (Figure 3). 

 

Figure 2. Forest plot showing linear regression estimates (95%CI) for the association between tertiles of serum BDNF levels 
(T2 and T3) and adolescents’ behavior (n=130). Model was adjusted for adolescent’s age (months), BMI (continuous), alcohol 
consumption (>1 beverage/month; <1 beverage/month), and maternal education (primary/secondary/university). Red 
diamonds represent statistical associations with p-values below 0.05; green diamonds represent p-values below 0.1; black 
diamonds represent p-values above 0.1. 
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Table 3. Regression estimates change (β, 95% CI) of the associations between urinary pesticide metabolites concentrations and CBCL behavior scoring (n= 140).   

    Syndrome Scores Composite scores 

  

Anxious 

depressed 
Withdrawn 

Somatic 

complaints 

Social 

problems 

Thought 

problems 

Attention 

problems 

Rule-breaking 

behavior 

Aggressive 

behavior 

Internalizing 

problems 

Externalizing 

problems 

Total 

problems 

IMPy 

T2 
1.85  

(-0.79,4.49) 

1.82  

(-1.30,4.94) 

-0.59 

 (-3.75,2.56) 

1.47  

(-1.19,4.13) 

2.33  

(-0.24,4.90)† 

1.10 

 (-1.87,4.07) 

0.76  

(-1.90,3.43) 

2.47  

(-0.20,5.13)† 

2.19  

(-1.83,6.21) 

2.46 

 (-1.43,6.34) 

2.54  

(-1.34,6.42) 

T3 
1.70 

 (-0.96,4.37) 

2.04  

(-1.11,5.19) 

-0.99  

(-4.17,2.20) 

3.34 

(0.65,6.02)* 

2.56  

(-0.04,5.16)† 

2.28  

(-0.72,5.28) 

3.76 

(1.06,6.45)** 

3.77 

(1.07,6.46)** 

1.13  

(-2.93,5.20) 

5.50 

(1.58,9.42)** 

4.60 

(0.68,8.52)* 

p-trend 0.76 0.57 0.24 0.04 0.20 0.18 <0.01 <0.01 0.59 <0.01 0.07 

MDA 

T2 
1.47  

(-1.21,4.07) 

-0.06  

(-3.20,3.07) 

0.71  

(-2.36,3.78) 

-0.28  

(-2.94,2.38) 

-0.16  

(-2.72,2.41) 

0.67  

(-2.25,3.59) 

1.61  

(-1.07,4.29) 

0.17  

(-2.52,2.86) 

1.82 

 (-2.11,5.75) 

1.22 

 (-2.69,5.12) 

2.19 

 (-1.66,6.04) 

T3 
0.47  

(-2.50,3.44) 

0.35  

(-3.05,3.75) 

-1.42  

(-4.94,2.09) 

0.37  

(-2.67,3.41) 

0.08  

(-2.86,3.01) 

-0.67  

(-4.02,2.67) 

0.73  

(-2.34,3.79) 

-0.17  

(-3.25,2.91) 

-0.36  

(-4.86,4.14) 

-0.37 

 (-4.84,4.09) 

-0.31  

(-4.71,4.09) 

p-trend 0.70 0.82 0.46 0.83 0.97 0.73 0.59 0.92 0.93 0.91 0.96 

TCPy 
D vs 

ND 

0.88  

(-1.39,3.14) 

-0.98  

(-3.66,1.69) 

-1.05  

(-3.73,1.64) 

2.13  

(-0.16,4.42)† 

2.48 

(0.29,4.67)* 

1.05  

(-1.49,3.60) 

-0.61 

 (-2.95,1.74) 

0.21  

(-2.13,2.56) 

-0.09 

 (-3.53,3.36) 

-0.74  

(-4.14,2.67) 

0.58  

(-2.80,3.95) 

DETP 

T2 
0.33  

(-2.36,3.03) 

-1.44  

(-4.57,1.68) 

-2.04  

(-5.21,1.13) 

-1.62  

(-4.36,1.11) 

-1.98  

(-4.60,0.65) 

-0.54  

(-3.56,2.49) 

-0.84  

(-3.59,1.92) 

-1.91  

(-4.66,0.85) 

-1.79  

(-5.86,2.27) 

-2.44  

(-6.46,1.57) 

-2.75  

(-6.72,1.23) 

T3 
0.08  

(-2.77,2.93) 

-3.54  

(-6.85,-0.23)* 

0.00  

(-3.36,3.36) 

-1.01 

 (-3.91,1.88) 

-0.42 

 (-3.20,2.36) 

0.36  

(-2.85,3.56) 

1.67  

(-1.25,4.59) 

-0.15  

(-3.07,2.77) 

-1.67 

 (-5.98,2.64) 

-0.17  

(-4.42,4.09) 

-1.01  

(-5.22,3.21) 

p-trend 0.88 0.05 0.94 0.49 0.61 0.79 0.32 0.86 0.47 0.92 0.64 

DCCA 

T2 
0.58  

(-2.04,3.21) 

-1.39  

(-4.48,1.70) 

0.13  

(-2.99,3.24) 

1.72 (-

0.95,4.38) 

1.10  

(-1.47,3.68) 

2.09  

(-0.84,5.03) 

0.29  

(-2.41,2.98) 

0.91  

(-1.80,3.61) 

-0.06  

(-4.05,3.92) 

0.73 

 (-3.19,4.65) 

1.28  

(-2.61,5.17) 

T3 
-0.33 

 (-3.01,2.35) 

-1.00 

(-4.16,2.15) 

0.74  

(-2.44,3.92) 

1.54  

(-1.18,4.26) 

0.82  

(-1.81,3.45) 

1.17  

(-1.82,4.17) 

1.88  

(-0.87,4.63) 

1.27 

 (-1.49,4.03) 

0.47  

(-3.59,4.54) 

2.43  

(-1.58,6.43) 

1.93  

(-2.05,5.90) 

p-trend 0.81 0.53 0.64 0.26 0.53 0.44 0.18 0.36 0.82 0.23 0.34 

3-PBA 
D vs 

ND 

-1.52  

(-4.20,1.16) 

-0.77  

(-3.94,2.40) 

-5.18  

(-8.25,-2.12)** 

-2.16  

(-4.88,0.57) 

-0.70  

(-3.34,1.95) 

-2.79  

(-5.78,0.20)† 

-2.01  

(-4.78,0.75) 

-0.34  

(-3.12,2.44) 

-3.73  

(-7.76,0.30)† 

-0.60  

(-4.64,3.44) 

-2.99  

(-6.96,0.98) 

1-N 
D vs 

ND 

-1.29  

(-3.47,0.89) 

1.48  

(-1.08,4.05) 

0.02  

(-2.58,2.61) 

0.39  

(-1.84,2.62) 

0.25 

 (-1.90,2.39) 

-0.27  

(-2.73,2.18) 

-0.65 

 (-2.91,1.60) 

-0.40  

(-2.66,1.85) 

0.34  

(-2.97,3.65) 

0.47 

 (-2.81,3.75) 

0.46  

(-2.79,3.71) 

ETU 

T2 
0.01  

(-2.49,2.50) 

1.52  

(-1.47,4.52) 

-1.73  

(-4.34,1.27) 

3.18 

(0.64,5.71)* 

1.59  

(-1.25,4.44) 

0.41  

(-2.09,2.90) 

-0.56  

(-3.18,2.07) 

1.15  

(-1.46,3.76) 

-0.87  

(-4.69,2.96) 

0.10  

(-3.69,3.89) 

0.28  

(-3.47,4.02) 

T3 
-2.70  

(-5.25,-0.14)* 

0.80  

(-2.26,3.86) 

-1.15  

(-4.23,1.92) 

0.48  

(-2.12,3.07) 

-0.15 

 (-3.06,2.77) 

-0.89  

(-3.44,1.66) 

-1.16  

(-3.85,1.53) 

-0.78  

(-3.45,1.89) 

-3.00  

(-6.91,0.92) 

-2.60  

(-6.48,1.27) 

-2.75  

(-6.58,1.09) 

p-trend 0.04 0.60 0.45 0.69 0.94 0.50 0.39 0.58 0.13 0.19 0.16 

ΣOPs 

T2 
2.56  

(-0.13,5.25)† 

-0.26  

(-3.46,2.94) 

0.10  

(-3.12,3.32) 

1.87  

(-0.87,4.61) 

1.62  

(-1.04,4.27) 

1.31 

 (-1.73,4.36) 

1.19 (-

1.55,3.93) 

1.42  

(-1.35,4.19) 

1.61  

(-2.50,5.72) 

2.44  

(-1.56,6.45) 

2.01 

 (-1.98,6.00) 

T3 
1.98  

(-0.70,4.66) 

0.91 

 (-2.29,4.10) 

1.04  

(-2.18,4.25) 

2.25  

(-0.49,4.99) 

2.21  

(-0.44,4.86) 

1.59  

(-1.45,4.63) 

3.40 

(0.67,6.14)* 

2.47  

(-0.30,5.23)† 

2.53  

(-1.58,6.63) 

4.33 

(0.33,8.33)* 

3.61  

(-0.38,7.59)† 

p-trend 0.17 0.55 0.51 0.11 0.11 0.31 0.01 0.08 0.23 0.03 0.08 

ΣPYR 

T2 
0.22  

(-2.36,2.80) 

-1.03  

(-4.07,2.01) 

-1.86  

(-4.91,1.18) 

0.89  

(-1.73,3.52) 

0.36  

(-2.18,2.90) 

2.26  

(-0.62,5.13) 

-2.07 (-

4.67,0.53) 

0.38 

 (-2.27,3.03) 

-0.22  

(-4.15,3.71) 

-0.74  

(-4.57,3.09) 

0.50 

 (-3.33,4.32) 

T3 
-0.58  

(-3.46,1.76) 

-0.74  

(-3.81,2.33) 

-0.00  

(-3.08,3.07) 

1.23  

(-1.42,3.88) 

1.03 

 (-1.54,3.60) 

0.87 

 (-2.04,3.78) 

1.46 (-

1.16,4.09) 

1.27 

 (-1.41,3.95) 

0.13  

(-3.84,4.10) 

2.52  

(-1.35,6.39) 

1.66 

 (-2.20,5.53) 

p-trend 0.53 0.63 0.97 0.36 0.43 0.53 0.31 0.35 0.95 0.21 0.40 

D= Detected; ND= Non detected; IMPy= 2-isopropyl-4-methyl-6-hydroxypyrimidine; MDA= malathion dicarboxylic acid; TCPy=3,5,6-trichloro-2-pyridinol; DETP= diethyl thiophosphate; ΣOPs= sum of 

organophosphates; DCCA= 2,2-dichlorovinyl-2,2-dimethylcyclopropane-1-carboxiclic acid; 3.PBA= 3-phenoxybenzoic acid; ΣPYR= sum of pyrethroids; 1-N= 1-naphthol; ETU= ethylene thiourea. Models were adjusted 

for adolescents’ age (continuous), BMI (continuous), alcohol consumption (>1 beverage/month; <1 beverage/month), season of urine collection (spring/summer/autumn/winter), creatinine concentrations (mg/dL), and 

maternal education (primary/secondary/university). * p≤0.05; ** p≤0.01; † p<0.10. 
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Table 4. Regression estimates change (β, 95%CI) of the associations between tertiles of urinary pesticide metabolites concentrations and serum BDNF protein levels (n=130) and BDNF gene DNA methylation 

percentage (n=118). 

  BDNF protein  CpG1 CpG2 CpG3 CpG4 CpG5 CpG6 CpGt 

IMPy 

T2 -1.77 (-6.03,2.50) 0.00 (-0.37,0.37) -0.11 (-0.34,0.13) 0.04 (-0.24,0.32) 0.10 (-0.51,0.71) 0.01 (-0.37,0.39) 0.18 (-0.36,0.73) 0.04 (-0.26,0.33) 

T3 -4.29 (-8.33,-0.25)* 0.12 (-0.24,0.49) 0.02 (-0.21,0.26) -0.01 (-0.28,0.27) -0.16 (-0.76,0.44) 0.01 (-0.37,0.39) 0.09 (-0.45,0.63) 0.01 (-0.28,0.31) 

p-trend 0.04 0.39 0.57 0.88 0.46 0.81 0.99 0.94 

MDA 

T2 -2.71 (-6.88,1.46) 0.21 (-0.15,0.57) 0.26 (0.04,0.46)* 0.12 (-0.16,0.39) 0.04 (-0.57,0.65) 0.18 (-0.21,0.56) -0.07 (-0.62,0.48) 0.12 (-0.17,0.42) 

T3 -6.74 (-11.38,-2.10)** 0.31 (-0.08,0.71) 0.21 (-0.04,0.46)† 0.24 (-0.06,0.54) 0.25 (-0.41,0.91) 0.23 (-0.18,0.64) 0.05 (-0.54,0.65) 0.22 (-0.10,0.53) 

p-trend <0.01 0.11 0.08 0.12 0.46 0.26 0.87 0.18 

TCPy 
Detected vs 

undetected 
0.09 (-3.59,3.76) -0.10 (-0.41,0.21) -0.04 (-0.23,0.16) -0.14 (-0.37,0.10) -0.04 (-0.56,0.47) 0.07 (-0.25,0.39) 0.08 (-0.38,0.54) -0.03 (-0.28,0.22) 

DETP 

T2 -0.68 (-7.87,0.52)† -0.09 (-0.45,0.26) -0.00 (-0.23,0.23) 0.04 (-0.23,0.32) 0.09 (-0.51,0.68) -0.03 (-0.40,0.34) 0.13 (-0.40,0.65) 0.02 (-0.27,0.31) 

T3 -3.82 (-8.25,0.61)† -0.19 (-0.57,0.19) 0.09 (-0.15,0.33) 0.13 (-0.16,0.42) 0.19 (-0.44,0.82) -0.02 (-0.42,0.38) 0.31 (-0.25,0.87) 0.08 (-0.22,0.39) 

p-trend 0.09 0.31 0.49 0.34 0.57 0.97 0.25 0.57 

DCCA 

T2 2.93 (-1.21,7.07) 0.07 (-0.29,0.42) -0.18 (-0.41,0.05) -0.01 (-0.28,0.27) -0.30 (-0.88,0.30) -0.18 (-0.55,0.19) -0.07 (-0.60,0.46) -0.11 (-0.40,0.18) 

T3 0.03 (-4.34,4.40) 0.14 (-0.23,0.51) -0.07 (-0.31,0.16) -0.10 (-0.38,0.18) -0.35 (-0.97,0.27) -0.17 (-0.56,0.21) -0.21 (-0.76,0.34) -0.13 (-0.42,0.17) 

p-trend 0.93 0.44 0.56 0.48 0.25 0.38 0.46 0.40 

3-PBA 
Detected vs 

undetected 
-2.60 (-6.90,1.64) 0.01 (-0.37,0.39) -0.00 (-0.24,0.24) 0.21 (-0.08,0.50) 0.65 (0.03,1.26)* 0.38 (-0.01,0.76)† 0.57 (0.02,1.12)* 0.30 (0.00,0.60)* 

1-N 
Detected vs 

undetected 
-3.91 (-7.35,-0.46)* -0.20 (-0.51,0.10) 0.13 (-0.07,0.32) 0.01 (-0.22,0.24) 0.37 (-0.14,0.86) 0.25 (-0.06,0.56) 0.30 (-0.15,0.75) 0.14 (-0.10,0.39) 

ETU 

T2 -1.23(-5.43,2.97) 0.20 (-0.16,0.57) 0.23 (0.01,0.46)* 0.27 (0.01,0.54)* 0.68 (0.09,1.27)* 0.36 (-0.02,0.73)† 0.40 (-0.14,0.93) 0.36 (0.07,0.64)* 

T3 -3.27 (-7.36,0.82) 0.18 (-0.17,0.54) 0.27 (0.05,0.49)* 0.41 (0.15,0.67)** 0.53 (-0.05,1.11)† 0.22 (-0.15,0.58) 0.32 (-0.21,0.84) 0.32 (0.04,0.60)* 

p-trend 0.16 0.46 0.07 0.01 0.08 0.35 0.29 0.05 

ΣOPs 

T2 -5.05 (-9.24,-0.85)* 0.16 (-0.21,0.53) -0.51 (-0.28,0.18) -0.10 (-0.38,0.18) -0.54 (-1.15,0.06)† -0.35 (-0.72,0.03)† -0.45 (-0.99,0.08)† -0.22 (-0.51,0.07) 

T3 -7.88 (-12.09,-3.67)** 0.23 (-0.13,0.59) 0.21 (-0.02,0.45)† 0.20 (-0.08,0.47) -0.02 (-0.61,0.58) 0.04 (-0.33,0.41) 0.21 (-0.32,0.73) 0.14 (-0.14,0.43) 

p-trend 0.00 0.22 0.06 0.13 0.95 0.73 0.37 0.27 

ΣPYR 

T2 -1.96 (-6.14,2.23) -0.02 (-0.38,0.34) -0.15 (-0.38,0.08) 0.06 (-0.21,0.34) 0.09 (-0.51,0.69) 0.07 (-0.31,0.44) 1.00 (-0.44,0.64) 0.02 (-0.27,0.32) 

T3 -0.74 (-4.92,3.44) 0.24 (-0.12,0.59) -0.04 (-0.26,0.19) -0.05 (-0.32,0.22) -0.17 (-0.76,0.41) -0.10 (-0.47,0.26) -0.06 (-0.58,0.47) -0.03 (-0.32,0.25) 

p-trend 0.71 0.18 0.77 0.69 0.55 0.57 0.82 0.82 

BDNF= Brain-derived neurotrophic factor; IMPy= 2-isopropyl-4-methyl-6-hydroxypyrimidine; MDA= malathion dicarboxylic acid; TCPy=3,5,6-trichloro-2-pyridinol; DETP= diethyl thiophosphate; ΣOPs= 

sum of organophosphates; DCCA= 2,2-dichlorovinyl-2,2-dimethylcyclopropane-1-carboxiclic acid; 3.PBA= 3-phenoxybenzoic acid; ΣPYR= sum of pyrethroids; 1-N= 1-naphthol; ETU= ethylene thiourea. 

Models were adjusted for adolescents’ age (months), BMI, alcohol consumption (>1 beverage/month; <1 beverage/month), season of urine collection (spring/summer/autumn/winter), creatinine 

concentrations (mg/dL), and maternal education (primary/secondary/university). * p≤0.05; ** p≤0.01; † p<0.10. 
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4. Discussion 

 

Our results suggest a possible association between IMPy, 

ΣOPs, and ETU levels with behavioral problems among 

Spanish adolescent males, which could be partly explained by 

BDNF protein levels. A possible combined effect for some 

pesticides with more withdrawn, social, and thought 

problems, and higher BDNF DNA methylation percentage at 

CpG 3, and total CpGs methylation was observed. At the 

same time, serum BDNF levels were associated with more 

thought problems and rule-breaking behavior, and BDNF 

DNA methylation percentage at CpG6 with more thought 

problems. 

4.1. Organophosphate’s exposure 

 

Urinary TCPy and MDA concentrations were generally 
lower than previously reported for children in Spain, the 
USA, and Costa Rica (Hyland et al., 2019; Roca et al., 2014; 
van Wendel de Joode et al., 2016), while IMPy and DETP 
were higher than reported for Spanish and US children 
(Hernández et al., 2019; Hyland et al., 2019; Roca et al., 
2014). In our study, exposure to diazinon (IMPy) and 
chlorpyrifos (TCPy) metabolites was associated with more 
social-related problems among male adolescents aged 15-17 
years. Results regarding TCPy are partially consistent with 
the results of three epidemiological studies among 
Egyptians and Latino American subjects (12-21 years of age) 
working or living near plantations, which found that urinary 
TCPy was associated with deficits in cumulative 
neurobehavioral performance and a higher prevalence of 
depression, ADHD, irritability, and superficial sensation of 
abnormality (Ismail et al., 2017; Rohlman et al., 2016; van 
Wendel de Joode et al., 2016). To our knowledge, no 
previous study assessed exposure to diazinon concerning 
child neurodevelopment; however, some in-vivo studies 
found behavioral functioning alterations after diazinon 
exposure, supporting our data (Hawkey et al., 2020; Shin et 
al., 2001; Velki et al., 2017). 

Interestingly, IMPy and DETP were associated with 

lower serum BDNF protein levels, MDA with lower serum 

BDNF and higher BDNF DNA methylation percentage, while 

no association was observed for TCPy. ΣOPs was also 

strongly and dose- dependently associated with lower serum 

BDNF levels. Although OP pesticides are known to exert 

adverse effects on the nervous system through 

acetylcholinesterase (AChE) inhibition (Bjørling-Poulsen et 

al., 2008; Richendrfer and Creton, 2015), growing evidence 

also suggest non-cholinergic mechanisms, such as 

alterations of synaptic formation and neuronal cell  

 
development (Rauh et al., 2011). Thus, OP pesticides are known 
to alter the dopaminergic system, which plays a key role in the 
regulation of BDNF through the inhibition of tyrosine 
hydroxilase (TH) activity (Küppers and Beyer, 2001) (Fig. 4, key 
event #3). This enzyme anabolizes L-tyrosine, precursor of the 
dihydroxyphenylalanine (DOPA), leading to decreasing 
dopamine levels (Shin et al., 2001) (Fig. 4, #1). In vivo studies 
observed TH inhibition after diazinon and malathion exposure, 
leading to behavioral alterations and increased anxiety behavior 
in Japanese medaka and rats, respectively (Ahmed et al., 2017; 
Shin et al., 2001) (Fig. 4, #1 and #2). Additionally, exposure to 
chlorpyrifos decreased cholinergic system and down-regulated 
BDNF expression in zebrafish, resulting in increased impulsive 
rates (Perez-Fernandez et al., 2020) (Fig. 4, #5). Finally, another 
in vivo study observed that malathion-exposed rats showed 
increased reactive oxidative stress species (ROS) and reduced 
hippocampal BDNF expression (Ardebili Dorri et al., 2015) (Fig. 
4, #4). This evidence could support, from a mechanistic 
perspective, our findings regarding OP pesticides exposure and 
decreased BDNF. 
 

4.2. Pyrethroids 

 

3-PBA urinary concentrations among the Spanish adolescents 

were lower, and concentrations of DCCA higher, than reported for 

North American children aged 6-15 years (Oulhote and Bouchard, 

2013; Quirós-Alcalá et al., 2014). Urinary 3-PBA levels were 

associated with fewer somatic problems, whereas DCCA tended to 

be associated with more behavioral problems. Previous studies in 

North America found an increased risk of ADHD in 8- to 15-year-

old boys with high urinary 3-PBA concentrations (Wagner-

Schuman et al., 2015), and more behavioral difficulties in children 

aged 6-11 years with high urinary DCCA concentrations (Oulhote 

and Bouchard, 2013). In contrast, in other studies among 6- to 15-

year-old children from North and Latin America, 3-PBA and 

DCCA were not associated with behavioral functioning (Oulhote 

and Bouchard, 2013; Quirós-Alcalá et al., 2014; van Wendel de 

Joode et al., 2016). Discrepancies among studies could be due, at 

least in part, to differences in design, age of the children, and 

pesticide exposure levels. Moreover, studies used different tests 

to assess behavioral outcomes, which may be another source of 

heterogeneity. 

The observed association between 3-PBA and increased BDNF 
gene DNA methylation suggests that exposure to pyrethroids, 
even at low levels, could alter BDNF gene methylation patterns. 
There are many mechanisms by which pyrethroids could exert 
their neurotoxic potential, fully described in Figure 4. First, 
permethrin interacts with DNA methyltransferases (DNMT), 
altering DNA methylation patterns in vivo (Bordoni et al., 2015) 

Figure 3. Analysis exploring the role of serum BDNF protein as a potential mediator of the association between urinary IMPy 

concentrations and thought and rule-breaking problems in adolescents (n=130). Beta coefficients are displayed for total, direct, 

and indirect effects. BDNF: Brain-derived neurotrophic factor; IMPy= 2-isopropyl-4-methyl-6-hydroxypyrimidine. Both IMPy 

and BDNF levels were modeled based on tertiles and thought and rule-breaking behavioral problems were normalized using t-

scores. Model was adjusted for adolescents’ age (months), BMI, alcohol consumption (>1 beverage/month; <1 

beverage/month), season of urine collection (spring/summer/autumn/winter), creatinine concentrations (mg/dL), and 

maternal education (primary/secondary/university). * p≤0.05; ** p≤0.01; † p<0.10. 
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(Fig. 4; #10). Second, via a compensatory mechanism for 

retardation of sodium channels voltage-dependent (Nav) 

activation through down-regulation of Nav expression, 

linked to decreased BDNF expression, as reported in two 

studies with deltamethrin-exposed mice (Imamura et al., 

2006; Magby and Richardson, 2017) (Fig. 4; #6 and #7). 

Third, inhibition of NMDAR after permethrin and 

deltamethrin exposure using in vivo/vitro models led to a 

down-regulation of the cAMP response element-binding 

protein (CREB), involved in BDNF expression, resulting in 

hippocampal BDNF mRNA repression (Imamura et al., 

2000; Zhang et al., 2018) (Fig. 4; #8 and #9). In addition, 

cypermethrin and bifenthrin exposure increased ROS 

leading to neuroinflammation and long-lasting behavioral 

impairments in murine models (Gargouri et al., 2018; 

Nasuti et al., 2007) (Fig. 4, #11 and #12). This AOP like-

network build-up a potential mechanism pathway 

supporting our findings regarding 3-PBA and alteration of 

BDNF gene DNA methylation. 

 

4.3. Carbamates and dithiocarbamates  
 

In this study, urinary 1-N concentrations were lower 
than previously reported among German children aged 5-
7 years from the general population; urinary ETU 
concentrations were, however, within the range of those 
reported for French and Latin American children, aged 5-
9 years and living near agricultural fields (Raherison et 
al., 2019; van Wendel de Joode et al., 2016; Wilhelm et 
al., 2008). The observed associations between urinary 
ETU levels with more social and less anxiety problems do 
not support the results of a Costa Rican study that found 
no association between ETU and behavioral problems in 
children assessed at 6-9 years (van Wendel de Joode et 
al., 2016); although are partially supported by the results 
of a Mexican study that showed an association between  
prenatal ETU and more social problems in 1-year-old 
infants (Mora et al., 2018). Differences in windows of 
exposure (i.e., prenatal versus postnatal exposure) and 
age at behavioral assessment (infants versus 
adolescents), among others, impair the comparison of 
findings. Experimental studies have nonetheless found 
that prenatal exposure to mancozeb elicited worse 
behavioral outcomes, which was mechanistically 
supported by decreased hippocampal proteins, such as 
calcium/calmodulin- dependent kinases II (CaMKII), 
glutamate receptor 1 (GluR1), and synaptophysin (Lee et 
al., 2015). Mancozeb and others dithiocarbamate 
fungicides are widely used for the growth of fruits and 
vegetables, but there is very limited information 
regarding their effects on neurodevelopment (Ekman et 
al., 2013). In this regard, a major common metabolite of 
these fungicides, ETU, is a known thyroid inhibitor, since 
it prevents the ionization of thyroglobulin, thus inhibiting 
the synthesis of T3 and T4 (Mutic et al., 2017), which 
ultimately could lead to decreasing BDNF levels, as 
proposed by Mustieles et al., (2020). However, in this 
cohort, ETU was not associated with thyroid hormones 
(Freire et al., 2021). 

Urinary 1-N was also associated with less serum 
BDNF levels, and urinary ETU with more BDNF DNA 
methylation percentage at several CpGs. Different 
pathways supporting these findings have been fully 
described in Figure 4 (Bjørling-Poulsen et al., 2008; 
Maranghi et al., 2013). First, inhibition of thyroid 
receptor (TR) and thyroid peroxidase (TPO) observed in 
murine models after exposure to 1-N and ETU, resulting 
in impaired thyroid hormone secretion and reduction of 
hippocampal BDNF synthesis, ultimately leading to 
neurodevelopmental alterations (Maranghi et al., 2013; 
Marinovich et al., 1997; Shafiee et al., 2016; Sun et al., 
2008) (Fig. 4; #13, #14, #15, #16). Second, in vivo/vitro 
models observed CaMKII inhibition after 1-N exposure, 
impairing the phosphorylation of CREB and the 
transcription of BDNF, thus decreasing BDNF-mediated 
neurite growth (Islam et al., 2019; Lee et al., 2015; Saito 
et al., 2013) (Fig. 4; #18, #17, #19). Finally, 1-N and ETU 
can uncouple the mitochondrial electron transport chain,  

 

 
leading to mitochondrial dysfunction, generating ROS, and 
ultimately promoting neuroinflammation and subsequent 
behavioral impairments (Bjørling-Poulsen et al., 2008; 
Domico et al., 2007; Gupta et al., 2007; He et al., 2020; 
Muthaiah et al., 2013) (Fig. 4; #20, #21, #22, #23 and #24). 

 
4.4. Mixture effect 

 
When the combined effect of IMPy, MDA, DCCA, and 

ETU was considered using WQS analysis a possible 
association with withdrawal, social, and thought problems 
was found, with MDA and IMPy accounting with the highest 
weights. Remarkably, when MDA was assessed individually, 
no statistical association was found. This may be due to an 
additive effect of the OPs compounds present in the 
mixture. However, further results would be needed to 
confirm these observations. The mixture effect also revealed 
associations with higher BDNF gene DNA methylation and 
lower BDNF protein levels. MDA showed to be the highest 
contributor for increased DNA methylation in the mixture 
model, but again when assessed individually, no 
associations were found. Thus, the mixture approach may 
have unmasked MDA effects on the adolescents’ 
neurodevelopment, highlighting the importance of 
addressing mixture effects. 

In previous epidemiological studies, prenatal exposure 
to mixtures of environmental chemicals, including 
pesticides, was adversely associated with different aspects 
of brain development, such as lower IQ, cognitive 
functioning, and higher risk of ADHD in children, but 
pesticides presented low weights in these studies (Guo et al., 
2020; Kalloo et al., 2021; Lenters et al., 2019; Vuong et al., 
2020). None of the aforementioned studies included IMPy, 
MDA, DCCA, or ETU in their mixtures assessment 
exclusively. Regarding mixture effects on BDNF, an in vitro 
study found an up-regulation of BDNF mRNA after 
exposure to a mixture of diverse chemical compounds, 
including chlorpyrifos, cyfluthrin, and deltamethrin 
(Özdemir et al., 2018). Due to the novelty of this 
assessment, results should be interpreted with caution and 
further studies are needed to confirm our results. 

 
4.5. Strengths and limitations 

 
Study limitations include its cross-sectional design, 

which limits causal inference, and the small sample size. 
Additionally, some spurious associations may have been 
identified due to the performance of multiple tests, although 
our results are supported and contextualized by previous 
toxicological and epidemiological evidence. Thus, our 
results are unlikely to be the result of chance, particularly 
for IMPy and ETU. Due to the short biological half-lives of 
the analyzed pesticides, their urinary metabolites likely 
reflect exposure within the previous 24-48 hours, which 
together with the assessment of spot urine samples 
increases the risk of exposure misclassification.   
Additionally, TCPy and 3-PBA were measured as 
conjugated, thus no deconjugation process was developed. 
However, this would lead to an underestimation rather than 
an overestimation of pesticides effect on BDNF and 
behavior.  

Moreover, in cases of continuous low-dose exposure to 
non-persistent pesticides such as pyrethroids, their 
metabolites can be considered as biomarker of long-term 
exposure (Thiphom et al., 2013). Another limitation is that 
the assay’s LOD of 3-PBA was relatively high in the present 
study, which may hamper the identification of significant 
effects. To address the potential exposure misclassification, 
measurement of repetitive urine samples should be 
performed in future studies to improve the exposure 
assessment. Among the strengths, we should highlight the 
novel approach exploring the role of BDNF as a biomarker 
of brain function at different levels of biological 
organization on the association between non-persistent 
pesticides exposure and neurodevelopment. To the best of 
our knowledge, this is also the first study to explore the 
combined effect of several pesticides’ exposure on BDNF 
and behavioral functioning among adolescents, an 
understudied period of development, and to conduct a 
mediation analysis to further deepen our knowledge into 
exposure-effect associations. 
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5. Conclusion 

 

Urinary concentrations of IMPy and ETU, metabolites of 

the (banned) insecticide diazinon and dithiocarbamate 

fungicides, respectively, were associated with more 

behavioral problems among Spanish adolescent males. 

These associations could possibly be due to alterations on 

BDNF. In addition, a possible combined effect of the IMPy, 

MDA, DCCA and ETU mixture on increasing behavioral 

problems and BDNF gene DNA methylation was found. 

These associations could possibly be due to alterations in 

BDNF levels and/or in the DNA methylation of the BDNF 

gene. The use of biomarkers of effect in epidemiological 

studies could have an added value, since they provide 

additional information that could help to elucidate and 

understand exposure-effect relationships of a given 

hypothesis. This study is the first to present a complex panel 

of exposure-effect associations on a very relevant topic. 

However, longitudinal studies with larger sample sizes are 

needed to confirm these results. 
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Figure 4. Proposed Adverse Outcome Pathway- like through which pesticide exposure could impair behavioral functioning based 
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3-phenoxybenzoic acid; BDNF= brain-derived neurotrophic factor; CaMKII= calcium/calmodulin-dependent kinases II; CREB= 

cAMP response element binding protein; DETP= diethyl thiophosphate; DCCA= 2,2,dichlorovinyl-2,2-dimethylcyclopropane-1-

carboxilic acid; DNMT= DNA methyl transferases; DOPA= dihydroxyphenylalanine; ETU= ethylenethiourea; IMPy= 2-isopropyl-

4-methyl-6-hydroxypyrimidine; MDA= Malathion dicarboxylic acid; Nav= Sodium channels voltage-dependent; NMDAR= N-

methyl D-aspartate receptor; OPs= Organophosphates; ROS= reactive oxygen species; T4= Thyroxine; TCPy= 3,5,6-trichloro-2-

pyridinol; TH= Tyrosine hydroxilase; TPO= Thyroid peroxidase; TR= Thyroid receptor. OP pesticides inhibit tyrosine hydroxilase, 

this enzyme anabolizes L-tyrosine, precursor of the dihydroxyphenylalanine (DOPA), leading to decreasing dopamine levels and 

consequently adrenaline and noradrenaline [1]. Decreased dopaminergic neurotransmitters leads to reduced hippocampal BDNF 

levels, converging in behavioral impairments [2, 3]. Additionally, MDA increases ROS, leading to reduction of BDNF [4]. 

Retardation of Nav activation due to pyrethroids exposure induced a compensation mechanism where Nav expression (Nav mRNA 

and Nav protein) in reduced, decreasing BDNF levels [5, 6, 7]. Pyrethroids can inhibit NMDARs, thus decreasing calcium influx 

and decreasing activation of CREB, leading to lower BDNF secretion and possibly subsequent behavioral impairments [8, 9]. 

Additionally, pyrethroids can also induce alterations of DNMT, thus increasing BDNF gene DNA methylation and decreasing 

serum BDNF protein [10]. In addition, pyrethroids imbalance the redox homeostasis, increasing ROS and leading to 

neuroinflammation, with deleterious consequences for brain development [11, 12]. 1-N and especially ETU are known inhibitors 

of thyroid receptor (TR) and thyroid peroxidase (TPO), which lead to impaired thyroid hormone secretion, thus decreasing 

thyroxine (T4) concentrations in brain tissue, reducing BDNF synthesis and ultimately leading to neurodevelopmental alterations 

[13, 14, 15, 16 and *]. 1-N inhibits CaMKII, which decreases activation of CREB and therefore BDNF gene transcription [17, 18, 19]. 

Finally, 1-N and ETU imbalance redox homeostasis by uncoupling the mitochondrial electron transport chain, leading to 

mitochondrial dysfunction and generation of ROS and neuroinflammation, impairing learning, memory and behavioral 

functioning [22, 23, 24]. *(Mustieles et al., 2020). 
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A  B  S  T  R  A  C  T   
 

Humans are simultaneously exposed to complex miXtures of chemicals with limited knowledge on potential health effects, therefore 
improved tools for assessing these miXtures are needed. As part of the Human Biomonitoring for Europe (HBM4EU) Project, we 
aimed to examine the combined biological activity of chemical miXtures extracted from human placentas using one in vivo and four 
in vitro bioassays, also known as biomarkers of combined effect. Relevant endocrine activities (proliferative and/or reporter gene 
assays) and four endpoints were tested: the estrogen receptor (ER), androgen receptor (AR), and aryl hydrocarbon receptor (AhR) 
activities, as well as thyroid hormone (TH) signaling. Correlations among bioassays and their functional shapes were evaluated. 
Results showed that all placental extracts agonized or antagonized at least three of the abovementioned endpoints. Most placentas 
induced ER-mediated transactivation and ER-dependent cell proliferation, together with a strong inhibition of TH signaling and the 
AR transactivity; while the induction of the AhR was found in only one placental extract. The effects in the two estrogenic bioassays 
were positively and significantly correlated and the AR-antagonism activity showed a positive borderline-significant correlation with 
both estrogenic bioassay activities. However, the in vivo anti-thyroid activities of placental extracts were not correlated with any of 
the tested in vitro assays. Findings highlight the importance of comprehensively mapping the biological effects of “real-world” 

chemical miXtures present in human samples, through a battery of in vitro and in vivo bioassays. This approach should be a 
complementary tool for epidemiological studies to further elucidate the combined biological fingerprint triggered by chemical 
miXtures. 

   

1. Introduction 
 

Humans are exposed to hundreds of environmental 

chemicals at low doses [1]. Many of these environmental 

pollutants have been detected in different human matrices 

such as urine, serum and placenta [2–5] and constitute an 

important part of the human exposome [6]. Appropriate 

risk assessment of chemical miXtures with human 

relevance relies on accurately characterizing the mixture 

composition  and the available  toXicological information on 

the constituents of the miXture. However, for many 

chemicals the information of both, exposure and toXicity 

is lacking [7]. Thus, predicting the effects of exposure to 

 

 

chemical mixtures in human populations is one of the main 

challenges of current toXicology and environmental 

epidemiology [8,9]. 

Epidemiologic investigations have traditionally followed 

a one-compound-at-a-time strategy to assess possible 

associations between environmental chemical exposure 

and adverse health effects. A disadvantage of this 

approach is that it ignores additive effects or synergistic 

and/or antagonistic interactions with other chemicals 

[10]. To address this challenge, complementary statistical 

multi-pollutant models to disentangle independent 

associations among several co-exposures have been 

applied [11,12]. However, these valuable statistical  
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  approaches also present inherent deficiencies and limitations, 

for example, that they only evaluate a limited number of 

chemicals with pre-existing toXicological knowledge, probably 

underestimating the effects of exposure to real-life miXtures. 

To examine the effects of “real-world’’ miXtures present in 

humans, including both known and unknown environmental 

chemicals, alternative approaches are needed. 

Chromatographic methods are of great utility since they allow 

the isolation of fractions containing compounds with similar 

physicochemical characteristics, separating them from 

endogenous hormones [13,14]. The isolated fractions can be 

tested in a battery of in vitro assays covering different 

molecular initiating events and/or molecular targets, enabling 

the characterization of various biological effects exerted by the 

chemical miXture. This approach has been successfully applied 

in the ecotoxicological field to monitor changes in water 

biological activity without the need to screen for hundreds of 

chemicals, and/or to identify emerging pollutants [15–17]. 

Likewise, human matrices can be used to evaluate the 

combined effect of chemical miXtures in epidemiologic studies, 

and identify emerging exposures. However, this research field 

is still immature and awaits further exploration [18]. 

As reported by authors of the EU-project SOLUTIONS, there 

is a need to balance the way to deal with miXture exposures 

and their combined effects, since single-chemical exposure 

approaches tend to ignore data gaps (i.e., missing 

contaminants), while effect-based approaches may lead to 

increased uncertainty factors such as the need to further 

develop suspect and non-targeted screening techniques [19]. 

Thus, combining both approaches may provide the best 

results. Previous epidemiological studies have shown that it is 

possible to obtain chemical fractions from human matrices in 

which, for example, the most persistent and lipophilic 

contaminants, without the presence of endogenous hormones, 

are isolated by various analytical techniques [20–24]. In this 

context, bioassays testing the combined biological effect of 

chemical fractions isolated from human samples are usually 

referred to as “biomarkers of combined activity’’, “biomarkers 

of combined effect”, “biomarkers of ex vivo hormonal activity”, 

and/or “biomarkers of combined internal exposure” 

[20,25,26]. The advantage of this approach is that the bio- 

logical effect is measured taking into account all bioactive 

chemicals as well as plausible interactions among them that may 

lead to synergistic or antagonistic miXture effects. The total 

joint effect of human extracts is hypothesized to provide a 

more holistic strategy to address the true cause of the disease 

provided that the adverse outcome is related to a specific 

receptor activity or pathway.  

In this regard, among the studies performed on human 

samples, some effect endpoints have included estrogenic and 

antiandrogenic activities. The so-called “total effective 

xenoestrogen burden’’ (TEXB) has been implemented in 

several epidemiological studies for endocrine-related diseases 

such as male urogenital malformations and breast cancer [27, 

28], by assessing the combined in vitro estrogenic activity of 

chemical mixtures extracted from different human matrices 

including serum, placenta and adipose tissue [13,23,29]. A 

higher total effective xenobiotic burden of anti-androgens 

(TEXB-AA), which evaluates the combined anti-androgenic  

activity exerted by mixtures of pollutants present in human 

placental extracts, was also associated with an increased risk 

of urogenital malformations in boys [20]. Other signaling 

pathways,  including the aryl hydrocarbon receptor (AhR) and 

thyroid function, have also been explored, but to a lesser 

extent compared with the abovementioned endpoints [18]. 

 

There are some gaps in knowledge associated with the 

use of in vitro and in vivo biomarkers of combined activity 

that need to be addressed, such as the standardization across 

laboratories regarding the procedures performed for the 

correct execution of bioassays and comparisons among a 

panel of different bioassays using the same biological 

matriX. Therefore, the main objective of this study was to 

assess, characterize and compare the combined biological 

effect of chemical miXtures extracted from the same 

human placentas by quantifying the signal elicited in five 

bioassays, covering relevant endocrine activities (in vitro 

proliferative and reporter gene assays for estrogen, 

androgen and aryl hydrocarbon, and in vivo thyroid 

function). 

2. Materials and methods 
 

2.1. Study population 
 

Twenty-five placenta samples were randomly selected 

among those kept at the biobank of the San Cecilio 

University Hospital (Granada, Spain) from healthy women 

participating in the INMA -INfancia y MedioAmbiente 

(Environment and Childhood)-, Granada birth cohort 

study, recruited from October 2000 to July 2002 [30]. 

Participants for which a limited quantity of placenta was 

available were excluded before the random selection. 

Characteristics of the study population were obtained from 

medical records and validated questionnaires [27]. 

Placentas were collected at time of delivery, weighed 

without fetal membranes/maternal decidua, and frozen 

at -80 ◦C. The INMA study followed the principles of the 

declaration of Helsinki and was approved by the Ethics 

Committee of San Cecilio University Hospital. All 

participants signed the informed consent allowing the use of 

biological samples for environmental research purposes. 

 

2.2. Study design 
 

This work aimed to address the combined effects of 

“real-world” chemical miXtures of persistent and 

lipophilic chemicals present in human placenta samples 

using several bioassays, taking into account all bioactive 

chemicals as well as plausible interactions among them. 

Placental homogenates were extracted using a validated 

semi-preparative chromatographic separation protocol 

[24,29] at the facilities of the University of Granada 

(UGR), Spain. Afterwards, dried high-performance liquid 

chromatography (HPLC) fractions were sent on dry ice to the 

participating institutions in order to conduct specific 

bioassays. Five bioassays were performed: the E-Screen, 

conducted at the University of Granada (UGR) Spain; the 

estrogen receptor (ER) reporter gene assay, performed at  
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the Aarhus University (AU), Denmark; the androgen receptor 
(AR) and aryl hydrocarbon receptor (AhR) reporter gene 
assays, tested at the Technical University of Denmark (DTU); and 
the Xenopus eleutheroembryonic thyroid assay (XETA), tested at 
the National Center of Scientific Research (CNRS) in France 
(Table 1). 
 

1.1. Placenta extraction protocol 
 

To ensure the representativity of the whole placenta tissue, 

half of the placenta was cut, defrosted, placed in the glass 

container of a mixer  (Büchi MiXer B-400 Büchi Laboratories 

AG, Flawil, Switzerland) and homogenized (Fig. 1.A). Placental 

homogenates were extracted following a previously validated 

semipreparative HPLC protocol [27,29] to efficiently separate 

organohalogenated lipophilic chemicals from endogenous 

hormones and more polar compounds, using a normal-phase 

column and a gradient with two mobile phases. Of the initial 

25 placentas, one was excluded due to technical issues during 

extraction. The placental homogenization and the semi-

preparative HPLC extraction protocol are graphically 

summarized in Fig. 1. 

Briefly, 3 g of placenta homogenate was split in two 5 

mL Falcon tubes with 1.5 g each. Then, 1.5 mL of distilled water 

was added into the tubes, which were vortexed for 1 min (Fig. 

1.B). Successively, the miXture was extracted by adding 3 

mL of ethyl acetate and vortex-shaked again for 10 min. 

Afterwards, the miXture was centrifuged for 10 min at 4050 g. 

The two supernatants were pooled in a clean glass vial, and the 

extract was evaporated to dryness at room temperature under 

a nitrogen stream. The dried extract was dissolved with hexane 

(700 μL) and dried once more under nitrogen stream. Then it 

was dissolved in 400 μL of hexane and injected twice (200 μL) 

into a column to undergo preparative HPLC. The placental 

extract was eluted by a specific gradient of two mobile phases: 

n-hexane (phase A) and n-hexane: methanol:2-isopropanol 

(40:45:15)(v/v) (phase B) at a flow rate of 1.0 mL/min. 

Specifically, the α-fraction represents the first 11 min of elution of 

the chromatographic run. The whole process was repeated 5 

times and the obtained α-fractions were sent on dry ice to each 

participant laboratory (Fig. 1.B). The available knowledge to 

date has shown the presence of common persistent and 

lipophilic pollutants in the α-fraction, and the absence of 

steroid endogenous hormones [13,31,32]. Examples of chemical 

compounds present in different minutes of elution of the α-

fraction can be consulted in Table S1 of the Supplementary 

Material. 

 

1.2. Bioassays 

Each laboratory reconstituted the dried α-fractions and made 

specific dilutions to be tested following the requirements of 

each specific bioassay (e.g. sensitivity, range and cytotoXicity 

threshold). To facilitate the comparison among bioassays, the 

concentrations of placental α-fractions tested were expressed 

as mg of placenta extracted per well volume in mL  

(mgplacenta/mL). The corresponding calculations for each 
bioassay are explained in Table S2 of the Supplementary 
Material. 

1.2.1. E-Screen 

MCF-7 cells were used to assess the proliferative effect 
induced by placental α-fractions as described previously [27]. 

Cells were seeded at a density of 4      10
3 

cells/well in 96-well 
plates (obtained by Falcon®, VWR International Eurolab, 
Barcelona, Spain) in culturing medium consisting of Dulbecco’s 
Modified Eagle’s Medium (DMEM) with phenol red 
supplemented with 10 % fetal bovine serum (FBS) (Gibco, 

Invitrogen, Spain) and left at 37 ◦C with 5% CO2. After 
24 h, culturing medium was replaced with experimental 
medium, consisting of phenol red-free DMEM supplemented 
with 10 % dextran-coated charcoal-stripped FBS (DCCS-FBS) 
(Gibco, Invitrogen, Spain). Dried α-fractions were 
reconstituted in 1 mL of experimental medium, vigorously 
shaken, left to rest for 30 min, filtered through a 0.22 μm filter, 
and diluted 1, 5 and 10 times, and tested in triplicates. Each well 
plate included 150 μL of experimental medium together with 50 
μL of placental α-fractions. Dilutions X1, X5 and x10 
corresponded to 750 mgplacenta/mL, 150 mgplacenta/mL and 75 
mgplacenta/mL, respectively (Table S2). After 6 days of 
exposure, cells were fiXed, stained with sulforhodamine B 
(Sigma-Al- drich, MO, USA) and the solubilized bound dye 
was read at 492 nm in a Titertek Multiscan plate reader (Flow, 
Irvine, CA, USA). 17β-estradiol was tested as a positive control 
at concentrations of 0.1 pM-1000 pM. EXperimental medium 
was used as negative control. 

1.2.2. Estrogen receptor (ER) reporter gene assay 

The activation of ERs by placental α-fractions was 

evaluated with the stably transfected human breast 

adenocarcinoma MVLN cells carrying the estrogen response 

element luciferase reporter vector (provided by M. Pons, 

France). The procedure followed was previously described 

by Bjerregaard-Olesen and colleagues [33]. Briefly, cells were 

seeded at a density of 8.5   10
4 

cells/well in 96-well plates with 

culture medium that included phenol red-free DMEM 

(LONZA, Belgium) supplemented with 1% DCCS-FBS 

(HyClone, Belgium), 6 μg/L insulin (Sigma, USA), 64 mg/L 

hexamycin (Sandoz, Denmark), 4 mM glutamine 

(Sigma,USA), and 20 mM HEPES (Gibco, UK), and were left 

to incubate at 37 ◦C with 5% CO2 overnight. The experimental 

medium consisted on phenol red-free DMEM (LONZA, 

Belgium) containing 0.5 % DCCS-FBS. Dried α-fractions were 

reconstituted in 44 μL EtOH:H2O:DMSO (50:40:10, V/V/V) 

and from this reconstituted 44 μL, we used 20 μL that were 

subsequently diluted in experimental medium 55, 275, and 

550 times. Successively, 100 μL of these diluted extracts were 

added into the well and analyzed in triplicate. The dilutions 

55, 275 and 550 correspond to 1240 mgplacenta/mL, 

248mgplacenta/mL and124 mgplacenta/mL, respectively (Table 

S2). 
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After 24 h of exposure, the luciferase activity was 

measured with automatic injection of luciferase substrate 

(D-luciferin, free acid, Molecular Probes, L2911, 

Invitrogen) using a LUMIstar luminometer (BMG 

Labtech, RAMCON). Cell protein levels were quan tified to 

correct for differences in cell numbers in the well. Protein 

was quantified by fluorometric measurements using a 

WALLAC Victor2 (Perkin Elmer). Cell viability was 

assessed visually at the microscope, and for cells with 

visual cytotoXicity, low protein levels were also observed. 

As a quality control, a dose-dependent 17β-estradiol curve 

at 1.5 pM-300 pM was tested in parallel. 

 

1.2.3. Androgen receptor (AR) reporter gene assay 

The AR reporter gene assay was performed as previously 

described [34] with few modifications, to evaluate the anti-

androgenic activity of placental α-fractions. The AR-

EcoScreen cell line (JCRB Cell Bank, cat. No. JCRB1328), 

cultured in DMEM-F12 without phenol red (Life Tech- 

nologies, CA, USA) and supplemented with 5% DCCS-FBS 

(Life Technologies, CA, USA), 50 units/mL penicillin, 50 

μg/mL streptomycin (Life Technologies, CA, USA), 200 

μg/mL zeocin (Invivogen, CA, USA), and 100 μg/mL 

hygromycin (Invitrogen, CA, USA), was seeded at a density 

of 0.9      10
4 

cells/well in 96-well plates (Costar, Corning, 

USA). The experimental medium consisted of DMEM-F12 

without phenol red supplemented with 

penicillin/streptomicin (but without zeocin or 

hygromycin), and 5% DCCS-FBS (Sigma Aldrich, MO, 

USA). Before exposure was initiated, plates were left in the  
incubator for 24 h at 37 ◦C with 5% CO2. Dried α-fractions 

were reconstituted in 400 μL of hexane, which was split in four 

glass vials and left to evaporate until dryness. Evaporated α-

fractions were reconstituted with 250 μL of experimental 

medium, left to rest for 30 min, filtered with a 0.22 μm filter 

and diluted 60-, 180-, and 600 times. Successively, 50 μL of 

diluted fractions together with 150 μL of experimental 

medium were added into wells. Dilutions 60, 180 and 600 

corresponded to 12.5 mgplacenta/mL, 4.2 mgplacenta/mL and 

1.25 mgplacenta/mL (Table S2). All treatments, including 

controls were co-treated with 0.1 nM metribolone (R1881) 

(PerkinElmer, MA, USA), a known inductor of the AR 

activity. After ~20 h of exposure, 100 μL Dual-Glo® Firefly 

Luciferase Reagent, prepared according to manufacturer’s 

protocol (Dual-Glo® Luciferase Assay System, Promega, 

USA) was added to wells, and plates were left on a shaker 

table for 10 min. Then, the luminescence was measured 

using a BioOrbit, Galaxy luminometer to assess AR activity. 

Successively, 50 μL of Dual-Glo® Stop & Glo® reagent was 

added to wells, plates were left on shaker table for 15 min, 

and luminescence was measured (BioOrbit, Galaxy) to 

assess cell viability, measured by the stably transfected 

construct of Renilla luciferase. This assay provides a direct 

measure of cytotoXicity in the cells. The assay was 

performed in three independent experiments with 

technical triplicates for each treatment within the 

experiment. HydroXyflutamide (OHF), a known antagonist 

of AR activity, was used as quality control and tested in 

concentrations ranging from 1 × 10
3

-5000 × 10
3 

pM in 

all experiments. 

1.2.4. Aryl hydrocarbon receptor (AhR-CALUX) reporter 
gene assay 

The induction of AhR is known for leading to the 
transcription of metabolizing enzymes [35]. To evaluate 
the activation of the AhR receptor, a stably transfected rat 
hepatoma (H4IIE-CALUX) cell line was used [36]. Briefly, 

2.2 × 10
4 

cells/well were seeded in 96-well plates and 
incubated for ~22 h at 37 ◦C with 5% CO2 in culture 

medium, which consisted of minimum essential medium α 

(MEM α) supplemented with 5% FBS, 100 units/mL 

penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL Gibco 

Amphotericin B (Life Technologies). The FBS content was 

reduced to 1% during experiments (experimental medium). 

Dried α-fractions were reconstituted in 400 μL of hexane, 

split into four glass vials, and left to evaporate until dryness. 

Evaporated α-fractions were reconstituted in 250 μL of 

experimental medium, left to rest for 30 min, filtered through 

a 0.22 μm filter, and diluted 100-, 300-, and 1000 

times.Successively, 50 μL of diluted fractions together with 

150 μL of experimental medium were added into wells and 

tested in two independent experiments. Dilutions 

corresponded to 7.5 mgplacenta/mL, 2.5 mgpla centa/mL and 

0.75 mgplacenta/mL, respectively (Table S2). After ~22 h of 

exposure, cells were lysed and the luminescence was 

measured by the addition of 40 μL luciferin solution 

containing 0.5 mM luciferin and 0.5 mM ATP in lysis buffer. 

Cell viability was tested following the protocol above, but 

seeding only 1.1 × 10
4 

cells/well. At assay termination, 

medium was removed and 50 μL of fresh medium was 

added. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-

tetrazolium bromide (MTT) was added leading to a final 

concentration of 0.45 mg/mL and incubated for 1.5 h. 

Afterwards, medium was removed and 50 μL/well 

isopropanol was added. Plates were left on a shaker table for 

5 min after which absorbance was measured. 2,3,7,8-

tetrachlorodibenzo-p-dioXin (TCDD) was used as positive 

control and tested in concentrations ranging from 0.5 pM 

to 3000 pM. 

 

1.2.5. Xenopus eleutheroembryonic thyroid assay (XETA) 
 

The XETA is a miniaturized and relatively high 

throughput in vivo assay to detect disruption of thyroid 

hormone (TH) signaling through variations in the 

fluorescence emitted by transgenic tadpoles [37]. To assess 

whether placental α-fractions inhibit or activate TH 

signaling during embryonic stages, Nieuwkood and Faber 

(NF) stage 45 Xenopus laevis tadpoles (1 week old) from the 

Tg(thibz:eGFP) line were used, as previously described 

[38]. The construct contains the promoter of the TH- 

sensitive TH/bZIP promoter coupled to a Green Fluorescent 

Protein (GFP) reporter gene to capture disruption of TH 

signaling that may involve multiple points of regulation of 

the thyroid axis. Briefly, dried α-fractions were 

reconstituted in 16 μL of DMSO and 400 μL of Evian water. 

Reconstituted α-fractions were then split into two parts of 

208 μL each which were added to wells and tested in 

duplicates within four independent experiments. Each well 

was completed with experimental medium up to 8 mL, 

reaching a concentration equivalent to 187.5 mgplacenta/mL. 

Fifteen tadpoles per well were placed in 6-well-plates (TPP 

Switzerland) containing 8 mL of either control solvent 

(DMSO)   in Evian water, thyroid hormone triiodothyronine 

T3 (5 nM), or α-fractions spiked with T3 (5 nM). DMSO 

(0.01 %) was present in all 

treatments and plates were placed at 23 ◦C. After 72 h of 

exposure, 

tadpoles were anesthetized and color images of each 

tadpole manually positioned in a well of a 96-well plate 

were acquired using an Olympus AX-70 binocular equipped 

with long pass GFP filters and a Q-Imaging Exi Aqa camera 

(25X objective, and 3 s exposure). QC Capture pro 

(QImaging) software was used for image acquisitions and 

quantifications were carried out using ImageJ. 

Quantifications were carried out in a region of interest (ROI) 

containing the whole head area while excluding the non-

specific auto-fluorescence emitted from the gut area (Figure 

S1, Supplementary Material). 
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1.3. Data handling and statistical analysis 

All bioassay data were normalized to the mean of solvent plate 

control(s). If more than one independent experiment was 

conducted, the means from independent experiments were pooled. 

Normal distribution analysis was conducted (D’Agostino & 

Pearsons omnibus test). XETA results were not normally 

distributed, and the difference between experimental samples 

and controls was performed using the Kruskal- Wallis test 

(Dunn’s post hoc test). For in vitro data, and based on the 

number of replicates for each sample, the distribution could not 

be evaluated. Therefore, classification of samples as positive in 

the bioassays was based on cut-off values calculated from the 

limit of detection (LOD). For the E-Screen, LOD value has 

previously been standardized to >2.0 [39]; for the remaining 

agonist assays, LOD was defined as 1 plus 3 times the standard 

deviation (SD) of the vehicle control, and for the antagonist 

assays, the LOD was calculated as 1 minus 3 times the SD of the 

vehicle control. Positive controls were fitted to a four-

parameter non-linear regression curve with the vehicle 

controls constrained to 1 and in the case of inhibitors, the 

lower limit constrained to >0. The maximum efficacy (Emax) 

obtained for the positive controls or α-fractions was defined as 

the observed maximum change compared to the vehicle control, 

and calculated as the percentage difference between the highest 

fold change reached minus that of the vehicle control (set to 1). 

All data processing was performed in GraphPad Prism 8.1. 

To assess correlation between bioassay responses, all 

samples were normalized to vehicle controls constrained to 1, 

and then fold-change values were expressed as percentages, in 

order to represent values for both agonist and antagonist 

effects. Firstly, Pearson correlation coefficients were calculated 

between the effect magnitude (percentage of biological 

activity) of the different bioassays. Secondly, and to assess the 

shape of correlations within relevant findings, we performed 

linear regression models categorizing the independent variable 

into tertiles. Thus, placentas eliciting the lowest signals in the 

bioassay of interest were categorized in the first tertile (T1), 

while placentas with the highest signal were located in the 

third tertile (T3). The coefficient of determination (r
2

) was 

calculated for each regression to estimate the proportion of the 

variance in the dependent variable that is predicted by the 

independent variable. All correlations between biomarkers 

were conducted using the SPSS v24.0 (IBM, Chicago, IL), 

significance level was set at p ≤ 0.05 and borderline 

significance was set at p ≤ 0.1. 

2. Results 
 

2.1. Study population 
In this study, 44 % of the newborns were boys and 56 

% were girls; mean (SD) gestational age was 39 (1.2) weeks. 

Mean (SD) head circumference was 34.4 (1.7) cm, birth 

weight and birth length were 3.35 (0.4) kg and 50.94 

(2.1) cm, respectively. No infant was born preterm (<37 

week) or with low birth weight (<2.5 kg). Mean (SD) age, 

pre-pregnancy weight and height of mothers was 30 (4.9) 

years, 68.1 (15.9) kg and 1.65 (0.1) m, respectively; and 

with a mean (SD) pre- pregnancy BMI of 24.9 (4.5) kg/m
2

. 

Half of mothers (48 %) received higher education 

(university studies/professional formation), 84 % did not 

consume tobacco and 52 % were primiparous. 

 

2.2. Positive controls and cut-off values 
 

Results obtained for positive controls known to induce 

or inhibit the tested endpoints are shown in Fig. 2. The half 

maximal effect concentration (EC50) and the half maximal 

inhibitory concentration (IC50)- values were determined 

based on a 4-parameter curve fit. Briefly, EC50 values were 

0.02 nM (17β-estradiol), 0.03 nM (17β-estradiol), 0.05 

nM (metribolone) and 0.04 nM (2,3,7,8-

tetrachlorodibenzo-p-dioXin) for the E-Screen, and the 

ER, AR, and AhR reporter gene assays, respectively. The 

IC50 value was 0.79 nM (hydroXyflutamide) in the AR re- 

porter gene assay. Maximum efficacies for positive 

controls tested in each in vitro assay were as follows, E-

Screen: 580 %, ER: 213 %, AR: 694 % metribolone and 66 

% hydroXyflutamide and AhR: 904 % (Fig. 2). Cut-off 

values to classify a placenta extract as positive were based 

on LODs (illustrated with dotted line in Fig. 3). For E-

screen, ER and AhR agonism, cut-off values were set 

to >2.0 [39], >1.5 and >1.8-fold change, respectively. 

For AR antagonism, the cut-off value was set to <0.8-

fold change. 

 

2.3. Combined biological activities exerted by placental α-
fractions 

 

2.3.1. Estrogenic activity 

All twenty-four placental α-fractions elicited a 

concentration dependent proliferative effect (PE) at 

varying degrees in the E-Screen 
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Fig. 3. In vitro activity exerted by placental α-fractions determined by the estrogenic- proliferative effect (E-Screen), 
estrogen receptor (ER) transactivity, androgen receptor (AR) antagonism, and aryl hydrocarbon receptor (AhR) activity 

gene assays. (A) E-Screen data for placental α-fractions tested at 75 mgplacenta/mL, 150 mgplacenta/mL and 750 mgplacenta/mL 

in duplicates in a single independent experiment. (B) ER transactivation assay data for placental α-fractions tested at 
124 mgplacenta/mL, 248 mgplacenta/mL, and 1240 mgplacenta/mL in duplicates in a single independent experiment. (C) AR 

antagonism assay for placental α-fractions tested at 1.25 mgplacenta/mL, 4.2 mgplacenta/mL, and 12.5 mgplacenta/mL in 
triplicates in three independent experiments. (D) AhR reporter gene assay data for placental alpha-fractions tested at 
0.75 mgplacenta/mL, 2.5 mgplacenta/mL, and 7.5 mgplacenta/mL in triplicates in two independent experiments. All graphs 

are presented as data normalized to vehicle controls (mean ± SD), set to 1 (continuous line). Graph C and D data were 

normalized in independent experiments and then mean values were pooled. Cut-off values are indicated with a dotted 

line. C = compromised cell viability/cell toxicity. Arrows highlight the maximum efficacy exerted by α-fractions. 

 

 

 

assay (Fig. 3.A), and all α-fractions were above the cut-off value 

(dotted line, Fig. 3.A) at the highest concentration tested. 

Samples led to maximal effects at 750 mgplacenta/mL, with 14 

out of 24 samples reaching a proliferation efficacy above 450 

%. 

In the ER transactivation assay, all α-fractions at both 

concentrations of 124 and 248 mgplacenta/mL, were above the cut-

off value, with the exception of placentas # 2, 21 and 25 (dotted 

line Fig. 3.B). Notwithstanding, at least one of the 

concentrations tested for placentas # 2 and 25 were above the 

cut-off value and most placentas (23 out of 24) were thus 

deemed positive for ER activity (Table 2). Most placental α-

fractions tested at the highest concentration (1240 

mgplacenta/mL) compromised cell viability, except α-fraction # 

2. Fractions tested at 124 and 248 mgplacenta/mL induced 

increased ER transactivity compared to the negative control, 

which appeared concentration dependent for placental α-

fractions # 5, 7 and 14. More than half of the α-fractions led to 

an efficacy above 200 %, with the exception of fractions # 2, 

7, 12, 15, 16, 20, 22, 23, 24, and 25. 

2.3.2. Anti-androgenic activity 

Most α-fractions showed an inhibitory effect on the AR 

activity at the  highest concentration tested (12.5 mgplacenta/mL). 

However, six α-fractions compromised cell viability at this 

concentration (# 1, 7, 8, 9, 12 and 16), and three (# 2, 21 and 

25) showed error bars slightly above the cut-off value. 

Consequently, 14 placentas were considered as positive for AR 

antagonism activity (Fig. 3.C) uniquely based on the cut-off 

criteria. Among the positives, about half of the placental 

fractions led to Emax values above 70 % of AR activity  

inhibition, with α-fractions # 10, 11, 14, and 15 being 

among the most efficacious. If the criteria were based on 

the presence of a concentration-dependent response 

together with the presence of an average response below 

the cut-off value, 22 out of the 24 placental fractions 

would be classified as antiandrogenic. No compromised 

cell viability was observed at the lowest (1.25 mgplacenta/ 

mL) and medium (4.2 mgplacenta/mL) concentrations 

tested. 

2.3.3. Aryl hydrocarbon receptor (AhR) activity 

Although increases in AhR-transactivity were 

observed for placental α-fractions # 1, 8, 14, and 20, only 

placenta 14 was above the cut-off value (Fig. 3.D). Cell 

viability was compromised in α-fractions # 5, 8 and 11 at 

the highest concentration tested (7.5 mgplacenta/mL). 

2.3.4. Thyroid activity 

Placental α-fractions # 5, 24 and 25 were not tested in 

this in vivo assay, due to lack of sample availability. The 

positive control group was exposed to triiodothyronine 

(T3) hormone at 5 nM. All data was normalized to vehicle 

control, which was normalized to 1, shown in continuous 

line (Fig. 4). 

The inhibition of the thyroid activity was consistent 

across all twenty-one α-fractions tested after 72 h of 

exposure (Fig. 4). All α-fractions, except # 8, 9, 15 and 

23 induced a statistically significant decrease (p < 0.05) 

of the thyroid activity when compared with the positive 

control group. The highest antagonistic thyroid activity 

was shown for α-fractions # 1, 2, 12, 13, 14 and 20. 
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2.4. General overview of bioassay activities 
 

A summary of the results obtained from the 5 bioassays 

is shown in Table 2. 

2.5. Correlations among bioassays 

Pearson correlation coefficients among bioassay 

activities are presented in Table 3. Additionally, the bioassay 

data taken as independent variable was categorized into 

tertiles to assess the shape of the correlation among 

biological activities (Fig. 5). Overall, α-fraction 

 
Table 2 

Effect of 24 placental α-fractions tested in the E-screen 

assay, the estrogen receptor (ER), androgen receptor (AR) and 

aryl hydrocarbon receptor (AhR) reporter gene assays, and the 

thyroid function assay (XETA). E-screen, ER and AhR assays 

were performed in agonist mode, whereas the AR reporter 

gene assays and XETA were performed in the antagonist mode. 

 
(Red, POS): the placental α-fraction affects activity above the 

cut-off value and is deemed positive, in the case of XETA, it 

was statistically significant when compared to control. (Blue, 

NEG): the placental α-fraction affects activity below the cut-

off value and is deemed negative, in the case of XETA, it was 

not statistically significant when compared to control. 

(White, –): the placental α-fraction was not tested. 

concentrations showing no cytotoXicity and with the highest 

magnitude responses were selected to perform the correlation 

analyses. Thus, chosen concentrations were: 750 

mgplacenta/mL for the E-Screen, 124 mgplacenta/mL for the ER 

reporter gene assay, 4.2 mgplacenta/mL for the AR reporter gene 

assay and 2.5 mgplacenta/mL for the AhR reporter gene assay. 

For XETA, only one concentration was tested and, therefore 

used for the analysis. Notwithstanding, a correlation matrix 

among all bioassay dilutions that showed no cytotoXicity can 

be consulted in Table S3 of the Supplementary Material. 

The E-Screen assay activity showed a positive and 

significant correlation with the ER reporter gene assay 

activity, and a positive borderline-significant correlation with 

the AR reporter gene assay activity (Table 3). When the E-

Screen was categorized into tertiles from lower to higher ER-

mediated proliferative effect, a linear positive dose- response 

correlation was observed between responses in both estrogenic 

bioassays (Figs. 5.A and 5.C). 

The ER reporter gene assay activity showed a positive and 

significant correlation with the E-screen assay activity and a 

positive borderline- significant correlation with the AR 

reporter gene assay activity (Table 3). After categorizing the 

ER reporter gene assay into tertiles from the lowest to highest 

ER transactivity, only the correlation with the E- Screen assay 

showed a linear dose-response shape (Figs. 5.C and 5.D). 

The AR reporter gene assay activity showed a positive 

borderline-significant correlation with both, the E-Screen and 

the ER reporter assay activities (Table 3). When the AR 

reporter gene assay was categorized into tertiles from lower to 

higher AR antagonistic effect, results showed linear dose-

response correlations for both the E-screen and the       ER  
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reporter gene assay activities (Figs. 5.E, and 5.F). In other 

words, a higher xenoestrogenicity tended to be correlated 

with a higher anti- androgenicity.  

The AhR reporter gene assay activity did not show any 

significant correlation with other bioassays (Table 3). After 

categorizing the AhR a reporter gene assay into tertiles from 

lower to highest AhR activity, a linear dose-response 

correlation between AhR and ER activity was observed (Fig. 

5.G). 

The XETA results were not correlated with any of the 

remaining bioassays (Table 3). Fig. 5.H shows a non-linear 

correlation between the ER reporter gene assay and XETA 

values categorized into tertiles (Fig. 5.H). In general, 

coefficients of determination (r
2

) in the regression models were 

modest (Fig. 5). 

 

3. Discussion 
 

3.1. Chemical mixtures interact with diverse signaling pathways 

In this screening study, HPLC α-fractions containing 

“real-world” miXtures of lipophilic and persistent chemicals 

were isolated from 24 human placentas and tested in 5 

different bioassays, in an effort to comprehensively address 

the biological effect of chemical miXtures on different 

biological endpoints. Overall, most placental fractions elicited 

estrogenic activities in both the E-Screen and the ER reporter 

gene assay. While 14 out of 24 placental α-fractions were 

clearly positive for anti- androgenic activity based on the cut-

off value, most fractions (22 out of 24) were considered 

positive for AR inhibition when both a 
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concentration-dependent response as well as average 

responses below the cut-off were accounted for. Additionally, 

most placental α-fractions showed a clear inhibition of thyroid 

activity in the in vivo XETA, while subtle induction effects 

were noticed in the AhR gene assay. Differences in sensitivity 

across bioassays were noticed, since effects were observed at 

placental concentrations < 12.5 mgplacenta/mL in the AR 

reporter gene assay, whereas in the estrogen assays higher 

placental concentrations were needed to induce effects. 

However, the range of effects observed was higher in the E-

Screen assay, which allowed to detect a wide variability among 

the α-fractions tested. Interestingly, when correlation analyses 

were conducted, the highest correlation was found between the 

two estrogenic bioassays, while a positive trend was observed 

between xeno-estrogenic and anti-androgenic activities. This is 

most likely due to the similar information reported by the E-

Screen and the ER-reporter gene assay, since both of them 

evaluate the same signaling pathway. Additionally, the positive 

correlation observed between both estrogenic assays and the 

anti-androgenic assay is not unexpected since compounds 

eliciting estrogenic activity often tend to behave as 

antiandrogens as previously shown, including a potential 

crosstalk between ER and AR signaling [40–43]. In addition, 

placental fractions with the highest estrogenicity also tended to 

show the lowest AhR activity, which could be due to the 

inhibitory cross-talk reported between AhR and ER [44]. The 

XETA results hardly correlated with any other selected 

bioassays, suggesting that this assay is responsive to chemical 

families whose biological effects may not be captured by the 

remaining assays. Despite the observed correlations among 

bioassays, r
2 

coefficients were modest (Fig. 5), suggesting that 

the variance in biological activity was only partially predicted 

by the remaining assays, and that consequently, various 

bioassays are needed to characterize the effects of complex 

chemical miXtures. To the best of our knowledge, this study 

represents the first attempt to comprehensively map the biological 

effects of chemical miXtures present in the same human 

placental samples. 

3.2. Bioassays as biomarkers of combined effect in 

epidemiologic studies 

One of the potential applications of these bioassays is their 

use as biomarkers for characterizing the combined effect of 

chemical miXtures in human samples. Previous epidemiologic 

studies have tested the cumulative estrogenic and anti-

androgenic activities elicited by α-fractions extracted from 

placenta samples. For example, a nested case-control study 

within the Spanish INMA Granada mother-child cohort [27], 

reported for the first time that children with a higher 

placental Xeno-estrogenicity, assessed by the E-Screen, had 

higher risk to develop urogenital malformations: 

cryptorchidism and/or hypospadias [27].  Similarly, Arrebola et 

al. (2015), found that children with higher placental anti-

androgenic activity had higher risk to develop the same 

urogenital malformations [20]. Interestingly, when comparing 

our results with the abovementioned studies that studied 

placenta samples collected years ago, the present screening 

study found similar estrogenic and anti-androgenic combined 

effects exerted by persistent chemical miXtures extracted from 

human placentas at similar magnitudes (Figs. 2. A and 2.C). 

Taken together, the observed biological activities suggest that 

unborn children are prenatally exposed to complex miXtures of 

chemicals that may exert potential harmful effects during this 

critical window of development. In a series of research studies 

from the Spanish INMA prospective birth cohort assessing 

placental α-fractions from different Spanish areas (Asturias, 

Gipuzkoa, Sabadell, Granada and Valencia), higher levels of 

Xeno-estrogenicity were associated with increased birth weight 

[25], more behavioral problems in boys [24], as well as 

differences in genome-wide DNA methylation and repetitive 

elements [45,46]. Taken together, the combined estrogenic 

activity exerted by placental miXtures of lipophilic chemicals 

have been associated with several adverse health effects in 

children, supporting the utility of this approach for generating 

hypotheses between chemical miXtures and human health. 

Our current findings complement the abovementioned  

information,  suggesting that bioassays related to different 

signaling pathways and specific receptor activities (e.g. 

XETA and AhR) may be needed to comprehensively 

characterize the whole biological fingerprint of exposure to 

complex mixtures. For instance, our results showed that 

placental α-fractions induced a weak AhR activity, which 

could be due to the observed decreasing trends in exposure 

to dioXin and dioXin-like compounds in the Spanish 

population [47,48]. Moreover, dioXins present in placental 

α-fractions could exert an anti-estrogenic activity, thus 

potentially explaining the not significant but inverse dose-

response correlation observed between the AhR assay and 

the ER reporter gene assay, as previously suggested in other 

studies [49]. Although not in placenta samples, previous 

studies have used the AhR reporter gene assay in similar 

contexts (for a recent overview see [29]). In a case-control 

study using serum samples, higher POPs-induced AhR ac- 

tivity was found in breast cancer cases compared to controls 

[14]. Another case-control study showed that the activity of 

the AhR elicited by amniotic fluid extracts was not 

associated with the risk of autism spectrum disorder (ASD) 

in children [50]. 

3.3. XETA as a potential novel biomarker of combined effect 
Few studies have tested the xenoactivity of miXtures on 

the thyroid axis [51,52]; furthermore, the XETA has not been 

used before to assess the effect of chemical miXtures isolated 

from human samples. Moreover, there are no validated in 

vitro assays to assess thyroid disruption, and in contrast to 

the previous endocrine modalities tested, the XETA may 

detect endocrine disruption arising from multiple levels of 

regulation [53,54]. In the present screening study, placental 

α-fractions showed a strong inhibition of thyroid signaling, 

in line with previous anti-thyroid effects exerted by 

chemicals miXtures made ad hoc based on human amniotic 

fluid exposure levels [55]. While ad hoc miXtures can only 

test previously known chemicals, extraction protocols in 

human samples coupled to bioassays are able to assess 

biological activities of “real-world” miXtures with both 

known and unknown environmental chemicals. In the 

current study, the XETA was not correlated with any other 

implemented bioassays, suggesting that the observed anti-

thyroid activity was not related to the remaining biological 

activities. On the one hand, this is in line with thyroid 

receptors not being structurally related to steroid hormone 

receptors. On the other hand, the XETA in vivo assay presents 

a higher level of biological complexity compared to in vitro 

models, and observed effects may be driven by diverse 

action mechanisms not limited to the receptor level of the 

hypothalamus-pituitary-thyroid axis. XETA results 

highlight that different biomarkers of combined activity, 

representing different signaling pathways, should be used to 

fully characterize the cumulative effects elicited by complex 

chemical miXtures in human populations. The XETA has 

been recently validated at the OECD level (TG248) as a Tier 

3 assay [37], and our findings highlight it as a promising 

biomarker of combined anti-thyroid effect which should be 

further investigated in population-based studies, 

particularly in relation to neurological endpoints. 

3.4. Identification of the chemicals responsible for biological 
effects 

Sample preparation and extraction is critically important, 

especially when investigating environmental chemicals in 

human samples. As extraction methods are rarely optimized 

for bioassays but rather adopted from chemical analysis, this 

may result in a misrepresentation of the actual biological 

activity [15]. HPLC α-fractions obtained from human samples 

allows the assessment of the combined effects elicited by the 

most lipophilic and persistent compounds while avoiding the 

interference of endogenous hormones [26,56,57]. As 

previously reported, if the endogenous hormones are present 

in the mixture, they can saturate the endpoint of the in vitro or 

in vivo assay. Thus, the biological activity of chemical 

miXtures would be importantly masked, leading to a reduction 

in the variability of the signal elicited as well as an 
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underestimation of the combined effect [32,58]. This is not the 

case with the extraction protocol used. Several studies have 

demonstrated the absence of endogenous steroid hormones 

and identified some chemical families present in the α-

fraction: mainly lipophilic and persistent organic pollutants 

(POPs) such as polychlorinated biphenyls (PCBs) and organo- 

chlorine pesticides (OCPs), including lindane, 

hexachlorobenzene (HCB), dichlorodiphenyltrichloroethane 

(DDT) and dichlor odiphenyldichloroethylene (DDE), among 

others [14,27,57,59]. The chemical compounds detected by 

previous studies in the α-fraction are listed in Supplemental 

Table 1. 

Although some chemical groups have been identified in α-

fractions, its full chemical composition has not been elucidated 

yet, and the number of chemical families and metabolites 

contained is anticipated to be much higher. A step forward for 

both environmental toXicology and epidemiology would be the 

identification of those chemical compounds responsible of such 

biological effects, including the characterization of both 

unknown and emerging contaminants. In this regard, it has 

been proposed that non-targeted chemical analyses can help to 

decipher the chemical composition of complex lipophilic 

miXtures isolated from human samples [60]. Indeed, suspect 

and non-target methodologies are being developed inside the 

HBM4EU project [61]. Interestingly, effect directed analysis 

(EDA) coupled with non-target chemical analysis can be used 

to overcome some limitations, allowing an efficient identifica- 

tion of biologically active chemicals through sub-fractionation 

processes, thus facilitating non-target chemical analysis [62]. 

Further research is ongoing using EDA coupled to non-

targeted chemical analysis on these placental α-fractions in 

order to characterize the bioactive chemicals responsible for 

the observed combined biological activities. 

 

3.5. Strengths and limitations 
 

A major strength of this study is the application of five 

different biological assays on the same set of human placentas, 

mapping different signaling pathways and exploring their 

relationships. Additionally, this is the first study which has 

assessed human samples with the in vivo XETA, showing a 

clear anti-thyroid activity, which adds valuable information 

regarding the effect of lipophilic environmental contaminants 

on this important pathway. Finally, this is the first attempt to 

correlate various biological activities exerted by the same 

miXture of lipophilic compounds extracted from human 

samples in order to explore potential relationships among 

them. This study also presents some limitations. The relatively 

small number of placenta samples analyzed limited our ability 

to observe correlations among bioassays. Although the α-

fraction provides a good representation of the most lipophilic 

and persistent compounds, the full chemical exposome was not 

addressed. In addition to the known chemical families 

previously detected in the α-fraction, non-targeted chemical 

methodologies will be needed to unravel its complex chemical 

composition. Another limitation is that the tested biological 

assays do not measure the biological effects elicited by miX- 

tures of lipophilic compounds at the same levels of biological 

complexity. For instance, the in vivo XETA evaluated the 

highest level of biological complexity; the E-screen assessed cell 

proliferation after 6 days of exposure; and the reporter gene 

assays tested the ability of the miXture to agonize or antagonize 

a particular nuclear receptor. These disparities and other 

methodological differences (e.g. different dilutions, medium 

for reconstitution of dried extracts, etc.) should be considered 

when interpreting the results of this screening study. Finally, the 

centralized isolation of α-fractions in the same laboratory 

under controlled conditions (e.g. glassware material, work 

inside flow-chambers) limited potential background 

contamination. These measures, together with the strong and 

variable biological activities observed  for most -but not all- of 

the placentas in the selected bioassays (estrogenic, anti-

androgenic, anti-thyroid and AhR activities), and at different  

dilutions, makes unlikely that results could be explained in 

terms of sporadic background contamination. 

This work represents a multidisciplinary effort to evaluate 

human exposure to chemical miXtures by synergizing the 

toXicological and epidemiological fields. Isolation and 

assessment of chemical miXtures from human samples may 

help to identify bioactive chemicals responsible for a given 

biological activity, as well as identify novel bioactive 

chemicals through complementary methodologies. In 

parallel, a battery of in vitro and in vivo bioassays should play 

a crucial role in the assess ment of human exposure to complex 

miXtures, since they can determine the joint activity elicited by 

complex miXtures through a specific mode of action [52]. The 

use of this combined approach together with the information 

provided by additional biomarkers of effect (e.g. hormone 

levels, biochemical parameters, etc.) would help to 

strengthen the weight of evidence in observational studies 

linking chemical exposures to health outcomes. 

4. Conclusions 
 

A panel of different bioassays is needed to provide a 
comprehensive assessment of “real-world” chemical 
miXtures. The biomarkers of com bined activity investigated 
in this work enabled us to better characterize the signaling 
pathways through which miXtures could elicit adverse health 
outcomes in humans. Epidemiological studies should also 
include these bioassays as a complementary tool to improve 
the causal inference of exposure-effects relationships in the 
context of complex miXtures. Further research is needed to 
characterize the full composition of complex chemical 
miXtures present in human samples. 
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6 Discussion 

Human biomonitoring (HBM) studies are trying to ascertain the internal exposure 

to environmental pollutants and their possible adverse effects on human health. Priority 

has been paid on critical windows of exposure, such as pregnancy, early-, and late 

childhood, but also adolescence, where little evidence is still available. In this PhD thesis, 

it has been shown that boys of the INMA-Granada birth cohort are exposed to BPA, non-

persistent pesticides, and toxic metals from birth to adolescence. Thus, covering different 

developmental windows, and confirming previous studies that had already highlighted 

exposure to different environmental chemical compounds in this Spanish prospective 

cohort (Freire et al., 2018; Mustieles et al., 2018; Rocio Perez-Lobato et al., 2015).  

Urinary BPA concentrations were measured during childhood (9-11 years) of the 

study subjects. Levels were similar to previous findings in children of the same age and 

younger populations (Braun et al., 2011; Calafat et al., 2008; Casas et al., 2011; Perera et 

al., 2012), although higher when compared to other children of the same age (Covaci et 

al., 2015; Findlay and Kohen, 2015; Hong et al., 2013). Moreover, urinary concentrations 

of some metals elements As, Cd, Hg, and Pb, measured during adolescence (15-17 years), 

were within ranges reported in the peripubertal/adolescence population, according to 

the National Health and Nutrition Examination Survey (NHANES, 2009–2014) and the 

German Human Biomonitoring Commission; except for of As, which were higher 

(Sanders et al., 2019; Schulz et al., 2011). Furthermore, some urinary non-persistent 

pesticides metabolite (also measured during adolescence) IMPy, DETP, and DCCA 

showed higher concentrations than those reported for children between 6-15 years from 

Spain and North America (Hernández et al., 2019; Hyland et al., 2019; Quirós-Alcalá et 

al., 2014; Roca et al., 2014). On the other hand, TCPy, MDA, and 1-N showed lower 

concentrations than those reported in children from Costa Rica, Spain, Germany, and the 

US (Hyland et al., 2019; Oulhote and Bouchard, 2013; Roca et al., 2014; van Wendel de 

Joode et al., 2016), while ETU was within ranges previously reported for French and 

Latin American children aged 5-9 years living near agricultural fields (Raherison et al., 

2019; van Wendel de Joode et al., 2016).  

Due to the increment of neurobehavioral alterations, such as autism spectrum 

disorder, or attention deficit hyperactivity disorders, neurodevelopment has been set as 

a prioritized health outcome (Grandjean and Landrigan, 2014). Environmental chemical 

exposure-neurodevelopment relationships have been explored across several 

epidemiological studies (Bjørling-Poulsen et al., 2008; González-Alzaga et al., 2014; 
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Perera et al., 2012; Rodríguez-Barranco et al., 2013). Some of them have revealed that 

exposure to BPA, toxics metals, and non-persistent pesticides is associated with more 

behavioral problems at different magnitudes (Dalsager et al., 2019b; Hu et al., 2006; 

Perera et al., 2012). In fact, in a previous study developed within the INMA-Granada 

cohort (when boys aged 9-11 years), BPA exposure was associated with a worse 

behavioral function (Perez-Lobato et al., 2015). However, within this doctoral thesis, 

results from the cross-sectional study evaluating childhood (9-11 years) BPA exposure 

and cognitive function with the same boys did not support the association between 

postnatal exposure to BPA and behavior, except for poorer working memory (article 

#2). Childhood BPA exposure (9-11 years) was nevertheless longitudinally associated 

with more behavioral problems, concretely thought and somatic problems, later in life 

during adolescence, when boys were 15-17 yrs. (article #3), confirming prospectively 

previous results (Mustieles and Fernández, 2020; Perez-Lobato et al., 2015). 

Postnatal BPA was recently associated with emotional symptoms but not with 

cognitive function in 7-8 years old boys from the Polish Mother and Child cohort (Garí et 

al., 2021). Similarly, prenatal exposure to BPA was not longitudinally associated with 

cognitive function in boys aged 7 years from the Swedish Environmental Longitudinal 

Mother and Child, Asthma and Allergy (SELMA) study (Bornehag et al., 2021). Moreover, 

studies from the New York City (NYC) cohort confirmed a longitudinal relationship 

between BPA exposure and internalizing behavioral problems, including thought 

problems, that went from childhood to adolescence (Perera et al., 2016, 2012; Roen et 

al., 2015). Thus, it seems that BPA tends to be associated with behavior rather than 

cognitive function (Mustieles and Fernández, 2020). 

The observed results of BPA associations with cognitive and behavioral functions 

could be due to the limited sample size, due to a very low attrition during the follow-up 

of the birth cohort (n=130). Additionally, sex-depended behavioral domains may be 

more sensitive to BPA exposure compared to cognitive function (Mustieles et al., 2015; 

Mustieles and Fernández, 2020). The brain is a sexually dimorphic organ, which 

morphological differences are permanently shaped under the influence of steroids 

hormones (estrogen and androgens) during prenatal development (Bao and Swaab, 

2011). In experimental studies, BPA exposure increased, decreased, or even suppressed 

the dimorphic areas, altering sex-specific structural and behavioral patterns 

(Kundakovic et al., 2013; Nakagami et al., 2009; Negishi et al., 2014). The underlying 

mechanism by which BPA could exert these effects is through epigenetic alterations on 

estrogen-androgen balance since BPA is known to influence the gene expression of 
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estrogen receptors subtypes (ERs α, β, and γ) according to the sex, and the brain area 

(Bao and Swaab, 2011).  A recent review of the Consortium Linking Academic and 

Regulatory Insights on BPA Toxicity (CLARITY-BPA) confirmed the abrogation of sex-

specific brain dimorphic areas at BPA doses below the considered ‘‘safe threshold’’ for 

human exposure (Patisaul, 2020). Nevertheless, some experimental studies reported 

that rodents exposed to BPA showed learning and memory impairments (Gore et al., 

2018; Ni et al., 2021). Thus, more studies evaluating BPA exposure on cognitive function 

are warranted. 

The observed pattern of BPA associations with cognitive and behavioral functions 

reported in this PhD thesis could also be related to methodological factors. For example, 

epidemiological studies addressing brain disruption due to chemical exposure typically 

use neuropsychological tests. With these tools, trained psychologists measure cognitive 

function at an isolated moment in time, and parents report their children’s behavior from 

a longitudinal perspective (e.g., daily life). However, more sensitive tools are needed to 

address the effect of environmental exposure beyond the information provided by 

psychologists, teachers, or parents of the tested subjects. The hypothesis of the present 

PhD thesis was, therefore, to assess whether the use of novel biomarkers of effect, 

namely the brain-derived neurotrophic factor, would support the inference of causal 

relationships between chemical exposure and neurodevelopment.  

For this purpose and under the scheme of WP14: effect biomarkers of the 

European project HBM4EU, we first made a comprehensive review in order to provide a 

framework of evidence regarding effect biomarkers and BPA exposure (article #1). 

Among the effect biomarkers selected and included in the review, brain-derived 

neurotrophic factor (BDNF) seemed one of the most promising for addressing 

neurodevelopmental alterations. The reasons could be because it is highly expressed in 

the hippocampus, its hippocampal DNA methylation patterns correlate with their 

peripheral levels in whole blood (useful for HBM purposes), and because impairments in 

BDNF secretion patterns (measured as DNA methylation, and serum BDNF protein 

levels) had been associated with cognitive and behavioral disorders (Kundakovic et al., 

2015; Wang et al., 2016). Additionally, we were able to map an adverse outcome pathway 

(AOP) network, which highlighted BPA effects on neurodevelopment through glutamatergic 

and thyroid mechanisms, identifying three formed AOPs (#12, #13 and #54) correlated with 

‘‘decreased BDNF synthesis’’. 

According to AOPs #12 and #13, BPA exposure would reduce glutamate intake 

through the inhibition of N-methyl-D-aspartate receptors (NMDAR). This would 
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decrease calcium influx, impairing Calcium/calmodulin-dependent kinase II (CaMKII), 

which plays an important role in BDNF-mediated neuroprotection, as reported in vitro 

(Fan et al., 2006). Additionally, lowered calcium influx also leads to the inactivation of 

cAMP response element-binding protein (CREB), which target was found to be BDNF in 

rat models (Wang et al., 2016). Moreover, reduced NMDAR subunits expression in the 

hippocampus and altered learning and memory cognitive domains were found in male 

pups mice and rats prenatally exposed to BPA (Tian et al., 2010; Wang et al., 2014; Xu et 

al., 2010), and in postnatally BPA-exposed female and male mice (Jardim et al., 2017). 

Finally, prenatal BPA exposure reduced CREB phosphorylation in the hippocampus, 

decreasing NMDAR2B and BDNF mRNA in male mice (Kundakovic et al., 2015).  

On the other hand, AOP 54 showed that BPA could inhibit the sodium/iodide 

symporter (NIS), as reported in a rat model (Wu et al., 2016), may by decreasing Nis and 

tpo mRNA levels (Silva et al., 2018); reducing the iodine uptake and impairing 

thyroperoxidase (TPO) activity, decreasing thyroid hormonal (TH) levels, and BDNF 

secretion. Several experimental studies have found that BPA decreased T4 in pregnant 

ewes, their offspring, and in aged mice showing impaired cognitive function (Jiang et al., 

2016; Viguié et al., 2013). However, Silva et al., (2018), observed increased rather than 

decreased T4 levels in rats exposed to BPA.  

Although the information provided by the AOP network is promising, other 

possible mechanisms should be highlighted. For example, it is known that NMDAR can 

be regulated by hippocampal nuclear ER in cells expressing BDNF (El-Bakri et al., 2004; 

Sohrabji and Lewis, 2006). Experimental evidence suggests that BPA exerts its effects in 

the hippocampus by estrogenic pathways (Chen et al., 2017; Leranth et al., 2008), 

altering NMDAR and overlapping with AOP 12 and 13. Thus, NMDAR would be a key 

event (KE) rather than a molecular initiating event (MIE) if the BPA-hippocampal ER 

effect is taken into account. Additionally, neuroinflammation caused by the misbalance 

of redox homeostasis due to BPA exposure is a feasible pathway for neurodevelopmental 

alteration. Indeed, prenatally BPA-exposed mice embryos showed increased microglia 

(brain-resident macrophages) and inflammatory markers (IL4 and TNF-α) (Takahashi et 

al., 2018); moreover, postnatal exposure to BPA increased malondialdehyde, nitric oxide 

(NO), glutathione peroxidase (GPX), and superoxide dismutase (SOD) in adult rats 

(Mohamed Eweda et al., 2021).  

According to the above evidence framework, in the longitudinal association 

between BPA exposure and thought problems in adolescents from the INMA-Granada 

cohort (article #3), we found a possible mediating role of DNA methylation of the BDNF 
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gene in CpG6. BPA exposure increased DNA methylation at the promoter region IV of the 

BDNF gene (CpG1 and 2) in children (boys, not girls) highly exposed to BPA (Kundakovic 

et al., 2015). In the same study, offspring from BPA-orally treated pregnant rats also 

showed changes in Exon IV of hippocampal and blood BDNF gene. Although our results 

agree with those of Kundakovic et al., (2015), the associations between BPA and CpGs 

differ between studies. BDNF regulation changes according to developmental stages, 

which may explain why we found significant results with CpG6 and not with CpGs 1 and 

2 (Kowiański et al., 2018). The longitudinal design of our article #3, would give greater 

reliability to the results obtained validating the use of BDNF as a biomarker of 

neurodevelopmental effect for BPA exposure. 

In this doctoral thesis, we have also explored the relationships between exposure 

to toxics metals, As, Cd, Pb and/or Hg, and behavioral functioning in adolescent boys 

from the INMA-Granada birth cohort; together with the effect biomarker BDNF that was 

analyzed at two levels of biological organization (concentration of the protein in serum 

and urine, and DNA methylation of the BDNF gene). Results from article #4 show that 

As and Cd exposure during adolescence may be associated with alterations in behavioral 

functioning through specific biological mechanisms. Thus, urinary total As concentration 

was associated with more somatic complaints and more attention problems, and it also 

tended to be associated with more internalizing problems. Meanwhile, urinary Cd was 

associated with more externalizing problems, such as social problems and aggressive 

behavioral problems. 

Although neurotoxicity of metal elements has been widely studied, controversial 

results have been found when exploring postnatal As and Cd exposure on behavioral 

function. Thus, two epidemiological studies assessing urinary (total and inorganic) As 

exposure on the behavioral function of 6 to 16 years-old children and adolescents found 

significant associations with poorer attention and depressive problems (Rodríguez-

Barranco et al., 2013; Tolins et al., 2014). Postnatal urinary Cd was also associated with 

prosocial behavior in children aged 10 years (Gustin et al., 2018), and postnatal new-

born Cd hair with more social, withdrawal, and attention problems in children aged 7-

to-16 years old (Bao et al., 2009), supporting our findings. However, two systematic 

reviews found no association between As exposure assessed in children and adolescents 

aged 5-15 years (Lin et al., 2017; Rodriguez-Barranco et al., 2016, 2013; Tolins et al., 

2014); nor between Cd exposure analyzed in serum with behavioral function in children 

aged 2, 5, and 7 years (Cao et al., 2009). These patterns seem to point towards an 

association of As and Cd exposure with altered behavioral functioning in adolescents, 
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although available epidemiological evidence is still limited. Disparities among studies 

could be explained due to methodological differences, such as the neuropsychological 

tests used, time of exposure (prenatal versus postnatal), or the age of the study 

population. Additionally, another important source of heterogeneity among studies 

could be the matrix chosen for exposure biomarker assessment, since urine is the 

straightforward choice to measure As and Cd (Gil and Hernández, 2015), and not all 

studies measured them in urine samples.  

Unexpectedly, urinary concentrations of Hg and Pb tended to be negatively 

associated with behavioral function. Concretely, higher levels of Hg were associated with 

fewer social problems, whereas Pb did not show any association. The neurotoxicity of Hg 

and Pb on cognitive function and intelligence has been well studied in humans, although 

little is known regarding their postnatal effects on behavior (Canfield et al., 2003; Cecil 

et al., 2008; Debes et al., 2006; Freire et al., 2018; Llop et al., 2012; Wright et al., 2008). 

Some epidemiological studies addressing this issue, found that postnatal blood Pb was 

associated with more anxiety, social problems, and ADHD in children (Liu et al., 2014; 

Renzetti et al., 2021; Roy et al., 2009), refuting our findings. Although postnatal hair 

mercury tended to be associated with fewer behavioral problems in Italian children 

(Renzetti et al., 2021). A plausible explanation would be the matrix where exposure 

biomarkers were measured. While urinary Cd and As levels appear to be a suitable choice 

to detect exposure-effect associations, it may not be the best matrix for Pb and Hg 

exposure. The short biological half-lives of urinary Hg and Pb make them suitable 

biomarkers for current or recent exposure (Gil and Hernández, 2015). It is known that 

blood is the most suitable matrix for Hg and Pb measurement, due to their long half-lives. 

Conversely, urinary Cd is a biomarker for long-term and lifetime exposure (Gil and 

Hernández, 2015; Järup and Åkesson, 2009), and although urinary As is considered as 

adequate short-term exposure biomarker, its concentrations remain relatively stable 

among individuals with consistent dietary patterns (Hughes, 2006; Marchiset-Ferlay et 

al., 2012). Consequently, results for Cd and As could be more reliable than Pb and Hg. 

Nevertheless, it is also possible that Hg and Pb associations could be due to dietary or 

lifestyle factors, not ruled out in the adjustment models. 

Higher concentrations of urinary As tended to be associated with lower serum 

BDNF protein, as previously reported in an adult cohort (18-60 years old) chronically 

exposed to As (Karim et al., 2019). Additionally, intermediate concentrations of urinary 

Cd were associated with less serum BDNF protein and also showed suggestive 

associations with decreasing BDNF gene DNA methylation among adolescents with the 
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highest exposure. Both, As and Cd are known to cross the hemato-encephalic barrier, 

inhibiting hippocampal NMDAR receptors, according to some experimental studies 

(Karri et al., 2016), and with the AOP 12 and 13. Moreover, the hippocampus is in charge 

of the emotional response, learning, and memory, all associated with social behavior 

(Ciranna, 2006), which may explain the results found with As and Cd exposure on 

behavioral function. If hippocampal NMDAR are inhibited, so does BDNF levels, which 

may explain the association patterns found for urinary As and Cd concentrations. Indeed, 

prenatal As-exposed rats exhibited decreased BDNF expression and social isolation-like 

behavior (Htway et al., 2019), and the same results were also found in male rats pups 

prenatally exposed to Cd (Mimouna et al., 2018).  

Other mechanisms affecting BDNF secretion and thereby mental health could be 

through alterations in DNA. Previous studies showed DNA methylation alterations after 

As exposure, possibly through its binding to transcription factors binding sites (TFBS), 

or blocking DNA repair mechanisms (Demanelis et al., 2019; Karim et al., 2019). High As 

concentrations were associated with increased percentage BDNF gene DNA methylation 

and moderate urinary Cd concentrations suggested associations with decreased BDNF 

gene DNA methylation percentages. Interestingly, increased serum BDNF levels were 

associated with fewer behavioral alterations (i.e., withdrawn and social, thought, and 

total problems). The suggestive association of As and Cd exposure with behavioral 

functioning might be explained by their binding to N-methyl-D-aspartate (NMDA) 

receptors in the hippocampus (Karri et al., 2016). This would lead to a reduction in BDNF 

concentrations and consequent behavioral and cognitive impairments, consistent with 

the adverse outcome pathways (AOPs) described in the revision article #1, Figure 4 

(Rodríguez-Carrillo et al., 2022).  

Additionally, experimental studies also reported the imbalance of redox 

homeostasis exerted by As and Cd as a plausible neurotoxic mechanism of action, which 

has been reported previously at different levels of biological organization (Karri et al., 

2016; Mimouna et al., 2018). No statistically significant relationships were found 

between Hg or Pb concentrations and percentage BDNF gene DNA methylation or serum 

BDNF protein concentrations. The absence of associations for Hg and Pb with behavioral 

function or with BDNF could be due to several reasons: neurotoxic mechanism of action 
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not involving BDNF secretion patterns, or most probable, the chosen matrix in which Hg 

and Pb were measured, as discussed previously. 

 

Figure 4. Hypothesized adverse outcome pathway (AOP) based on the AOPs published by 
Mustieles et al. (2020) and other specific toxicological references for As (Demanelis et al., 2019; 
Karim et al., 2019; Karri et al., 2016; C. Wang et al., 2016b) and Cd (Guan et al., 2019; Wang and 
Du, 2013; Xia et al., 2020; Zaletel et al., 2017)(Guan et al., 2019; Wang and Du, 2013; Xia et al., 
2020; Xu et al., 2011; Zaletel et al., 2017). 

 

In this PhD thesis, we have also investigated the relationship between exposure to 

various non-persistent organophosphate metabolites and behavioral functioning among 

male adolescents of the INMA-Granada birth cohort; including the role of the BDNF as 

biomarker of effect (article #5). Multivariable linear regression models based on tertiles 

of urinary concentrations of pesticide metabolites showed that adolescents with IMPy 

concentrations at the third tertile (T3), versus first (T1), were associated with more 

social problems, rule-breaking, aggressive behavior, externalizing, and total problems. 

An apparent dose-dependent association with more thought problems was also found. 

Detected vs. undetected urinary TCPy was significantly associated with more social and 

thought problems. When all OPs were considered (∑OPs), adolescent with higher 

concentrations (T3) were associated with more rule-breaking behavior and 

externalizing problems. Unexpectedly, DETP at T3 was associated with less withdrawn 

symptoms. 

These findings are partially consistent with some previous epidemiological 

studies. For example, three epidemiological studies conducted among Egyptian and 

Latino American subjects (aged 12-21 years) working or living near plantations found 
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that urinary TCPy levels were associated with deficits in cumulative neurobehavioral 

performance and higher prevalence of depression, ADHD, irritability, and superficial 

sensation of abnormality (Ismail et al., 2017; Rohlman et al., 2016; van Wendel de Joode 

et al., 2016). However, as far as we know, no previous studies have assessed exposure to 

diazinon (IMPy) on child neurodevelopment. Some in-vivo studies found behavioral 

functioning alterations after diazinon exposure, supporting our data (Hawkey et al., 

2020; Shin et al., 2001; Velki et al., 2017). 

Pyrethroids’ effects on neurodevelopment are controversial (Quirós-Alcalá et al., 

2014; van Wendel de Joode et al., 2016). Among male adolescents of the INMA-Granada 

birth cohort, urinary DCCA suggested associations with more attention problems, rule-

breaking, and aggressive behaviors, although without reaching statistical significance. 

Unexpectedly, detected vs. undetected urinary 3-BPA was associated with less somatic, 

attention, and internalizing problems. When these two pyrethroid metabolites were 

considered together, no association with behavioral function was found. Some studies 

performed in North America found that urinary DCCA concentrations were associated 

with more behavioral difficulties in children aged 6-11 years, and urinary 3-PBA with a 

higher risk of ADHD among boys aged 8-15 years (Oulhote and Bouchard, 2013; Wagner-

Schuman et al., 2015). However, behavioral functioning of North and Latino American 

children aged 6-15 years old, were not associated with urine 3-PBA, nor with DCCA 

exposure (Oulhote and Bouchard, 2013; Quirós-Alcalá et al., 2014; van Wendel de Joode 

et al., 2016). As the neurotoxic potential of pyrethroids exposure is relatively a novel 

topic, there is a need for further epidemiological studies assessing their postnatal 

consequences on behavioral function.  

Urinary ETU, primary metabolite of the fungicide mancozeb, at both T2 and T3 of 

exposure, was associated with more social problems and less anxiety problems. 

Adolescence exposure to 1-N, primary metabolite of the carbamate insecticide carbaryl, 

was not associated with the behavioral function. The observed associations between 

urinary ETU levels with more social and less anxiety problems do not agree with the 

results of a Costa Rican study that found no association between ETU and behavioral 

problems in children living near banana plantations and assessed at 6-9 years (van 

Wendel de Joode et al., 2016); although are partially supported by the results of a 

Mexican study that showed an association between prenatal ETU and more social 

problems in 1-year-old infants (Mora et al., 2018). Differences in windows of exposure 

(i.e., prenatal versus postnatal exposure) and age at behavioral assessment (infants 

versus adolescents), among others, impair the comparison of findings. Some 
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experimental studies exploring the effects of mancozeb have also found behavioral 

alterations among exposed mice, mechanistically supported by decreased relevant 

hippocampal proteins, such as calcium/calmodulin-dependent kinases II (CaMKII), 

glutamate receptor 1 (GluR1), and synaptophysin (Lee et al., 2015). 

We used a WQS model to explore the mixture effect of the most detected (above 

70 % of LOD) pesticide metabolites: IMPy, MDA, DCCA, and ETU. Results suggested 

associations with withdrawn, social, and thought problems, with MDA and IMPy 

presenting the greatest influence on the mixture effect (34% and 50%, respectively). The 

possible association between individual and/or combined exposure to non-persistent 

pesticides with behavioral could be partly explained by BDNF-mediated mechanisms of 

action. Thus, Urinary IMPy, MDA, DETP, and ΣOPs were associated with lower serum 

BDNF in a dose-response manner. We also observed a possible combined effect of non-

persistent pesticides leading higher BDNF DNA methylation percentage at CpG 3, 6 and 

total CpGs methylation, from which MDA showed the highest weight. Interestingly, when 

tested individually, MDA did not show significant associations with behavioral outcomes 

or with DNA methylation.  

A potential mechanism by which OPs could alter BDNF is based on alterations of 

the dopaminergic system. The induced inhibition of the tirosine hydrolase (TH) activity 

would decrease dopaminergic levels, thus down-regulating BDNF (Küppers and Beyer, 

2001; Shin et al., 2001). Supporting this, in vivo studies reported TH inhibition after 

diazinon and malathion exposure together with increased behavioral alterations such as 

anxiety in Japanese medaka and rats (Ahmed et al., 2017; Shin et al., 2001). Additionally, 

exposure to chlorpyrifos decreased the cholinergic system, downregulated BDNF 

expression, and increased impulsive rates in zebrafish (Perez-Fernandez et al., 2020). 

Moreover, although 1-N was not associated with behavioral outcomes, it was associated 

with lower serum BDNF levels. Meanwhile, ETU tended to be linearly associated with 

lower BDNF levels, higher DNA methylation of the BDNF gene at CpGs 2 and 3, and non-

linearly associated with CpGs 4, 5, and total CpGs. 

According to experimental evidence, these results could be also explained based 

on additional adverse pathways. First, and according to AOPs 12 and 13, NMDAR 

inhibition after permethrin and deltamethrin exposure was shown in previous in vivo/in 

vitro models, which down-regulates CREB, involved in BDNF expression, leading to in 

hippocampal BDNF mRNA repression (Imamura et al., 2000; Zhang et al., 2018). Second, 

permethrin interacted with DNA methyltransferases (DNMT), altering DNA methylation 

patterns in vivo (Bordoni et al., 2015). Third, a compensatory mechanism for retardation 
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of sodium channels voltage-dependent (Nav) activation, down-regulating Nav 

expression, which has been linked to decreased BDNF expression in some in vivo studies 

with deltamethrin-exposed mice (Imamura et al., 2006; Magby and Richardson, 2017). 

Finally, increased ROS after cypermethrin and bifenthrin exposure leads to 

neuroinflammation and long-lasting behavioral impairments in murine models 

(Gargouri et al., 2018; Nasuti et al., 2007).  

Summing up, the consistent results between BPA, As, Cd, IMPY, and TCPy with 

more somatic and/or thought problems in the INMA-Granada cohort, highlight the 

potential health implications of the exposure to environmental pollutants at critical 

windows of development, in this case, childhood and adolescence. The thought problems 

subscale refers to compulsive behavior and strange ideas, being linked to psychosis 

during adulthood (Morgan and Cauce, 1999; Paus et al., 2008). Additionally, mania has 

been linked to higher scores in both thought problems and somatic complaints (Salcedo 

et al., 2018), as observed in the article #3 that investigated longitudinal consequences 

of BPA exposure. The occurrence of these two subscales may indicate higher odds to 

develop mental disorders during adulthood. Moreover, lower serum BDNF levels were 

associated with higher exposure to As, Cd, IMPy, MDA, DETP, 1-N, ETU and ΣOPs, in 

different magnitudes and alterations in the DNA methylation patterns of the BDNF gene 

were found in adolescents with higher exposure to BPA, As, Cd, MDA, 3-PBA, ETU and 

ΣOPs. In addition, the effect of exposure to the mixture of IMPy, MDA, DCCA and ETU, 

analyzed by weighted quintile sum (WQS), was associated with higher percentages of 

DNA methylation in CpGs 3, 6 and total CpGs. 

The importance of assessing the effect of chemical mixtures was evidenced in this 

PhD. There is, however, scarce information available regarding human exposure to 

mixtures. Some epidemiological studies have shown that prenatal exposure to mixtures 

of environmental chemicals was associated with cognitive impairments and higher 

ADHD risk (Guo et al., 2020; Kalloo et al., 2021; Lenters et al., 2019; Vuong et al., 2020). 

A recent in vivo study found BDNF mRNA up-regulation after exposure to a mixture 

including chlorpyriphos, cyfluthrin, and deltamethrin (Özdemir et al., 2018). There is 

also a need for biomarkers of combined effect to understand in more extent the 

combined effect and biological activities exerted by real-world mixtures, since they are 

one of the main challenges for environmental toxicology and epidemiology due to their 

inherent complexity. Biomarkers of combined effect could help to detect and quantify 

the biological activity exerted by a given mixture and used in epidemiological studies. 

Moreover, these biomarkers could be used in effect-directed analyses to identify the 
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active components of a given mixture. Within this PhD thesis, we have comprehensively 

applied several biomarkers of combined effect to map the biological activities exerted by 

the same mixture of lipophilic compounds. Thus, to assess the biological effect of 

chemical mixtures on different biological endpoints, a screening study was performed 

(article #6), extracting and testing a mixture of lipophilic compounds from 24 placental 

homogenate samples. Most placental lipophilic fractions (α-fractions) elicited estrogenic 

activities in the E-Screen and ER reporter gene assays. Additionally, 14 out of 24 

placental α-fractions exerted anti-androgenic activities in the androgen receptor (AR) 

ECO assay. Moreover, most placental samples elicited anti-thyroid function activity in the 

in vivo XETA, whereas subtle induction of the aryl hydrocarbon receptor (AhR) was 

found in the AhR gene assay. 

Interesting correlations between biomarkers of combined effect were found. The 

positive correlation between the E-Screen and the ER-reporter gene assay was within 

expected since both assays evaluated the same pathway. The positive correlation 

between estrogenic assays and the anti-androgenic assay was also within expectations. 

Estrogenic compounds often behave as anti-androgen, as previously reported 

(McLachlan, 2016; Molina-Molina et al., 2008; Panet-Raymond et al., 2000). Additionally, 

the reported inhibitory cross-talk between ER-AhR may explain that placental α-

fractions with the highest estrogenic activities showed the lowest AhR activity (Safe et 

al., 2000). XETA assay hardly correlated with any other, suggesting that this biomarker 

could be evaluating biological activities from chemical families not captured by 

remaining assays. Additionally, it is in line with thyroid receptors not being structurally 

related to steroid hormone receptors. Overall, r2 coefficients were modest, suggesting 

that the variance in biological activity can be only partially predicted by remaining 

assays. Thus, additional biomarkers are needed to characterize the combined effect of 

complex mixtures. 

Previous epidemiological studies have tested the cumulative estrogenic and anti-

androgenic activities elicited by chemical present in placenta extracts. Thus, a nested 

case-control found a higher risk for cryptorchidism and hypospadia among newborns 

with the highest placental estrogenicity (Fernandez et al., 2007b). Additionally, a study 

from the same cohort found a higher risk to develop the same urogenital malformation 

among children with the highest placental anti-androgenicity (Arrebola et al., 2015). 

Effects detected in our results exerted similar magnitudes to those reported in the 

abovementioned studies. Moreover, higher placental xeno-estrogenicity was associated 

with more behavioral problems in boys (Vilahur et al., 2014b), higher DNA methylation 
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(Vilahur et al., 2016, 2014a), and higher birth weight (Vilahur et al., 2013) in different 

subcohorts of INMA (Asturias, Gipuzkoa, Sabadell, Granada, and Valencia). Overall, 

results suggest that unborn children are prenatally exposed to complex mixtures of 

environmental chemicals which may be eliciting harmful effects on a critical period of 

development.   

Our study complemented the aforementioned information by providing combined 

effects on AhR and thyroid function pathways. Our results showed that placental α-

fractions elicited a weak induction of AhR activity, which may be due to decreased 

dioxin-like compounds in the Spanish population (Marquès and Domingo, 2019; 

Schuhmacher et al., 2019). Interestingly, dioxin-like compounds exert anti-estrogenic 

activities (Bonefeld-Jørgensen et al., 2014), explaining the non-significant inverse 

correlation between the ER and AhR reporter gene assays. Some epidemiological studies 

used this effect biomarker to test ‘real-world’ mixtures of persistent organic pollutants 

(POPs) extracted from serum and amniotic fluid. Thus, higher serum POPs-induced AhR 

activity was found in breast cancer cases compared to controls (Wielsøe et al., 2018). 

However, no association was found between higher amniotic fluid POPs-induced AhR 

activity and the risk of ASD in children (Long et al., 2019). On the other hand, there is no 

evidence of epidemiological studies using XETA for exploring the combined mixture 

effect on the thyroid axis. Moreover, thyroid function does not have any validated in vitro 

assay to assess its disruption (Couderq et al., 2020; OECD, 2019). Placentas α-fractions 

elicited strong inhibition of the thyroid function, according to a study using ad hoc 

mixtures of environmental chemicals (Fini et al., 2017). Our study design allows the 

testing of unknown chemicals substances, thus evaluating a closer real scenario than 

studies using ad hoc mixtures of previously known chemicals. Since XETA is an in vivo 

assay, it can detect biological effects not limited to receptor-level action mechanisms of 

the hypothalamus-pituitary axis. Thus, our findings highlight this assay as a promising 

biomarker of combined anti-thyroid effects which should be investigated in 

epidemiological studies addressing neuronal endpoints.  

HPLC α-fractions extracted from human samples enhance the assessment of 

combined effects elicited by the most lipophilic and persistent compounds without the 

interference of endogenous hormones (Bonefeld-Jørgensen et al., 2014; Hjelmborg et al., 

2006; Rivas et al., 2001). Although it may result in an underestimation of the combined 

effect, the potential saturation of the in vivo/in vitro assay due to the presence of 

endogenous hormones is avoided (Arrebola et al., 2015; Indiveri et al., 2014). Moreover, 

several studies have demonstrated the absence of endogenous hormones and identified 
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some chemical families, such as polychlorinated biphenyls (PCBs) and organochlorine 

pesticides (OCPs), including lindane, hexachlorobenzene (HCB), 

dichlorodiphenyltrichloroethane (DDT), and dichlorodiphenyldichloroethylene (DDE), 

among others (Fernandez et al., 2007b, 2007a; Hjelmborg et al., 2006; Wielsøe et al., 

2018). Since the full chemical composition of α-fractions was not elucidated, a step 

forward would be the identification of all chemical compounds present in the mixture. 

For this purpose, unknown compounds and emerging contaminants could be detected 

through non-targeted chemical analyses, as recently proposed (Vinggaard et al., 2021). 

Effect-directed analyses (EDA) coupled with non-target chemical analyses allow efficient 

identification of biologically active chemicals through sub-fractionation processes 

(Figure 5).  

This doctoral work has several limitations, some of which are listed below. First, 

the small sample size of the epidemiological studies performed. Second, environmental 

chemicals were quantified in spot human samples (mainly urine samples), which may 

lead to exposure misclassification. However, this limitation would lead to an 

underestimation rather than an overestimation of the results. Moreover, the matrix 

chosen to measure some environmental chemicals, such as Hg and Pb, may not be 

suitable for establishing exposure-effect associations. Third, sex-dependent associations 

could not be ruled out, as all studies included only male children and adolescents. Fourth, 

although article #3 had a longitudinal design, articles #2, 4 and 5 are cross-sectional 

studies, which precludes inferring causality. Fifth, we cannot rule out spurious 

associations due to multiple comparisons, although several significant associations were 

supported by the robustness of the model and by both toxicological and epidemiological 

evidence. On the other hand, limitations of the screening study (article #6) were the 

small number of placentas and that the complete chemical exposome was not identified. 

Another limitation is that the combined effect biomarkers assessed biological activities 

at different levels of biological organization. In addition, methodological differences 

between the assays (e.g.,) should be taken into account when interpreting the results 

found. 

 



Discussion 

185 
 

 

Figure 5.  Scheme of effect-directed analysis building blocks. The α-fractions extracted from the 
placental/relevant matrix are tested in one or more selected in vitro/in vivo assays. The active 
extract is fractionated into several subfractions and re-tested in vitro. The active fraction 
undergoes chemical analysis, afterward, tentative identification of chemicals responsible for the 
activity is performed. When in vivo/in vitro activity of the tentatively identified chemicals is 
confirmed, a final identification and quantification are performed. The figure is taken from 
Vinggaard et al., (2021) with minor modifications. 

 

This work also has some strengths, highlighting its contribution to the scarce data 

available on exposure to environmental pollutants and neurodevelopment through the 

application of a novel biomarker of effect, BDNF, measured at two levels of biological 

organization (protein and DNA methylation). Also noteworthy is the selection of three 

different windows of human susceptibility (prenatal, childhood, and adolescence), 

where adolescence is the least studied. It is also important to highlight the predefined 

hypothesis for BPA-neurodevelopmental-BDNF associations through the development 

of an AOP framework that supported our findings. The complete statistical evaluation of 

environmental chemical exposure on neurodevelopment and BDNF, as well as 

conducting mediation analyses highlighted the role of BDNF as a mediator of some 

exposure-effect associations. Finally, the main strengths of the exploratory study are the 

multidisciplinary effort to map the biological effects exerted by the same mixture of 

lipophilic compounds, including the use of XETA in human samples, not previously 

explored in human samples. 
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7 Conclusions 

Conclusion 1 

The comprehensive literature search has allowed us the creation of the first inventory of 

existing effect biomarkers for the environmental chemical group of bisphenols, and 

identified potential novel effect biomarkers for this environmental chemical group 

(bisphenols) that may be of utility in HBM studies. The implementation and assessment 

of these mechanistically-based effect biomarkers will help to improve the inference of 

causal relationships between bisphenols exposure and adverse health outcomes in 

future HBM and epidemiologic studies. This approach will also help to prioritize the 

selection of effect biomarkers for BPA substitutes, facilitating the evaluation of potential 

adverse effects in a timely manner. 

Conclusion 2 

BPA was found in all urine samples of children in the Spanish INMA-Granada cohort, 

collected when they were between 9 and 11 years of age. Urinary BPA concentrations 

were longitudinally and positively associated with thought problems and somatic 

complaints at adolescence (15-17 yrs.). BPA concentrations were also longitudinally 

associated with increased BDNF DNA methylation, supporting the biological plausibility 

of BPA-behavior relationships previously described in the epidemiological literature. 

Urinary BPA concentrations were not associated with their cognitive abilities, except 

with poorer working memory. Our results highlight the role of BDNF as a promising, 

toxicologically supported biomarker of effect on brain function that may help to improve 

the inference of causal relationships in observational studies addressing environmental 

exposures and neurodevelopment in children. However, given the modest sample size 

analyzed in the pilot study and the novelty of these findings, future studies should 

replicate this results in different settings, developmental windows, and in the context of 

chemical mixtures. 

Conclusion 3 

Results of the exploratory study among Spanish adolescent males (aged 15–17 years) 

aimed to investigate the relationships among exposure to environmental metals, BDNF 

and behavioral function, suggested a relationship between urinary As and Cd exposure 

and behavioral problems. Urinary As and Cd concentrations were associated with more 

internalizing and externalizing problems, respectively. Exposure to As and Cd was also 

associated with BDNF gene DNA methylation and with serum BDNF. Thus, the 
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percentage BDNF DNA methylation (at CPGs #5 and total CpG) increased across As 

tertiles, and 2nd tertile and 3rd tertile of Cd concentrations were associated with lower 

serum BDNF. Estimation of serum BDNF protein levels and BDNF gene DNA methylation 

profile might then serve as effect biomarkers to characterize the relationship of postnatal 

exposure to toxic metals, such as As and Cd, with behavioral problems in adolescents. 

Caution should be taken when interpreting the results relating postnatal Pb and Hg to 

behavioral functioning. Nevertheless, due to study limitations, our results need to be 

verified in future larger epidemiological studies on metal exposures during this and 

other critical windows of neurodevelopment.  

Conclusion 4 

We have provided relevant mechanistic and adverse outcome pathway (AOP) 

information in order to cover knowledge gaps and better interpretation of the 

complexity of exposure-human health associations. This was particularly evident when 

assessing the exposure to non-persistent pesticides with cognitive and behavioral 

function among Spanish adolescent males from the INMA-Granada cohort. Urinary 

concentrations of IMPy and ETU, metabolites of the (banned) insecticide diazinon and 

di-thiocarbamate fungicides, were associated with more behavioral problems among 

adolescents. Additionally, urinary TCPy was associated with more thought and social 

problems, while MDA and 3-PBA, metabolites of malathion and pyretroids, respectively, 

were associated with increasing BDNF gene DNA methylation percentages at several 

CpGs. A possible combined effect of IMPy, MDA, DCCA, and ETU on increasing behavioral 

problems was also found. Associations found were partly explained by alterations on 

BDNF at different levels of biological complexity. At the same time, serum BDNF levels 

were associated with more thought problems and rule breaking behavior, and BDNF 

DNA methylation percentage at CpG6 with more thought problems. However, 

longitudinal studies with larger sample sizes are needed to confirm these results. 

Conclusion 5 

Finally, the use of biomarkers of combined activity allowed us to better 

characterize the signalling pathways through which mixtures of lipophilic chemical 

compounds could elicit adverse health outcomes in humans. Thus, most placentas 

induced ER-mediated transactivation and ER-dependent cell proliferation, together with 

a strong inhibition of TH signalling and the AR transactivity; while the induction of the 

AhR was found in only one placental extract. The advantages of using receptor-based in 

vitro assays are: (i) that an integrated effect is measured, taking combined mixture 
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effects into account and (ii) that in vitro assays can reduce complexity in identification 

of toxic compounds and Chemicals of Emerging Concern (CECs) in human tissues. Their 

implement in epidemiological studies could therefore lead to a paradigm shift in the way 

we unravel adverse human health effects caused by “real-world” complex mixtures. 

Further research is needed, however, to characterize the full composition of complex 

chemical mixtures present in human samples as well as their interactions. 
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conmigo. Eres una persona preciosa, un investigador sobresaliente y te deseo lo mejor 

junto con Antonio (el mejor psicólogo del mundo) y con vuestro pequeño Martin. 

Carmen, hemos hecho un equipazo en los últimos dos años, me has enseñado desde un 

enfoque epidemiológico la importancia de la exposición a metales y a pesticidas. Siempre 

has estado disponible para explicarme las dudas de la cohorte INMA o proponerme 

nuevas estrategias de análisis de datos que han mejorado mucho la calidad de mi trabajo. 

Muchas gracias por ayudarme tanto. No puedo decir que vales tu peso en oro porque me 

quedaría muy corta (badum-psss). Iris, entramos juntas y ya te queda un añito para 

terminar: ¡Ánimo que tú puedes!; Elena, Luz, Fran junior, Jose Manuel, Alicia, Bea, Raquel, 

Cristina, sois personas extraordinarias y os deseo toda la suerte del mundo, sobre todo 

para Alis, que por fin puedes empezar tu tesis. Eres muy resolutiva y tienes mucha 

iniciativa, seguro que realizas una tesis brillante. ¡Mucho ánimo! Elena, hemos trabajado 

poco tiempo juntas, pero se ve claramente lo gentil que eres y la concienciación que 

tienes por el mundo que nos rodea. Gracias por esos consejillos para ir enfocando la tesis. 

Of course, I could not forget the amazing people from the Technical University of 

Denmark: Rie, Anna, Hanna, Gustav, Mathias, Nichlas, Louise, Monica, and Terje. It was a 

pleasure working with you all in Copenhagen, you treated me as another member of the 

group from the very beginning. I miss going to DTU by bicycle in the rain. The beer 

Fridays, or the lunch with you all at 11.30 talking about science and fiction movies. But 
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more importantly, I miss you all. Due to the covid-19 situation, I was not able to come 

back to DK, but I will go as soon as possible. Anna, thank you very much for your help 

and guideline, you taught me how to work efficiently and organized. You are an 

incredible person and researcher. I wish you all the best from the bottom of my heart 

😊. 

Como no puede ser de otra forma, a mi madre. Siempre estás ahí, pase lo que pase, 

en lo bueno y en lo malo. Me inculcaste los valores que rigen quién soy, y quien quiero 

ser. Me has enseñado a ser fuerte, humilde y a escuchar. Siempre me impulsas a que 

saque lo mejor de mí y me das motivos para reír, incluso cuando no hay nada por lo que 

reírse. Nunca olvidaré la primera vez que me asomé a un microscopio en una de tus 

prácticas. ¡Qué maravilla, un mundo totalmente diferente en una gota de agua! Siempre 

tendré ese recuerdo tan bonito junto a mí, y fue gracias a ti. Gracias mamá. A mi padre, 

que desde pequeñita me inculcó el amor por la investigación, aunque significase estar 

horas respondiendo a aquellos temidos ‘‘¿y eso por qué papi?’’. Empecé dibujando 

mitocondrias en un papel para llamar tu atención y mira, he terminado haciendo una 

tesis. Gracias papá. A mi hermana, que es pequeñita por fuera, pero con un inmenso 

corazón dentro. Sigue trabajando en lo que quieres, seguro que llegarás muy lejos. A mi 

madrina Lourdes, siempre digo que dos mujeres fuertes son las que me han criado: tú 

y mi madre. Eres un ejemplo de superación y constancia, además de la mejor cocinera 

del mundo y de ser toda una experta en las trastadas y travesuras de Andrea Rodríguez. 

Gracias por decirles a mis padres que me apuntaran en la escuela de música. Si puedo 

disfrutar de uno de mis grandes amores, el violín, es gracias a ti y a tu amor por este arte. 

Muchísimas gracias tita.  

A Fran. Has estado en todos y cada uno de los momentos clave de estos últimos 

años. No solo compartimos los mismos gustos, sino que siempre pensamos en la misma 

línea, hasta el punto de pedir que dejaras de leerme la mente. Eres dulce, divertido, gentil, 

inteligente y noble. Me has devuelto la niña que llevaba dentro y me has enseñado otro 

mundo lleno de cosas que, o desconocía, o que había olvidado. También eres muy 

valiente, porque para que una primera cita fuera en realidad virtual hay que echarle 

narices. Eres mucho más que mi mejor amigo, eres mi compañero de viaje, un chico 

increíble que me ayuda a relativizar las cosas y a ser mejor día a día. Me has apoyado 

incondicionalmente y sólo puedo hacer lo mismo por ti. Te quiero, boku no hero. 

A mis amigos de toda la vida: mis músicos Laura, Paula, Gema, Julia y Orestis. 

Sois los mejores amigos que tengo. Es increíble como a pesar de vernos tan poco parece 

que no ha pasado el tiempo cuando estamos juntos. Probablemente sois los que mejor 
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me conocéis y seguro que los que más me aguantáis. Nunca he podido creer lo afortunada 

que soy por teneros en mi vida. Atesoro todos los momentos que he vivido con vosotros: 

las clases de coro, de solfeo, de conjunto musical con nuestro Sito, las tardes de 

audiciones, las meriendas en la tetería, las conversaciones por Skype en la cuarentena, y 

por supuesto, nuestro encuentro anual la tarde de reyes en casa de Paulita, donde 

creemos poder arreglar el mundo a trozos de roscón de reyes. Es curioso cómo la música 

ha unido este grupo tan variopinto. Que lo que una la música no lo separe el silencio. Love 

you three thousand. Laurita, gracias por enseñarme el maravilloso mundo de las telas 

aéreas, por preocuparte por mi obsesión por el trabajo, y por arrastrarme a la calle. Por 

dar, también te tendría que dar las gracias por presentarme a Fran, qué gran celestina 

estas hecha. 

A mis recientes adquisiciones: Huiwen y Javi. Con mi Huiwen tuve un flechazo 

aquel día que nos conocimos en la firma del contrato FPU. Nos hicimos amigas en ese 

instante y desde entonces nos hemos apoyado la una a la otra en los momentos tan 

críticos que hemos vivido. He podido ver la persona tan extraordinaria que eres. Eres 

sincera, reflexiva, trabajadora, inteligente… perfecta. Gracias mil Huiwen. A mi Javi lo 

conocí en una de las fiestas del famoso dúo Julio-Fran, Fran-Julio. Hay muchas palabras 

para describirte, y la verdad no sabría cuál escoger. No solo eres inteligente, sino que 

amas el conocimiento por el conocimiento. Tienes todo lo que hay que tener para ser un 

investigador brillante. Aunque más brillante es tu personalidad. Javi y Huiwen, habéis 

sido uno de los apoyos más importantes que he tenido en estos últimos años. Gracias por 

las noches de ramen, los desayunos en CIBM, iMUDs o cualquier sitio que nos 

suministrase cantidades considerables de cafeína. Gracias por escuchar mis dramas y 

por ser un apoyo constante. Ya mismo podremos cambiar el grupo de doctorandos a 

doctores prometidos. Aunque esta etapa se termine, vuestra amistad la llevo siempre 

conmigo. Estoy aquí para lo que necesitéis. Siempre. Muchísimas gracias.  

A la maravillosa y preciosa de Dulce. Otra persona extraordinaria, con sus valores 

claros y sus objetivos marcados. Da igual la situación en la que te encuentres, que 

siempre sacas una sonrisa y sigues hacia delante. Eres una persona muy fuerte, y esa 

fortaleza es lo que más admiro de ti. Las conversaciones contigo siempre son muy 

enriquecedoras, sobre todo para el alma, y eso siempre te lo voy a agradecer. Cuesta 

mucho encontrar gente buena en el mundo, pero tú y Fernandico sois una lucecita que 

vale la pena seguir. Muchas gracias 😊. 

Tengo que mencionar a Capi, sabes que estás en el podio de mis amigos favoritos 

de Fran. Eres el mejor amigo que puede tener, y tengo la suerte de poder decirte yo 
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también amigo. Te deseo toda la fortuna del mundo espartano😉. Por supuesto, 

mencionar a Miguel y Maiki: Miguel, por instruirme en el mundo del podcast, la 

culturilla del internet, de los youtubers y ser una fuente inagotable de historia. Maiki por 

conseguirme mi ordenador, que me ha salvado la tesis y por ser un amigo tan excepcional 

con Fran. Ya mismo nos vamos de boda (!).  

Muchas gracias a todos lo que habéis formado parte de mi vida, tanto personal 

como profesionalmente. He podido aprender de muchísimas personas increíbles y solo 

espero seguir contando con vuestro apoyo y cariño. Por mi parte, estaré ahí para lo que 

necesitéis, ya sea un consejo, un abrazo, o una cerveza. 

Muchas gracias,  

 

Andrea 
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9 Annexes 

9.1 Supplementary Material. Article 1

Supplemental Figure 1. Exploratory search using ‘bisphenol’ as key exposure 
search term and search terms for each selected health endpoint. Below is displayed 
the number of references in either humans or experimental animals found for each 
health endpoint using MeSH and no MeSH terms, together with PubMed filters “Full 
text”/ “10 years”/ and “Humans” or “Other animals”. 

 

 

Supplemental Figure 2. Flow-chart showing the final number of references 

selected. Note: 126 effect biomarkers were retrieved from the selected 119 

references 
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Supplemental Table 1. MeSH and non-MeS H search terms used for both the exposure (bisphenols) and effects (health endpoints), combined with boolean operators. 

Search terms for Bisphenols and Health Endpoints 
 

Health Endpoint Bisphenol AND (MeSH Terms OR synonym) 

 
 
 
 
 
Behavior/ 
Neurobehavior 

 
(Bisphenol) AND ((((((((((((("Behavior"[Mesh]) OR ( "Behavior and Behavior Mechanisms"[Mesh] OR "Reproductive Behavior"[Mesh] )) OR "Social Behavior 
Disorders"[Mesh]) OR ( "Child Behavior Disorders"[Mesh] OR "Adolescent Behavior"[Mesh] )) OR "Antisocial Personality Disorder"[Mesh]) OR ( "Infant 
Behavior"[Mesh] OR "Spatial Behavior"[Mesh] )) OR "Sucking Behavior"[Mesh]) OR ( "Sexual Behavior, Animal"[Mesh] OR "Sexual Behavior"[Mesh] )) OR ( "Paternal 
Behavior"[Mesh] OR "Maternal Behavior"[Mesh] OR "Impulsive Behavior"[Mesh] OR "Feeding Behavior"[Mesh] OR "Exploratory Behavior"[Mesh] )) OR ( "Compulsive 
Behavior"[Mesh] OR "Child Behavior"[Mesh] OR "Behavior, Animal"[Mesh] )) OR "Mental Disorders"[Mesh])) OR (Behavior OR Neurobehavior OR Neurodevelopment 
OR Neurology OR Parkinson OR Alzheimer OR Autism OR Hyperactivity OR ASD OR ADHD OR mental retardation OR IQ loss OR internalizing OR externalizing)) 
 

 
 
 
 
 
Cancer 

 
(Bisphenol) AND ((((((("Neoplasms"[Mesh] OR "Uterine Cervical Neoplasms"[Mesh] OR "Urologic Neoplasms"[Mesh] OR "Liver Neoplasms"[Mesh] OR "Hereditary 
Breast and Ovarian Cancer Syndrome"[Mesh] OR "Early Detection of Cancer"[Mesh]) OR ( "Urogenital Neoplasms"[Mesh] OR "Testicular Neoplasms"[Mesh] OR 
"Endometrial Neoplasms"[Mesh] OR "Vaginal Neoplasms"[Mesh] OR "Uterine Neoplasms"[Mesh] )) OR ( "Prostatic Neoplasms"[Mesh] OR "Ovarian Neoplasms"[Mesh] 
OR "Endocrine Gland Neoplasms"[Mesh] )) OR ( "Breast Neoplasms"[Mesh] OR "Neoplasms, Germ Cell and Embryonal"[Mesh] OR "Tumor Microenvironment"[Mesh] 
)) OR ( "Thyroid Neoplasms"[Mesh] OR "Pituitary Neoplasms"[Mesh] OR "Brain Neoplasms"[Mesh] ))) OR (Cancer OR hormone-dependent cancer OR neoplasm OR 
malignant tumor OR tumor OR tumour) OR (Colon neoplasms))) 
 

 
 
 
Endocrine 

 
(Bisphenol) AND ("Endocrine System"[Mesh] OR "Endocrine Glands"[Mesh] OR "Endocrine System Diseases"[Mesh] OR "Hormones"[Mesh] OR "Gonadal 
Hormones"[Mesh] OR "Placental Hormones"[Mesh] OR "Pituitary Hormones"[Mesh] OR "Growth Hormone"[Mesh] OR "Thyroid Hormones"[Mesh] OR 
"Gastrointestinal Hormones"[Mesh] OR "Sex Hormone-Binding Globulin"[Mesh] OR "Adrenocorticotropic Hormone"[Mesh] OR "Adrenal Cortex Hormones"[Mesh] OR 
Endocrine system OR hypothyroidism OR hyperthyroidism OR adrenal) 
 

 
 

 
Immune System AND Allergy 

 
(Bisphenol) AND ("Allergy and Immunology"[Mesh] OR "Hypersensitivity"[Mesh] OR "Rhinitis, Allergic, Seasonal"[Mesh] OR "Food Hypersensitivity"[Mesh] OR "Drug 
Hypersensitivity"[Mesh] OR "Shellfish Hypersensitivity"[Mesh] OR Allergy OR Hypersensitive OR respiratory allergy OR gastrointestinal allergy OR multiple chemical 
sensitivity OR allergic hypersensitivity disease OR contact allergy OR "Immune System"[Mesh] OR "Immune System Diseases"[Mesh] OR Immune system OR 
autoimmune disease OR cytokines OR white cells OR innate immune system OR adaptive immune system) 
 

 
 
 
 
 
Obesity, Metabolic AND 
Cardiovascular 

 
(Bisphenol) AND ("Metabolic Syndrome"[Mesh] OR "Nutritional and Metabolic Diseases"[Mesh] OR "Metabolic Diseases"[Mesh] OR "Metabolism"[Mesh] OR "Glucose 
Metabolism Disorders"[Mesh] OR "Acidosis"[Mesh] OR "Metabolome"[Mesh] OR "Metabolomics"[Mesh] OR "Receptor, Insulin"[Mesh] OR "Lipolysis"[Mesh] OR 
"Gout"[Mesh] OR "Diabetes Mellitus, Type 2"[Mesh] OR "Acidosis, Renal Tubular"[Mesh] OR "Homocysteinemia" [Supplementary Concept] OR "Peroxisome 
Proliferator-Activated Receptor Gamma Coactivator 1-alpha"[Mesh] OR "Obesity"[Mesh] OR "Pediatric Obesity"[Mesh] OR "Obesity, Abdominal"[Mesh] OR "Abdominal 
obesity metabolic syndrome" [Supplementary Concept] OR "Cardiovascular System"[Mesh] OR "Cardiovascular Abnormalities"[Mesh] OR "Pregnancy Complications, 
Cardiovascular"[Mesh] OR "Cardiovascular Diseases"[Mesh] OR "Myocardial Infarction"[Mesh] OR obesity OR abdominal obesity OR waist hip ratio OR adipose tissue 
OR adypokine OR visceral fat OR body fat OR overweight OR Metabolic OR Metabolic disorder OR Metabolic syndrome OR glucose homeostasis OR Hyperlipidemia OR 
Dyslipidemia OR hypertriglyceridemia OR HOMA-IR OR insulin resistance OR pancreas OR liver OR kidney) 
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Reproductive 

 
(Bisphenol) AND (reproductive OR puberty OR pregnancy OR infertility OR semen quality OR placenta OR anogenital distance OR hypospadia OR cryptorchidism OR 
"Reproductive Health"[Mesh] OR "Reproductive Medicine"[Mesh] OR "Reproduction"[Mesh] OR "Reproductive Techniques, Assisted"[Mesh] OR "Infertility"[Mesh]) 

 

Supplemental Table 2. Human biomonitoring studies addressing the relationship between BPA exposure and epigenetic and gene expression biomarkers (n=14).  

Study 
design/Reference 

Study population 
Bisphenol exposure 

assessmenta  
Matrix/biomarker(s) Analytical method Main results 

Aborted Fetuses 

Fetal tissue 
biobank (USA) / 
Weinhouse et al. 

(2015) 

Human fetal liver tissue at 
gestational day 74-120 

(n=50) 

Free and total BPA 
concentrations in liver 

tissue using HPLC-MS/MS 
following 

QA/QC procedures 

DNA methylation in fetal liver 
DNA methylation (ESR1, IL-6, and STAT3) in 

human liver samples were carried out by 
bisulfite sequencing method 

STAT3 DNA methylation displayed 

non-monotonic dose-responses to 

total and free BPA concentrations 

in human fetal liver samples 

Fetal tissue 
biobank (USA) / 

Nahar et al. (2014) 

Human fetal livers from 
elective abortion from 1st 

and 2nd trimester of 
pregnancy (gestational 

day 74-120) 

Free and total BPA 
concentrations in liver 

tissue using HPLC-MS/MS 
following 

QA/QC procedures 

- DNA methylation 

in fetal liver 

DNA methylation by bisulfite conversion 
and Epityper Methylation Analysis 

Higher BPA concentrations were 
associated with increased site-

specific methylation at the 
catechol-O-methyltransferase 

gene 

Fetal tissue 
biobank (USA) / 

Nahar et al. (2015) 

Matched placenta, liver 
and kidney (n=12) from 

2nd trimester human 
fetuses 

Free and total BPA 
concentrations in placenta, 

liver and kidney using 
HPLC-MS/MS following 

QA/QC procedures 

- DNA methylation 

in placenta, liver and kidney 

Global methylation was analyzed by 
pyrosequencing 

Positive association between BPA 
concentration and DNA 

methylation (LINE1 
hypermethylation) in placenta 



Annexes 

234 
 

Fetal tissue 

biobank (USA) / 

Faulk et al. (2016) 
Human fetal liver tissue 

(n=18) 

Free and total BPA 
concentrations in liver 

tissue using HPLC-MS/MS 
following 

QA/QC procedures 

- DNA methylation 

in fetal liver 

DNA samples enriched in methylated CpG 
sites using the MethylPlex kit 

Hypomethylation of transposons 
and repetitive elements such as 

LINEs, LTR elements, DNA 
elements, and satellites in 

medium BPA exposure group 
when compared to low and high 

BPA groups 

Perinatal/ Children/ Adolescent studies 

Mother-child 

prospective 

cohort (USA) / 

Kundakovic et al. 

(2015) 

21 males and 22 females 

with maternal prenatal 

urinary BPA <1 µg/L and 

19 males and 19 females 

with urinary BPA >4 µg/L 

BPA measured in one 
maternal spot urine sample 
during the third trimester 
of gestation using HPLC-
MS/MS following QA/QC 

procedures 

DNA methylation in cord blood 
DNA methylation by using pyrosequencing 

assay 

Prenatal exposure to higher BPA 

concentrations was associated with 

altered BDNF IV DNA methylation 

at two CpG sites in the human cord 

blood. A significant effect of high 

BPA exposure on CpG1B (a site that 

lies exactly within the CREB-binding 

site) methylation levels was 

observed in boys when compared to 

girls 

Pilot study 

(Egypt) / Kim et 

al. (2013) 

Healthy females aged 10-

13 years living in rural 

(n=30) and urban (n=30) 

areas 

BPA measured in one spot 
urine sample using HPLC-
MS/MS following QA/QC 

procedures 

Genome-wide DNA methylation 
in Saliva 

Genome-wide DNA methylation was 

assessed with the Infinium 

HumanMethylation27 BeadChip (Illumina) 

High urinary BPA concentrations 
are associated with DNA 

hypomethylation of 
BRCA1, BEX2, HOXA10 

genes in prepuberscent girls 

Adult studies 

Case-control 
occupational 

study (China) / 
Miao et al. 

(2014) 

Control n=72, epoxy resin 
workers exposed to BPA 

n=77 

Two spot urine (pre- and 
post-shift) analyses in 

exposed group and one 
spot urine in unexposed 

group. 
HPLC-MS/MS. No mention 

to QA/QC. 

LINE-1 methylation in sperm and 
peripheral blood DNA 

 

LINE-1 methylation was measured with a 
methylation-specific 

RT-PCR 

A positive association between 
sperm LINE-1 methylation and 
urinary BPA concentrations. No 

association with urinary BPA 
concentrations and peripheral 

blood LINE-1 methylation 
 

IVF Pilot study 
(USA) / Hanna et 

al. (2012) 

58 women with mean age 
36 

Mercury, lead, cadmium 
and free BPA in one serum 

sample using HPLC with 
Coularray detection. 

DNA methylation in peripheral 
blood 

DNA methylation was assessed by using 
Illumina GoldenGate Cancer Panel I bead 

array 

Free BPA concentration in serum of 
women undergoing IVF was found 

to have correlation with 
hypomethylation of promoter CpG 

site of TSP50 gene 
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Case-control 
occupational 

study (China) / 
Zheng et al. 

(2017) 

Control n=30, workers 
exposed to BPA n=26 

Two spot urine (pre- and 
post-shift) analyses in 

exposed group and one 
spot urine in unexposed 

group. 
HPLC. No mention to 

QA/QC. 

- 5-
hydroxymethylcytosine (5-hmC) 

in sperm 

- Hydroxymethylated DNA 
immunoprecipitation (hmeDIP) followed by 

sequencing 
 

A genome-wide increase in 5hmc 
rate in the sperm from BPA-exposed 

men was observed 

Case-control 
study (Italy) / De 

Felice et al. 
(2015) 

 

n=40 placenta (subjected 
to therapeutic abortion) 

from women living in 
polluted and n=40 non-

polluted area 

Placental free BPA 
concentrations using GC-

MS. 
Procedure fully explained. 

- Genome-wide 
micro-RNA expression in 

placentas 

MicroRNA profiles (1349 miRNAs) were 
measured by microarray technology 

A strong association was observed 
between BPA concentrations in the 

placenta and miR-146a 
upregulation 

 

Prospective 
cohort (USA) / Li 

et al. (2015) 

n=110 placentas collected 
from term delivery from 

13 counties across the 
USA 

Free BPA concentrations in 
placenta using HPLC-
MS/MS. Some quality 
measures described. 

 

- miRNA 
expression profiling in placentas 

miRNA profiling was done using the Counter 
human miRNA expression assay 

No association was observed 
between the miRNA expression 

levels and BPA concentrations in 
placenta 

Gene-expression studies 

Case-control 
study (Italy) / La 

Rocca et al. 
(2015) 

Infertile men from three 
different geographic areas 

- metropolitan (n=28), 
medium-sized urban area 

(n=19) and rural area 
(n=23). Control men from 

the same area (n=34 
metropolitan, n=41 

medium-urban and n=8 
rural) 

Total BPA in one serum 
sample using HPLC-MS/MS 

following QA/QC 
procedures 

Gene expression of nuclear 

receptors (ESR1, ESR2, AR, PXR, 

AhR, PPARγ) in blood and semen 

-  

- Gene expression analyses 
using RT-PCR 

 

Serum BPA concentrations were 

positively correlated with ESR1, 

ESR2, AR, AhR and PXR. No 

correlation was found with PPARγ 

 

Cross-sectional 
analysis in a 
prospective 

cohort (Italy) / 
Melzer et al. 

(2011) 

InCHIANTI study (n= 100) 
men aged less than 76 

years. 

BPA in one spot urine 
sample using HPLC-MS/MS 
following detailed QA/QC 

procedures 

- ESR1, ESR2, ESRR
A, ESRRB, ESRRG, and AR genes in 

blood leukocytes 

- Gene expression analyses 
using RT-PCR 

 
Higher BPA concentrations induced 
higher expression of two estrogen-
responsive genes, ESR2 and ESRRA. 

Prospective 
mother-infant 

cohort (China) / 
Xu et al. (2015) 

192 mother-infant pair 
from e-waste recycling 

town and 70 from 
reference area 

Free BPA measured in cord 
blood serum using GC-MS. 

No reference to QA/QC 

- KISS, leptin and 
leptin receptor genes in placenta 

- Gene expression analyses 
using RT-PCR 

Higher BPA concentrations showed 
positive correlation with KISS1 gene 
expression. Additionally, BPA 
showed positive correlation with 
leptin and leptin receptor gene 
expression 

a Total BPA (free plus conjugated) in urine, total and/or free BPA in blood, and total and/or free BPA in tissue. Abbreviations: Androgen receptor (AR); aryl hydrocarbon receptor (AhR); brain-derived 

neurotrophic factor (BDNF); brain expressed X-linked 2 (BEX2); breast cancer 1 (BRCA1); catechol O-methyltransferase (COMT); estrogen Receptor 1 and 2 (ESR1 and 2); estrogen related receptor alpha 

(ESRRA); gas chromatography tandem mass spectrometry (GC-MS/MS); homeobox A10 (HOXA10); high-performance liquid chromatography tandem mass spectrometry (HPLC-MS/MS);  in vitro fertilization 

(IVF); long interspersed element-1 (LINE-1); quality assurance and quality control (QA/QC); real-time polymerase chain reaction (RT-PCR); signal transducer and activator of transcription 3 (STAT3); 

sulfotransferase family 2A member 1 (SULT2A1); testis-specific protease-like protein 50 (TSP50). 
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Supplemental Table 3. Human biomonitoring studies addressing the relationship between BPA exposure and oxidative stress biomarkers (n=14).  

Study 
design/Reference 

Study population 
Bisphenol exposure 

assessmenta  
Matrix/biomarker(s) Analytical method Main results 

Perinatal and children studies 

 
Cross-sectional 

study on 
mother/fetus pairs 

(Taiwan) / 
Huang et al. (2018) 

 

A total of 241 mother-
fetus pairs 

 

BPA measured in one spot 
urine sample (between 

weeks 27 and 38 of 
gestation) using HPLC-
MS/MS. Methodological 

details described. 
 

Third trimester maternal urine: 
8-OHdG, 8-NO2Gua, 8-

isoprostane and HNE-MA levels 

Maternal and umbilical cord 
blood plasma: GPx, CRP, IL-6, 

TNF-α levels 

8-OHdG, 8-NO2Gua, 8-isoprostane and HNE-
MA (LC-MS/MS). GPx, IL-6 and TNF-α 

(ELISA). CRP (infrared particle 
immunoassay rate methodology) 

Positive associations between third 
trimester maternal BPA and 8-

isoprostane levels, but no associations 
between BPA and 8-OHdG, HNE-MA or 

8-NO2Gua levels were found in 
pregnant women. BPA concentrations 

were inversely associated with 
maternal and cord blood plasma GPx 

levels 

Cross-sectional 
study on children 

(China) / 
Lv et al. (2016) 

 

96 children (59 boys, 
37 girls) aged 3-6 

years 
 

BPA measured in one spot 
urine sample using HPLC-
MS/MS following QA/QC 

procedures 
 

Urinary 8-OHdG levels 
 

8-OHdG (Q-Trap LC-MS/MS) 

A significant positive association was 
found between BPA and 8-OHdG levels 

after log-transformation of creatine-
adjusted data 

 
Cross-sectional 

study during 
pregnancy (USA) / 
Veiga-Lopez et al. 

(2015) 
 

24 women (12 having 
low and 12 high free 

BPA) 
 

Free and conjugated BPA 
measured in maternal 

plasma at first trimester 
and pair-matched umbilical 

cord plasma at term. 
HPLC-MS/MS following 

QA/QC measures. 

Plasma 3-NO2Tyr, 3-ClTyr and 
diTyr levels that are specific for 
RNS, HOCl and ROS, respectively 

3-NO2Tyr, 3-ClTyr and diTyr (LC-MS/MS) 
 
 

A positive association between BPA 
and 3-NO2Tyr levels (but not 3-ClTyr 
and diTyr) was found in plasma from 

pregnant mothers and umbilical cords. 
High BPA was also associated with 

increased palmitic acid levels (a free 
fatty acid) in plasma, and palmitic acid 

correlated positively with 3-NO2Tyr 

 
 

Mother-child 
cohort (Puerto 

Rico) / Watkins et 
al. (2015) 

 

106 pregnant women 
(aged 18-40 years) at 

less than 20 weeks 
gestation 
(105 had 

inflammatory and 54 
had oxidative stress 

biomarkers analyzed) 

Mean urinary BPA 
concentrations measured 

at three time points during 
pregnancy using HPLC-

MS/MS following QA/QC 
procedures 

Urinary 8-OHdG. 
Urinary 8-isoprostane. 

Blood plasma inflammation 
markers (IL-1β, IL-6, IL-10, TNF-

α, or CRP) 

8-OHdG (enzyme immunoassay), 8-
isoprostane (affinity purified followed by 

enzyme immunoassay), CRP (ELISA), 
cytokines (Milliplex MAP high sensitivity 

human cytokine magnetic bead panel) 

An interquartile range increase in BPA 
was associated with 29% higher 8-

isoprostane levels and 21% higher 8-
OHdG levels. No association was found 

between BPA and any of the 
inflammation markers (IL-1β, IL-6, IL-

10, TNF-α, or CRP) 
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General population/ Occupational settings 

 
Cross-sectional 

study (Saudi 
Arabia) / 

Asimakopoulos et 
al. (2016) 

130 healthy persons 
(both genders) aged 
1-87 years (median 

age 35 years) 

Urinary bisphenols 
measured in one spot urine 
sample (BPA, BPAF, BPAP, 
BPS, BPF, BPP, BPZ, BPB) 

using HPLC-MS/MS 
following QA/QC 

procedures 

Urinary 8-OHdG levels 8-OHdG (LC-MS/MS) 

BPA and BPS metabolites were 
significantly associated with 8-OHdG 

levels. All 8 BPs together were 
positively associated with 8-OHdG 

levels 

Cross-sectional 
study on urban 
residing adults 
(South Korea) / 

Hong et al. (2009) 

960 adults (446 men, 
514 women) 

 
BPA measured in one spot 
urine sample using HPLC-
MS/MS. No reference to 

QA/QC procedures 
 

Urinary 8-OHdG and MDA levels 
 

8-OHdG (ELISA), MDA (MDA-TBA adducts 
by HPLC-UV) 

8-OHdG and MDA levels were not 
associated with BPA in Korean urban 

residing adults 

 

 
Cross-sectional 
study on adults 
(South Korea) / 

Yang et al. (2009) 

 
259 men, 

92 pre- and 134 
postmenopausal 

women 
 

BPA measured in one spot 
urine sample using HPLC-

MS/MS. Some quality 
aspects described. 

Urinary 8-OHdG and MDA levels. 
Serum CRP levels 

ELISA (8-OHdG), TBARS (MDA), LTIA (CRP) 

BPA was positively associated with 8-
OHdG, MDA, and CRP levels (only in 

one of three statistical models) in 
postmenopausal women, but not in 

men and premenopausal women 

Cross-sectional 
study on people 

living in and around 
e-waste 

dismantling 
facilities (China) / 
Zhang et al. (2016) 

116 residents in the 
e-waste recycling 
region Longtang 

Town, Qingyuan City 
(66 males, 50 

females) aged 0.4-87 
years. 

22 in rural reference 
area (80 km 
northwest of 

Longtang) 
20 in urban reference 

area in Guangzhou 
(60 km southeast of 

Longtang) 

Urinary bisphenols (BPA, 
BPAF, BPAP, BPS, BPF, BPP, 

BPZ, BPB) using HPLC-
MS/MS following QA/QC 

procedures 

Urinary 8-OHdG levels 8-OHdG (LC-MS/MS) 

In the e-waste dismantling location, 
urinary BPA and BPS, but not BPF, were 

positively associated with urinary 8-
OHdG levels. A similar correlation was 
also observed for the combined data 

from the two reference areas 
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Case-control study – autistic children 

Case-control study 
on 

oxidant/antioxidan
t status 

in autistic children 
(Turkey) / 

Kondolot et al. 
(2016) 

27 classic autism, 
10 pervasive 

developmental 
disorder-not 

otherwise specified 
(PDD-NOS), and 35 

control children. 
Mean age was ~5.7 ± 

2.5 years 
Males: ~80% in study 

cases and ~78% in 
controls 

 

Total blood plasma BPA 
concentrations were 

measured using HPLC-UV 
detector. 

Plasma lipid peroxidation 
products. 

Plasma protein carbonyl levels. 
Erythrocyte antioxidant enzyme 
activities (GPx1, TrxR, CAT, SOD 
and GR), GSH, and Se levels (co-

factor in some antioxidant 
enzymes) 

Lipid peroxidation products (TBARS assay 
kit followed by spectrofluorometric assay), 
antioxidant enzyme activities, GSH (various 
kinetic assay kits) and Se levels (AAS). How 
plasma protein carbonyls were analyzed is 

not described 
 

The group diagnosed PDD-NOS had 
higher BPA concentrations than the 

controls and classic autism groups and 
there were also other significant group 

differences. However, no association 
between BPA concentrations and 

TBARS or protein carbonyls was found. 
Also, no association between BPA 

concentrations and erythrocyte GPx1, 
TrxR, CAT, SOD, GR activities, GSH or Se 

levels, was found 

Case-control study – COPD patients 

 
Case-control study 

on chronic 
obstructive 

pulmonary disease 
(COPD) (Turkey) / 

Erden et al. (2014b) 

50 COPD patients 
(61.6 ± 11.2 years; 44 

males/6 females) 
33 controls (57.6 ± 

11.1 years; 29 
males/4 females) 

 

Free serum BPA 
concentrations using 

HPLC-UV detector. Some 
details described. No 
mention to QA/QC. 

Serum CRP, MDA and total thiol 
levels 

CRP (nephelometric method), 
MDA (reaction with TBA followed by 

spectrophotometric analysis), 
total thiol levels (sulfhydryl groups react 

with DTNB followed by spectrophotometric 
analysis) 

In serum of COPD patients, BPA 
concentrations were significantly 

higher, and total thiol levels 
significantly lower, than in controls. 

Serum MDA did not differ between the 
groups. A non-significant linear 

relationship between BPA and CRP was 
found 

Intervention studies - Women 

Intervention study 
(single blinded 

randomized clinical 
trial) in 

young women 
investigated for 

gynecological 
complaints (South 
Korea) / Yang et al. 

(2014) 

11 given Korean red 
ginseng (KRG, 22.91 ± 

1.81 years) 
11 given placebo 

(22.73 ± 1.68 years) 
 

BPA measured in one spot 
urine sample before and 

after the intervention using 
GC-MS/MS. No reference to 

QA/QC 

Urinary MDA levels MDA (MDA-TBA adducts by HPLC-UV) 

Urinary total BPA and MDA levels were 
positively associated. Intervention with 

KRG decreased both BPA and MDA 
levels 

 

Intervention study -  
young women given 
wheat sprout juice 
for 14 days (South 

Korea) / Yi et al. 
(2011) 

14 women, aged 24.4 
± 4.0 years 

Urinary BPA measured 
before and after 

intervention using HPLC 
with fluorescence detector. 
Some details provided. No 

reference to QA/QC 

Urinary 8-OHdG and MDA levels 
 

8-OHdG (HPLC-ECD), MDA (MDA-TBA 
adducts by HPLC-UV) 

BPA concentrations were positively 
associated with 8-OHdG (not 
significant) and MDA levels 

(significant). Wheat sprout juice intake 
lowered BPA concentrations 



Annexes 

239 
 

Genetic polymorphisms 

Longitudinal panel 
study on elderly 
and their liver 

function (South 
Korea) / Kim et al. 

(2016) 

471 elderly (≥60 
years), both genders 

Urinary BPA and oxidative 
markers were repeatedly 

assessed in spot urine 
samples up to 5 visits. 

HPLC-MS/MS following 
QA/QC procedures 

SNPs in COX2, EPHX1, CAT and 
SOD2 genes 

 

Blood lymphocyte genomic DNA (PCR) 

Significant associations (as significant 
odds ratios) of BPA with abnormal liver 

function was found in Koreans with 
certain polymorphisms in COX2, CAT, 

EPHX1 and SOD2 genes 

Longitudinal panel 
study on elderly 
(South Korea) / 
Kim and Hong, 

(2017) 

548 elderly (≥60 
years, mean age 70.8 
years), both genders 

Urinary BPA and oxidative 
markers were assessed in 
spot urine samples up to 5 

visits. 
HPLC-MS/MS following 

QA/QC procedures 

 
Urinary MDA levels, SNPs in 

COX2, EPHX1, CAT, SOD2, HSP70-
hom, PON1, eNOS, DRD2 and MPO 

genes 
 

MDA (MDA-TBA adducts by HPLC-UV), 
blood lymphocyte genomic DNA (PCR) 

A positive association was found 
between urinary BPA with MDA levels 

in both males and females regardless of 
any genotype of the nine oxidative 

stress-related genes 

 

a Total BPA (free plus conjugated) in urine, total and/or free BPA in blood, and total and/or free BPA in tissue.  

Abbreviations: 2,2-dithiobisnitrobenzoic acid (DTNB or Ellman’s reagent); 3-chloro-tyrosine (3-ClTyr); 3-nitro-tyrosine (3-NO2Tyr); 4-hydroxy-2-nonenal-mercapturic acid (HNE-MA); 8-hydroxy-2’-

deoxyguanosine (8-OHdG); 8-iso-prostaglandin F2α (8-isoprostane); 8-nitro-guanine (8-NO2Gua); atomic absorption spectrometer (AAS); catalase (CAT); C-reactive protein (CRP); cyclooxygenase2 (COX2 or 

PTGS2); dopamine receptor D2 (DRD2); electrochemical detection (ECD); electronic waste (e-waste); endothelial nitric oxide synthase (eNOS); enzyme-linked immunosorbent assay (ELISA); epoxidehydrolase1 

(EPHX1); gas chromatography tandem mass spectrometry (GC-MS/MS); glutathione (GSH, reduced form); glutathione peroxidase (GPx); glutathione reductase (GR); heat shock protein 70-hom (HSP70-hom); 

high-performance liquid chromatography tandem mass spectrometry (LC-MS/MS); hypochlorous acid (HOCl); interleukin (IL); latex turbidimetric immuno assay (LTIA); malondialdehyde (MDA); 

myeloperoxidase (MPO); o,o’-di-tyrosine (diTyr); paraoxonase 1 (PON1); polymerase chain reaction (PCR); quality assurance and quality control (QA/QC); reactive nitrogen species (RNS); reactive oxygen species 

(ROS); selenium (Se); single nucleotide polymorphism (SNP); superoxide dismutase (SOD); thiobarbituric reactive substance (TBARS); ultraviolet radiation (UV); thioredoxin reductase (TrxR); tumor necrosis 

factor alpha (TNF-α). 
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Supplemental Table 4. Human biomonitoring studies addressing the relationship between BPA exposure and reproductive hormone biomarkers (n=32).  

Study 
design/Reference 

Study population 
Bisphenol exposure 

assessmenta  
Matrix/biomarker(s) Analytical method Main results 

Perinatal and children studies 

Ongoing 
prospective cohort 
of pregnant women 

(Puerto Rico) /  
Aker et al. (2016) 

106 pregnant women, 
Recruitment: 2010-2012 

Maternal BPA concentration in 
spot urine samples at each 

trimester of gestation using 
HPLC-MS/MS following 

QA/QC procedures 

Serum E2, P4 and SHBG levels at 
first and third trimester of 

gestation 
Chemiluminescence immunoassay 

No significant associations were 
observed 

 
Mother-child study 

(China)/ 
Liu et al. (2016) 

 

137 mother-infant pairs. 
 

Recruitment: 2010-2011 

Maternal BPA concentration in 
one spot urine sample collected 

during the third trimester of 
gestation using GC-MS. Some 

quality aspects described. 

Cord blood sex hormones: TT, 
E2 levels. The T/E2 ratio was 

estimated. 
Anogenital distance (AGD). 

Anogenital index (AGI) = AGD 
(mm)/neonate weight (kg) 

 
Radioimmunoassay (RIA) 

 
 

Higher maternal urinary BPA 
concentrations were associated with 
decreased TT and T/E2 ratio at birth 

among male neonates 
 

No association between BPA and AGD or 
AGI 

Prospective 
cryptorchidism 

case-control study 
(France) /  

Chevalier et al. 
(2015) 

52 boys with 
cryptorchidism. 

128 control boys. 
Recruitment: 2002-2005 

Free BPA concentration was 
measured in cord blood at birth 
using RIA and following some 

quality controls including 
comparison with HPLC-MS/MS 

method. 

Cord blood INSL3 and TT levels 

INSL3 level was measured by 
ELISA. 

 
TT was measured by LC/MS-MS 

Among all boys, higher cord blood BPA 
concentrations were associated with 

reduced cord blood INSL3 levels, but not 
TT levels 

 
Cord blood BPA concentrations did not 

differ between cases and controls 

Mother-child 
cohort (Mexico) / 

Ferguson et al. 
(2014) 

118 mother-son pairs 

Maternal BPA concentration in 
spot urine samples during the 

third trimester of gestation 
using HPLC-MS/MS following 

QA/QC procedures 
 

BPA was also analyzed in one 
spot urine sample from boys at 

8-14 years of age 

Serum E2, TT, INHB, SHBG and 
DHEA-S levels in boys. 

 
fT was estimated using TT and 

SHBG 

DHEA-S, E2, SHBG, and TT levels 
were measured using an 

automated chemiluminescent 
immunoassay 

 
Active INHB was assayed using 

ELISA 

Prenatal BPA exposure was not clearly 
associated with any of the hormones 

measured 
 

Childhood BPA exposure tended to be 
positively associated with SHBG and 
inversely associated with TT and fT 

levels 

Mother-child 
cohort 

(Mexico) / 
Watkins et al. 

(2017) 

109 mother-son pairs 

Maternal BPA concentration in 
spot urine samples from first, 
second and third trimester of 
gestation using HPLC-MS/MS 
following QA/QC procedures 

Peripubertal boys (8-14 years of 
age) provided fasting blood 

samples. 
 

Serum E2, TT, INHB and SHBG 
as biomarkers of puberty. 

DHEA-S, E2, SHBG, and TT levels 
were measured using an 

automated chemiluminescent 
immunoassay 

 
Active INHB was assayed using 

ELISA 

In utero BPA exposure was not 
associated with hormone levels in boys, 

except for a positive association between 
BPA concentrations during the second 

trimester and INHB levels 
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DHEA-S as a biomarker of 
adrenarche 

 
Mother-child 

cohort (Mexico) / 
Watkins et al. 

(2014) 

129 mother-daughter 
pairs 

BPA was measured in one spot 
urine sample from daughters at 
8-13 years of age using HPLC-

MS/MS following QA/QC 
procedures 

Serum E2, TT, INHB, SHBG and 
DHEA-S levels in daughters 

DHEA-S, E2, SHBG, and TT levels 
were measured using an 

automated chemiluminescent 
immunoassay 

 
Active INHB was assayed using 

ELISA 

 
Peripubertal BPA concentrations were 

not associated with any concurrent 
serum hormone concentrations 

Mother-child 
cohort 

(Mexico) / 
Watkins et al. 

(2017) 

120 mother-daughter 
pairs 

 
BPA measured in three spot 

urine samples collected during 
the first, second, and third 

trimesters of pregnancy using 
HPLC-MS/MS following QA/QC 

 

Serum E2, TT, INHB, SHBG and 
DHEA-S in daughters. 

 
fT level was estimated using TT 

and SHBG. 

DHEA-S, E2, SHBG, and TT levels 
were measured using an 

automated chemiluminescent 
immunoassay 

 
Active INHB was assayed using 

ELISA 

BPA concentrations during the second 
trimester of gestation were associated 

with higher TT levels among 8-13 years 
old peripubertal girls 

 

Cross-sectional, 
nationally 

representative 
survey (USA) / 

Scinicariello and 
Buser, (2016) 

  

588 children (aged 6-11) 
and adolescents (aged 

12-19) 
(NHANES) 2011–2012 

BPA concentrations measured 
in one spot urine sample using 
HPLC-MS/MS following QA/QC 

Serum TT level in children and 
adolescents 

LC-MS/MS 

Higher BPA concentrations were 
associated with reduced TT levels among 
adolescent males, and with increased TT 

levels among adolescent females 
 

BPA was not associated with TT 
concentrations in male or female 

children 

Cross-sectional 
study / 

Mustieles et al. 
(2018) 

172 peripubertal boys 
from the INMA-Granada 

cohort 

BPA concentrations measured 
in one spot urine sample using 
HPLC-MS/MS following QA/QC 

Serum TT, LH and FSH levels in 
boys 

Chemiluminescent immunoassay 
Urinary BPA concentrations were 

associated with increased serum TT 
levels and the TT:LH ratio 

Case-control studies – Precocious puberty 
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Case-control study 
precocious puberty 

(Korea) / 
Lee et al. (2014) 

80 girls with central and 
peripheral precocious 

puberty, and age-
matched healthy control 

girls 

BPA measured in one spot urine 
sample using GC-MS. Some 

quality measures described. 

Urinary steroid and metabolic 
parameters were assessed in 

urine 
GC-MS 

Higher urinary BPA concentrations 
correlated with higher urinary 

concentrations of TT, E2 and PREG 
 

BPA concentrations did not significantly 
differ among controls, peripheral or 

central precocious cases 

Case-control study 
precocious puberty 

(Turkey) / 
Özgen et al. (2016) 

28 girls with central 
precocious puberty (CPP) 

22 prepubertal control 
girls 

BPA measured in one spot urine 
sample from peripubertal girls 
using HPLC-MS/MS following a 
previously published method 

Serum kisspeptin and E2 levels ELISA 

No association between BPA and 
kisspeptin or estradiol. 

Kisspeptin was significantly higher in 
girls with CPP compared to controls 

Case-control studies – PCOS patients 

Case-control PCOS 
study (United 
Kingdom) / 

Kandaraki et al. 
(2011) 

71 PCOS cases and 100 
age- and BMI-matched 

controls 

Total BPA was assessed in one 
serum sample using a 

commercial ELISA kit and 
duplicate measurements. 

Serum TT, SHBG, AD, LH, FSH, 
17-OH-PROG, and 

DHEA-S levels 
- 

Serum BPA concentrations were 
significantly higher in the PCOS group 

compared with controls, and were 
associated with higher TT and AD levels 

Case-control PCOS 
study (Italy) / 

Tarantino et al. 
(2013) 

40 women with PCOS and 
20 healthy age-matched 

controls 

Total BPA was measured in one 
serum sample using a 

commercial ELISA kit and 
duplicate measurements. 

Serum TT and SHBG. FAI was 
calculated 

Chemiluminescent enzyme 
immunoassay 

Serum BPA concentrations positively 
correlated with the FAI in 

premenopausal women with PCOS 
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Case-control PCOS 
study (Turkey) / 
Akın et al. (2015) 

180 adolescent girls aged 
13-19 

 
112 girls with polycystic 
ovary syndrome (PCOS) 

and 
68 healthy controls 

Free serum BPA concentrations 
were measured using HPLC and 

a UV detector 

Serum FSH, LH, E2, 17-OH-
PROG, PROG, DHEA-S, AD, TT, fT 

and SHBG levels 
 

Chemiluminiscence immunoassay 
and radioimmunoassay 

Among the entire study group, higher 
serum BPA concentrations significantly 
correlated with higher serum TT, fT and 

DHEA-S levels 
 

Serum BPA concentrations were 
significantly higher in adolescent girls 

with PCOS than their age-matched 
healthy controls 

Women studies – Fertility Clinics / Occupational settings 

Fertility clinic 
(USA) / 

Mok-Lin et al. 
(2010) 

84 women undergoing 
fertility treatment 

BPA measured in two spot urine 
samples using HPLC-MS/MS 

following QA/QC 

Serum FSH and E2 levels and 
other fertilization outcomes 

(total oocytes, oocyte 
maturation, quality embryos, 

etc.) 

Electrochemiluminescence 
immunoassay 

Higher urinary BPA concentrations were 
associated with a decrease in the number 

of oocytes retrieved and a decrease in 
peak E2 levels 

Fertility clinic 
(USA) / 

Follow-up of Mok-
Lin et al. (2010) / 

Ehrlich et al. (2012) 

174 women undergoing 
fertility treatment 

(recruited between 
2004-2010) 

BPA measured in two spot urine 
samples using HPLC-MS/MS 

following QA/QC 

Serum FSH and E2 levels and 
other fertilization outcomes 

(total oocytes, oocyte 
maturation, quality embryos, 

etc.) 

Electrochemiluminescence 
immunoassay 

Higher BPA concentrations were 
associated with a decreased number of 

oocytes and decreased E2 levels. 
Additionally, higher BPA exposure was 
associated with decreased blastocyst 

formation 

Fertility clinic 
(USA) / 

Follow-up of 
Ehrlich et al. (2012) 

/  
Mínguez-Alarcón et 

al. (2015) 

256 women undergoing 
fertility treatment 

(recruited between 
2004-2012) 

BPA measured in two spot urine 
samples using HPLC-MS/MS 

following QA/QC 

Serum FSH and E2 levels and 
other fertilization outcomes 
(endometrial wall thickness, 

quality embryos, etc.) 

Electrochemiluminescence 
immunoassay 

No associations were observed 

Fertility setting 
(USA) /  

Bloom et al. (2011) 

44 women undergoing 
IVF 

Free BPA measured in one 
serum sample using HPLC with 

Coularray detection. Some 
quality measures described. 

Serum FSH and E2 peak levels. 
Number of oocytes retrieved 

Chemiluminescent enzyme 
immunoassay 

BPA concentrations were inversely 
associated with E2 levels. No association 
was observed between BPA and oocyte 

total number 
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Occupational cross-
sectional study 

(China) /  
Miao et al. (2015) 

106 occupationally 
exposed females working 

with epoxy resins 
250 unexposed female 

workers from other 
sectors 

BPA measured in one spot urine 
sample using HPLC with 

fluorescence detection. Some 
quality measures. 

Serum FSH, LH, E2, PRL and P4 
levels 

Radioimmunoassay 

Higher urinary BPA concentrations were 
associated with higher serum PRL and P4 

levels among all females 
 

BPA was associated with higher serum 
E2 levels among exposed workers, and 

with lower FSH levels in the non-
occupationally exposed group 

Men studies – General population / Fertility Clinics / Occupational settings 

Cross-sectional 
study (Denmark) /  
Lassen et al. (2014) 

308 young men 

BPA measured in one spot urine 
sample using TurboFlow-LC-

MS/MS following QA/QC 
procedures 

Serum LH, FSH, TT, E2 and INHB 
levels 

 
fT was estimated based on TT 

and SHBG levels 
 

Semen volume, sperm 
concentration, total sperm 

count, motility and morphology 

FSH, LH and SHBG were measured 
by immunofluorometric assays. 
TT and E2 levels were measured 

by 
fluoroimmunoassay. 

INHB was 
determined by a double antibody 

enzyme– 
immunometric assay 

 
 

Higher urinary BPA concentrations were 
associated with increased serum TT, E2, 
LH and fT levels, as well as with reduced 

percentage of progressive motile 
spermatozoa 

InCHIANTI Adult 
cohort (Italy) / 
Galloway et al. 

(2010) 

715 adults (20-74 years 
old) 

BPA measured in one 24-hour 
urine sample using HPLC-
MS/MS following QA/QC 

Serum TT, E2 and SHBG levels. 
fT level was estimated 

Commercial radioimmunological 
assay (RIA) 

Higher BPA concentrations were 
associated with higher TT levels in men. 
Among premenopausal women, BPA was 

associated with SHBG 

Cross-sectional 
study (China) / 

Liang et al. (2017) 
560 men 

BPA assessed in one spot urine 
sample using HPLC-MS/MS. 

Some quality measures but not 
exhaustive description 

Serum FSH, LH and TT 
Electrochemiluminescence 

immunoassay 

Urinary BPA concentrations were 
positively associated with LH and FSH 

levels among male smokers, and 
negatively associated with TT levels 

among men with a BMI ≤25 

Cohort study (USA) 
/ 

Mendiola et al. 
(2010) 

375 men 
BPA measured in one spot urine 

sample using HPLC-MS/MS 
following QA/QC 

Serum FSH, LH, SHBG, TT, E2 
and INHB levels. 

 
FAI and fT levels were 

estimated 
 

Immunofluorometric assays 
 

Radioimmunoassay 

Urinary BPA concentrations were 
negatively associated with FAI levels and 

the FAI/LH ratio, and positively 
associated with SHBG levels 
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Fertility clinic 
setting (Prague, CZ) 

/ 
Vitku et al. (2016) 

 

191 men 
(2012-2015) 

Free BPA measured in both 
samples of plasma and seminal 

plasma collected from each 
patient using HPLC-MS/MS 

following QA/QC 

Plasma and seminal plasma: 
 

P4, 17-OH-PREG, cortisol, 
cortisone, DHEA, 7α-OH-DHEA, 
7β-OH-DHEA, 7-oxo-DHEA, TT 

and AD levels. Estrogens (E1, E2 
and E3) levels. 

LH, FSH and SHBG. Plasma DHT 
levels 

 

Most steroids were assessed using 
LC–MS/MS. 

 
LH, FSH, SHBG and DHT levels 

were assessed using an 
immunoradiometric assay 

Plasma BPA concentrations were 
positively correlated with E1, E2, PREG, 

17-OH-PREG and DHEA levels, and 
negatively associated with DHT levels 

 
Seminal BPA and seminal hormone 

concentrations revealed different results 
from that in plasma. Contrary to plasma 

associations, seminal BPA was negatively 
associated with P4, 17-OH-P4 and DHEA 

levels. Similarly, seminal BPA 
concentrations were positively 

correlated with E2 and E3 levels 

Fertility clinic 
setting (USA) / 

Meeker et al. 
(2010a) 

167 men 

BPA measured in one spot urine 
sample (except for a subsample 

with repeated urines) using 
HPLC-MS/MS following QA/QC 

Serum TT, E2, SHBG, INHB, FSH, 
LH, PRL, fT4, TT3 and TSH 

levels. 
 

FAI and fT were estimated 
 

TT:LH and FSH:INHB ratios 
were calculated as measures of 

Leydig and Sertoli function, 
respectively 

Immunoassay 

Urinary BPA concentrations were 
inversely associated with serum INHB 

levels and the E2:TT ratio, while 
positively associated with FSH and the 

FSH:INHB ratio 

Fertility clinic 
setting (Belgium) / 

Den Hond et al. 
(2015) 

163 men 
BPA measured in one spot urine 
sample using GC-MS following 

QA/QC measures 

Serum TT, LH, FSH, SHBG, E2 
and INHB levels. 

 
fT and E2 levels were estimated 

using SHBG, assuming a fixed 
albumin concentration 

 

Commercial immunoassays 
Urinary BPA concentrations were 

associated with reduced serum TT levels 

Cross-sectional 
study 

(China) / 
Zhou et al. (2013) 

290 men with and 
without BPA exposure in 

the workplace 

BPA measured in one serum 
sample using HPLC with a 

fluorescence detector 

Sex hormones were assessed: 
TT, E2, SHBG, INHB, FSH, PRL, 

AD, fT 

 
Magnetic microparticle immune 
radiation analysis (TT, E2, INHB, 

FSH, and PRL). 
 

ELISA (SHBG, AD, and FT) 

Serum BPA concentrations were 
associated with decreased serum AD and 
fT levels and the androgen index, while 
positively associated with SHBG levels 
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Occupational cross-
sectional study 

(China)/ 
Liu et al. (2015) 

592 male workers. 
165 were occupationally 

exposed (epoxy resin 
manufacturers) and 427 

were from unexposed 
factories. 

Recruitment: 2004-2008 

BPA measured in one spot urine 
sample using HPLC-MS/MS. 

Some quality measures but not 
exhaustive description 

Serum TT, fT, SHBG, INHB, AD, 
FSH, E2 and PRL levels. 

 

FSH, PRL, TT and E2 levels were 
measured by radioimmunoassay 

 
fT, SHBG, AD and INHB levels 

were measured by enzyme-linked 
immunosorbent assay 

Higher BPA concentrations were 
associated with increased levels of PRL, 

SHBG and E2 levels; as well as with 
reduced levels of FSH, AD and FAI levels. 
No associations were observed with TT, 

fT or INHB levels 

Occupational cross-
sectional study 

(China) / 
Zhuang et al. 

(2015) 

281 male workers 
occupationally exposed 

to BPA 
 

278 male workers non-
occupationally exposed 

Serum BPA concentrations were 
measured using GC-MS. Some 

experimental methods 
described, but no reference to 

QA/QC. 

Serum TT, SHBG, AD and INHB 
levels 

TT and SHBG levels were assessed 
by radioimmunoassay. 

 
AD and INHB levels were 

measured by enzyme-linked 
immunosorbent assay 

Increased serum BPA concentrations 
were associated with decreased serum 

AD and increased SHBG levels 

 
Other studies 

 

 
 
 

Korean 
Biomonitoring 

Program (Korea) / 
Kim et al. (2014) 

 
 

1904 Korean adults 

BPA measured in one spot urine 
sample using GC-MS. Some 

details provided, although no 
direct reference to QA/QC. 

 
A subsample of 100 adults 

highly-exposed to BPA were 
age- and sex-matched with 100 

adults low-exposed to BPA 

Urinary estrogen levels were 
assessed, including: 

 
 
 

E1, E2, and their hydroxylated 
metabolites 

 
Urinary estrogens were assessed 

with GC-MS 

Concentrations of E1, E2 and their 
hydroxylated metabolites were higher in 

the high-exposed BPA (BPA-H) than in 
the low-exposed group (BPA-L). 

 
In the BPA-H group, estrogen 

metabolism to 4-hydroxy-E1 and 4-
hydroxy-E2 was more active than that to 

2-hydroxy-E1 and 2-hydroxy-E2, with 
possible implications for breast cancer 

and other endocrine disorders 

Case-control study 
(China)/ 

Xiong et al. (2015) 
 

88 patients with dilated 
cardiomyopathy (DCM) 

88 age- and sex-matched 
healthy controls 

Total BPA was measured in one 
serum sample using a 
commercial ELISA kit 

Serum TT, E2 and SHBG levels. 
 

FAI = TT in nmol/L × 100/SHBG 
in nmol/L 

ELISA 

Increasing serum BPA concentrations 
were associated with increased SHBG 

levels. 
 

BPA concentrations in the DCM group 
were significantly higher compared with 

that in the controls 

 
 

Nested preterm 
birth case-control 

457 mother-child pairs 
(103 cases and 

BPA measured in urine from up 
to four visits during pregnancy 

(median 10, 18, 26 and 35 

Placental growth factor (PlGF) 
and soluble fms-like tyrosine 

kinase-1 (sFlt-1) were 
measured in plasma samples 

Immunoassay 

BPA concentrations were associated with 
increased sFlt-1 levels, as well as the 

sFlt-1 to PlGF ratio, suggesting a 
potential effect of BPA affecting these 
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(USA) / Ferguson et 
al. (2015) 

 
 
 

weeks) using HPLC-MS/MS 
following QA/QC procedures 

from up to four visits during 
pregnancy (median 10, 18, 26, 

and 35 weeks) 

placental angiogenesis markers 
predictive of preeclampsia and preterm 

birth 

 a Total BPA (free plus conjugated) in urine, total and/or free BPA in blood, and total and/or free BPA in tissue.  

Abbreviations: androstenedione (AD); dehydroepiandrosterone sulfate (DHEA-S); dihydrotestosterone (DHT); enzyme-linked immunosorbent assay (ELISA); estrone (E1); 17β-estradiol (E2); estriol (E3); 

free androgen index (FAI); free testosterone (fT); follicle stimulating hormone (FSH); gas chromatography tandem mass spectrometry (GC-MS/MS); high-performance liquid chromatography tandem mass 

spectrometry (HPLC-MS); inhibin B (INHB); insulin-like peptide 3 (INSL3); luteinizing hormone (LH); pregnenolone (PREG); prolactin (PRL); progesterone (PROG); quality assurance and quality control (QA/QC); 

sex hormone-binding globulin (SHBG);  ultraviolet radiation (UV); total testosterone (TT).
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Supplemental Table 5. Human biomonitoring studies addressing the relationship between BPA exposure and semen quality markers (n=7). 

Study design/Reference Study population 
Bisphenol exposure 

assessmenta  
Matrix/biomarker

(s) 
Analytical method Main results 

Cross-sectional study in a fertily 
center (Czech Republic) / Vitku et 

al. (2016) 
 

191 Czech men 
attending the 

Prenatal Center of 
Assisted 

Reproduction  

BPA measured in samples of blood 
plasma and seminal plasma 

collected from each patient using 
HPLC-MS/MS following QA/QC 

Semen sample 

Semen quality parameters Spermiogram 

was conducted following the WHO 2010 

criteria  

Seminal plasma BPA concentrations, but not blood plasmatic 
BPA, were negatively correlated with sperm count, concentration 

and morphology 

Fertility center (Slovenia) / Knez 
et al. (2014) 

 

149 couples 
undergoing assisted 

reproduction 
techniques 

BPA measured in one spot urine 
sample using GC-MS. The 

procedure is fully described. 
Semen sample Semen quality parameters 

Urinary BPA concentrations was associated with lower sperm 
counts, concentration and vitality 

Multi-country study (USA) / 
Goldstone et al. (2015) 

501 men 
BPA measured in one spot urine 

sample using HPLC-MS/MS 
following QA/QC procedures 

Semen sample 
Comprehensive assessment of semen 
quantity, quality, motility and other 

measures 

No associations were observed, except for an inverse association 
between BPA concentrations and sperm DNA damage 

Cross-sectional adult study (China) 
/ Li et al. (2011) 

218 men with and 
without BPA 

exposure in the 
workplace 

BPA measured in one spot urine 
sample using HPLC-MS/MS. Some 

quality aspects described 
Semen sample Semen quality parameters 

Urinary BPA concentrations were associated with decreased 
sperm concentration, counts, vitality and motility, but not with 

semen volume or abnormal morphology 

Fertility setting (USA) / Meeker et 
al. (2010b) 

 
190 men 

BPA measured in one spot urine 
sample using HPLC-MS/MS 

following QA/QC procedures 
Semen sample 

Computer-aided semen analyzer. WHO 
guidelines were followed 

 
Comet assay to assess sperm DNA damage 

Urinary BPA concentrations were associated with lower sperm 
concentrations and motility, as well as higher sperm DNA 

damage 

Cohort study (USA) / Mendiola et 
al. (2010) 

 
375 men 

BPA measured in one spot urine 
sample using HPLC-MS/MS 

following QA/QC procedures 
Semen sample 

Semen quality parameters 
 

WHO criteria were followed 

No associations observed between BPA concentrations and any 
semen parameter 
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Cross-sectional study (Denmark)/ 
Lassen et al. (2014) 

308 young men 

BPA measured in one spot urine 
sample using TurboFlow-LC-

MS/MS following QA/QC 
procedures 

 
Semen volume, 

sperm 
concentration, 

total sperm count, 
motility and 
morphology 

WHO guidelines 
 

Higher urinary BPA concentrations were associated with reduced 
percentage of progressive motile spermatozoa 

 

a Total BPA (free plus conjugated) in urine, total and/or free BPA in blood, and total and/or free BPA in tissue.  

Abbreviations: gas chromatography tandem mass spectrometry (GC-MS/MS); high-performance liquid chromatography tandem mass spectrometry (HPLC-MS/MS); quality assurance and quality control (QA/QC); World Health 

Organization (WHO).
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Supplemental Table 6. Human biomonitoring studies addressing the relationship between BPA exposure and glucocorticoid biomarkers (n=3). 

Study design/Reference Study population 
Bisphenol exposure 

assessmenta  
Matrix/biomarker(s)  Analytical method Main results 

Perinatal and children studies 

Longitudinal birth cohort (Canada) / 
Giesbrecht et al. (2016) 

174 pregnant women 

Maternal BPA measured in one 
spot urine sample during the 

second trimester of gestation using 
HPLC-MS/MS following QA/QC 

procedures 

Diurnal salivary cortisol levels 
(measured at waking and 

different time points in the day) 
Enzyme immunoassay 

Higher urinary BPA concentrations were associated with 
dysregulation of the daytime cortisol pattern, including reduced 

cortisol at waking and a flatter daytime pattern 

Longitudinal birth cohort (Canada) / 
Giesbrecht et al. (2017) 

 

132 pregnant women 
 

Maternal BPA measured in one 
spot urine sample during the 

second trimester of gestation using 
HPLC-MS/MS following QA/QC 

procedures 

Cortisol levels in infant saliva 
samples collected before and 
after an infant stressor (blood 

draw) at 3 months of age 

Enzyme immunoassay 

Higher maternal BPA concentrations were associated with 
increases in baseline cortisol levels among females but 

decreases among males. In contrast, after the blood draw, 
maternal BPA concentrations were associated with an increased 
reactivity among males but decrease reactivity among females 

Cross-sectional study / 
Mustieles et al. (2018) 

172 peripubertal boys 
from the INMA-Granada 

cohort 

Peripubertal BPA measured in one 
spot urine sample using HPLC-

MS/MS following QA/QC 
Serum cortisol levels. Chemiluminescent immunoassay 

An increase in BPA concentrations was associated with 
decreased cortisol levels and decreased TT:cortisol ratio 

 

a Total BPA (free plus conjugated) in urine, total and/or free BPA in blood, and total and/or free BPA in tissue. 

Abbreviations: Environment and childhood cohort (INMA Cohort); high-performance liquid chromatography tandem mass spectrometry (HPLC-MS/MS); total testosterone (TT) 



Annexes 

251 
 

Supplemental Table 7. Human biomonitoring studies addressing the relationship between BPA exposure and thyroid function biomarkers (n=12).  

Study 
design/Reference 

Study population 
Bisphenol exposure 

assessmenta  
Matrix/biomarker(s) Analytical method Main results 

Perinatal studies 

Ongoing 
prospective cohort 

of pregnant 
women (Puerto 

Rico) / Aker et al. 
(2016) 

 

106 pregnant women 

BPA measured in spot urine 
samples at each trimester of 

gestation using HPLC-MS/MS 
following 

QA/QC procedures 

Serum TSH, FT3 and FT4 levels at 
two time points (18 weeks and 26 

weeks) 

FT3 and FT4: LC-MS 
 

TSH: Immunochemilumi-nometric 
assay 

Higher maternal BPA 
concentrations were associated 

with increased FT4 levels 

Nested case-
control study 

during pregnancy 
(USA) / Aung et al. 

(2018) 

439 pregnant women 
including 116 preterm 

births 

BPA measured in spot urine 
samples at four times during 
gestation using HPLC-MS/MS 
following QA/QC procedures 

Plasma TSH, FT3, FT4 and TT4 
levels (9, 18, 26 and 35 weeks) 

 
TSH, TT3 and TT4: chemiluminescence 

immunoassay 
FT4: radioimmunoassay 

Higher maternal BPA 
concentrations were associated 
with decreased TSH levels and 

increased FT4 levels 

Mother-child 
cohort (USA) / 
Romano et al. 

(2015) 

181 pregnant women 

BPA measured in two spot urine 
samples (16 and 26 weeks of 

gestation) using HPLC-MS/MS 
following 

QA/QC procedures 

Serum TSH, FT3, TT3, FT4, TT4 
levels and TPOAb and TgAb levels 

(16 weeks and in cord serum) 
 

TSH, FT3, TT3, FT4, TT4, TPOAb and 
TgAb: immunoassay 

Higher maternal BPA 
concentrations were associated 

with decreased TSH levels in 
female newborns 

Mother-child 
cohort from the 

CHAMACOS study 
(USA) / Chevrier et 

al. (2013) 
 

364 pregnant immigrant 
Mexican-American 

women of low 
socioeconomic status 

BPA measured in two spot urine 
samples (12 and 26 weeks of 

pregnancy) using HPLC-MS/MS 
following 

QA/QC procedures 

Serum TSH, TT4 and FT4 levels 
(~ 26 weeks) and neonatal TSH 

 
FT4: radioimmunoassay 

TSH and TT4: 
immunochemiluminometric assay 

Neonatal TSH: by heel stick and 
fluoroimmunoassay 

Higher maternal BPA 
concentrations were associated 
with decreased TT4 levels at 26 
weeks and decreased TSH levels 

in male newborns 
 

Children studies 
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Case-control study 
on cryptorchidism 

(France) / 
Brucker-davis et al. 

(2011) 

60 cryptorchid boys and 
76 control boys (age 3) 

BPA measured in cord blood 
using RIA and following some 

quality controls including 
comparison with HPLC-MS/MS 

method. 

TSH, FT3, FT4 levels in cord 
blood (and TPOAb when TSH 

levels were high) 
Chemiluminescence 

A trend for a negative correlation 
between cord blood BPA and TSH 

Adult studies 

Pilot case-control 
study on thyroid 
nodular disease 

(Cyprus and 
Romania) / 

Andrianou et al. 
(2016) 

In non-pregnant women, 
106 cases and 106 
controls (~age 50) 

BPA measured in one spot urine 
sample using GC-MS/MS. Some 
quality aspects are described. 

Serum TSH, FT4, TPOAb and 
TgAb levels 

Immunoassay in Cyprus & electro-
chemiluminescence in Romania 

Higher BPA concentrations were 
associated with increased TSH 

levels 

Fertility clinic 
(USA) / Meeker et 

al. (2010a) 
167 men 

BPA measured in spot urine 
samples (2 samples for a subset 
of 75 men) using HPLC-MS/MS 

following QA/QC procedures 

Serum TSH, FT4 and TT3 levels Immunoassay 
Higher BPA concentrations were 
associated with decreased TSH 

levels 

Case-control study 
on weight-loss 

(Belgium) / Geens 
et al. (2015) 

151 overweight adults 
and 43 lean adults 

BPA measured in 24-hour urine 
samples (4 times a year) using 

GC-MS/MS following QA/QC 
procedures 

Serum TSH and FT4 levels Chemiluminescence 
Higher BPA concentrations were 
associated with increased TSH in 

the lean population 

Cross-sectional 
analysis from the 

Thai National 
Health 

Examination 
Survey IV 

(Thailand) / 
Sriphrapradang et 

al. (2013) 

2340 adults 
Total BPA in one serum sample 

using commercial ELISA kits 
Serum TSH, FT4 levels and TgAb 

and TPOAb levels 
Electrochemiluminescence 

Higher BPA concentrations were 
associated with decreased FT4 

levels in men 

Cross-sectional 
analysis from the 

Thai National 
Health 

Examination 
Survey IV 

(Thailand) / 
Chailurkit et al. 

(2016) 

2361 adults with normal 
TSH and Free T4 

Total BPA in one serum sample 
using commercial ELISA kits 

Serum TPOAb, TgAb, TRAb 
Electrochemiluminescence 

immunoassay 

A positive association between 
BPA and TPOAb positivity was 

observed in both men and women 



Annexes 

253 
 

Cross-sectional 
study (China) / 

Wang et al. (2013) 
3394 adults (age > 40) 

BPA measured in one spot urine 
sample using HPLC-MS/MS. 

Quality control measures are 
described in detail. 

Serum TSH, FT3, FT4, TgAb and 
TPOAb levels 

Chemiluminescent microparticle 
immunoassay 

Higher BPA concentrations were 
associated with decreased TSH 

levels and increased FT3 levels in 
both men and women 

Cross-sectional 
analysis from the 
NHANES survey 
(USA)/ Meeker 
and Ferguson, 

(2011) 

1348 adults (age > 20) 
and 329 adolescents (age 

12-19) 

BPA measured in one spot urine 
sample using HPLC-MS/MS 

following QA/QC procedures 

Serum TSH, FT3, FT4, TT3, TT4 
and TgAb levels  

Immunoassay 

A trend for a negative correlation 
between BPA concentrations and 
TT4 and TSH levels was observed 

in adults 

 

a Total BPA (free plus conjugated) in urine, total and/or free BPA in blood, and total and/or free BPA in tissue.  

Abbreviations: enzyme-linked immunosorbent assay (ELISA); free triiodothyronine (FT3); free thyroxine (FT4); gas chromatography tandem mass spectrometry (GC-MS/MS); high-performance liquid 

chromatography tandem mass spectrometry (HPLC-MS/MS); quality assurance and quality control (QA/QC); thyroid-stimulating hormone (TSH); TSH receptor autoantibodies (TRAb); thyroglobulin 

autoantibodies (TgAb); thyroperoxydase autoantibodies (TPOAb); total triiodothyronine (TT3); total thyroxine (TT4).
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Supplemental Table 8. Human biomonitoring studies addressing the relationship between BPA exposure and metabolic function biomarkers (n=39).  

Study 
design/Reference 

Study population 
Bisphenol exposure 

assessmenta  
Matrix/biomarker(s) Analytical method Main results 

Perinatal and children studies 

Ongoing 
prospective cohort 

(USA) / 
Chiu et al. (2017) 

245 subfertile pregnant 
women 

BPA measured in at least one 
urine sample during the first 

or second trimester using 
HPLC-MS/MS following 

QA/QC measures 

Blood glucose levels, 
1-hour after a 50-g glucose 

challenge test between 24-28 
weeks of gestation 

- 
Second-trimester - but not first trimester 

- urinary BPA concentrations were 
positively associated with blood glucose 

Case-control pilot 
study (USA) / 
Robledo et al. 

(2013) 

22 GDM cases cases and 72 
controls 

BPA measured in one 
maternal spot urine sample 
(at enrollment) using HPLC-

MS/MS following QA/QC 
measures 

Blood glucose levels, 1-hour after a 
50-g glucose challenge test (around 

26 weeks of gestation) 
- 

BPA concentrations were not associated 
with fasting blood glucose levels or GDM 

Mother-child 
cohort (Canada) / 

Shapiro et al. 
(2015) 

1274 pregnant women 

BPA measured in one 
maternal spot urine sample at 

first trimester using GC-
MS/MS following QA/QC 

measures 

After a glucose-challenge or 
tolerance test, subjects were 

assigned a diagnosis of impaired 
glucose tolerance (IGT) or GDM 

- 
No associations were observed between 

BPA concentrations and IGT or GDM 

Mother-child 
cohort (Mexico) / 

Volberg et al. 
(2013) 

188 mother-child pairs 

BPA measured in spot urine 
samples at early (12 weeks) 

and late (26 weeks) 
pregnancy using HPLC-

MS/MS following QA/QC 
measures 

 
BPA measured in one spot 

urine sample in offspring at 9 
years of age 

Plasma leptin and adiponectin in 9 
years-old boys and girls 

ELISA 

Higher late pregnancy BPA 
concentrations were associated with 

greater leptin levels in boys 
Higher early pregnancy BPA 

concentrations were associated with 
greater adiponectin levels in girls 

 
No associations between childhood BPA 

concentrations and adipokines were 
observed 

Mother-child 
cohort (USA)/ 

Ashley-Martin et 
al. (2014) 

1363 mother-child pairs 

BPA measured in one first-
trimester spot urine sample 
using GC-MS/MS following 

QA/QC measures 

Cord blood leptin and adiponectin 
levels 

ELISA 
Higher BPA concentrations were 
associated with decreased fetal 
adiponectin levels among males 
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Mother-child 
cohort (Taiwan) / 
Chou et al. (2011) 

97 mother-child pairs 

Free BPA measured in 
maternal plasma and 

neonates umbilical cord blood 
using HPLC coupled to a UV 

detector. Some QA/QC details 
described.  

Plasma leptin and adiponectin 
levels in cord blood 

ELISA 

Maternal serum BPA concentrations 
were associated with increased risk of 
low-adiponectin and high-leptin cord 

blood levels among male neonates 

Cross-sectional 
study (Italy) / 
Menale et al. 

(2017) 

141 prepubertal obese 
children 

BPA measured in one spot 
urine sample using HPLC-

MS/MS. Quality details 
described. 

Insulin resistance was assessed 
using the homeostasis model 

assessment (HOMA) as fasting 
insulin (pmol L−1) × fasting glucose 

(mmol L−1)/135. 
Serum triglycerides and HDL 

cholesterol levels. 
Serum adiponectin and resistin 

levels 

ELISA 

Higher BPA concentrations were 
associated with increased HOMA values 

and decreased adiponectin levels, 
showing an association with insulin 

resistance 
 

These results were experimentally 
confirmed in vitro in adipocytes obtained 
from 8 normal weight prepubertal boys 

Mother-child 
cohort 

(Mexico) / 
Watkins et al. 

(2016) 

250 pregnant women and 
their peripubertal children 

(8-14 years) 

BPA measured in one 
maternal spot urine sample 
during the third trimester of 
gestation using HPLC-MS/MS 

following QA/QC 
 

BPA was also analyzed in one 
spot urine sample from boys 

at 8-14 years of age 

Fasting serum c-peptide, glucose, 
IGF-1, leptin, and glucose 

concentrations among children at 
follow-up 

 
A measure of insulin resistance 
similar to HOMA-IR (c-peptide-

based measure of insulin resistance 
[CP-IR]): [fasting serum c-peptide × 

fasting serum glucose/405] 

Chemiluminescent enzyme 
immunoassay 

 
RIA 

Higher childhood BPA concentrations 
were associated with increased serum 
leptin levels among peripubertal boys 

 
Maternal prenatal BPA exposure was not 
associated with peripubertal markers of 

metabolic function 

Mother-child 
cohort (Mexico) / 
Perng et al. (2017) 

248 pregnant women and 
their peripubertal children 

(8-14 years) 

BPA measured in three 
maternal spot urines (each 
trimester of gestation), and 
the average concentration 

was used. HPLC-MS/MS with 
QA/QC. 

 
BPA was also analyzed in one 
spot urine sample from boys 
and girls at 8-14 years of age 

TC, HDL-C, LDL-C and TG levels Automated biochemical analyzer 

Maternal prenatal or peripubertal BPA 
concentrations were not associated with 
any disruption of levels of lipids studied 

in serum 
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Cross-sectional 
analysis from the 
NHANES survey 

2003-2010 (USA) / 
Eng et al. (2013) 

Around 800 Children aged 6-
18 years 

BPA measured in one spot 
urine sample using HPLC-
MS/MS following QA/QC 

Fasting TC, HDL-C, LDL-C, TG, 
insulin and glucose levels. HOMA-IR 

was calculated 
Automated analyzer 

BPA concentrations were not associated 
with any of these cardiometabolic 

markers in children 

Prospective study 
(Korea) / Lee et al. 

(2013) 

80 preadolescent girls (7-8 
years). 48 came back one year 

later for re-evaluation 

BPA measured in two spot 
urine samples, one at baseline 
and the other one-year later 

using HPLC coupled to a 
fluorescence detector. No 

reference to QA/QC 

 
Serum insulin and plasma glucose 
levels. HOMA-IR was calculated. 

LH, fT, androstendione and DHEA, 
free E2 levels 

 

 
 

Immunoradiometric assay 
 
 
 

ELISA 
 

At baseline, girls in third tertile of BPA 
concentrations tended to present 

increased levels of all metabolic and 
hormonal parameters 

At 1 year later, there were significant 
differences for HOMA-IR between girls in 

third tertile compared to those in the 
lowest exposed tertile, in addition to 

altered hormonal levels 

Cross-sectional 
analysis (USA) / 

Khalil et al. (2014) 

39 overweight and obese 
male and female children 

aged 3-8 years 

BPA measured in one spot 
urine sample using HPLC-
MS/MS following QA/QC 

procedures 

Fasting insulin, glucose and HbA1C. 
HOMA-IR was calculated. 

LDL-C, HDL-C, TC, TG levels 
Liver profile: ALT, AST. Thyroid 

profile: TSH and FT4. levels 

Automated analyzer (Beckman 
Coulter) 

 

BPA concentrations were associated with 
increased insulin and HOMA-IR values, in 
addition to elevated FT4 and serum AST 

levels 

Endothelial dysfunction 

Cross-sectional 
analysis from the 
NHANES survey 

2009-2010 (USA) / 
Trasande et al. 

(2013) 

710 Children aged 6-19 years 

BPA measured in one spot 
urine samples using HPLC-

MS/MS following QA/QC 
measures 

First morning urinary albumin to 
creatinine ratio (ACR) 

Solid-phase 
fluorescentimmunoassay 

BPA concentrations were associated with 
higher ACR levels in children, a marker of 

early endothelial dysfunction 
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Cross-sectional 
analysis (China) / 

Li et al. (2012) 
3055 adults (mean age: 60) 

BPA measured in one spot 
urine sample using HPLC-

MS/MS. Some quality 
measures described. 

Urinary albumin to creatinine ratio 
(ACR) 

Immunoturbidimetry 
BPA concentrations were associated with 

a higher risk of low-grade albuminuria 
among Chinese adults 

Cross-sectional 
pilot study (USA) / 

Kataria et al. 
(2017) 

41 children (aged 10-13 
years) 

BPA and BPS measured in one 
spot urine sample using 
HPLC-MS/MS following 

QA/QC measures 

HOMA-IR 
Urinary ACR 

8OHdG and 8-isoprostane 
Automated analyzer and ELISA kits 

 
BPS concentrations were associated with 

an increased ACR 
BPA concentrations were associated with 
increased oxidant stress (8-isoprostane 

levels) 
 

Case-control studies - PCOS women 

Case-control PCOS 
study (Italy) / 

Tarantino et al. 
(2013) 

 

40 women with PCOS and 20 
healthy age-matched controls 

Total BPA measured in one 
serum sample using ELISA 

kits. All samples were 
measured in duplicate. 

Serum fasting glucose and insulin 
(HOMA-IR), liver enzymes, CRP, IL-

6 
 

Chemiluminescent enzyme 
immunoassay 

 
Ultrasonography 

 

Serum BPA concentrations positively 
correlated with insulin resistance, 

hepatic steatosis and markers of low-
grade inflammation in premenopausal 

women with PCOS 

Adult Studies – Insulin resistance and type 2 diabetes 

Cross-sectional 
analysis from the 

CHMS (2009-
2011) / 

Tai and Chen, 
(2016) 

2405 participants (aged 3-79 
years) 

BPA measured in one spot 
urine sample using GC-

MS/MS following QA/QC 

Fasting blood glucose (n=2405) and 
glycated hemoglobin (HbA1c) 

(n=1915) 
Chemiluminescence immunoassay 

Higher BPA concentrations were 
associated with higher HbA1c levels 

suggesting a deleterious effect on glucose 
homeostasis among adult men, but not in 

women and children 

Cross-sectional 
analysis from the 
NHANES (USA) 
(2003-2008) / 

Silver et al. (2011) 

4389 adult men and women 
participants 

BPA measured in one spot 
urine sample using HPLC-
MS/MS following QA/QC 

measures 

Fasting serum HbA1c levels HPLC 

Higher BPA concentrations were 
associated with increased HbA1c levels, 
especially on the 2003-2004 NHANES 

cycle 



Annexes 
 

258 
 

Cross-sectional 
analysis from the 
NHANES (USA) 
(2005-2008) / 
Beydoun et al. 

(2014) 

1586 adult men and women 
(mean age of 45 years) 

 

BPA measured in one spot 
urine sample using HPLC-
MS/MS following QA/QC 

measures 

Fasting blood and insulin levels 
HOMA was calculated 

_ 
Higher BPA concentrations were 

associated with greater insulin levels and 
insulin resistance, especially among men 

Cross-sectional 
analysis from the 
NHANES (USA) 
(2003-2008) / 

(Sabanayagam et 
al. 2013) 

3516 adult participants 
(mean age: 44 years) 

BPA measured in one spot 
urine sample using HPLC-
MS/MS following QA/QC 

measures 

Plasma glucose levels 
 

HbA1c levels 
 

Prediabetes was defined as fasting 
plasma 

glucose concentration of 100–125 
mg/dL 

or an A1C value of 5.7–6.4 % among 
those without diabetes 

Modified hexokinase method 
HPLC 

BPA concentrations were associated with 
a higher risk of prediabetes, which was 

stronger among women and obese 
subjects 

Cross-sectional 
analysis from the 
NHANES (USA) 
(2003-2008) / 

Shankar and 
Teppala, (2011) 

3967 adult men and women 
(mean age: 45 years) 

BPA measured in one spot 
urine sample using HPLC-
MS/MS following QA/QC 

measures 

Fasting serum glucose levels 
 

Diabetes was defined as a fasting 
serum glucose ≥126 mg/dL, non-

fasting serum glucose ≥200 mg/dL, 
and/or HbA1c >6.5% or self-

reported use of diabetic medication 

Modified hexokinase method 
BPA concentrations were associated with 
the risk of diabetes mellitus independent 

of other risk factors 

Cross-sectional 
analysis (China) / 
Ning et al., (2011) 

3423 adults (median age 59 
years) 

BPA in one spot urine sample 
using HPLC-MS/MS following 

quality control measures 

Plasma glucose, plasma glucose 2-
hours after a glucose tolerance test, 

serum insulin 

Glucose oxidase method on an 
autoanalyzer and serum 

insulin measured using an 
electrochemiluminescence 

assay 

The second and fourth quartile of BPA 
concentrations, but not the third, were 

associated with an increased risk of type 
2 diabetes 

Cross-sectional 
analysis (China) / 

Wang et al., (2012) 
3390 adults (mean age: 60) 

BPA measured in one spot 
urine sample using HPLC-

MS/MS. Quality control 
measures are described in 

detail 

Plasma glucose and serum insulin 
levels 

Insulin resistance was defined as a 
HOMA-IR index > 2.5 

Glucose was measured using the 
glucose oxidase method on an 

autoanalyzer. Insulin was measured 
by electrochemiluminescence assay 

In non-overweight participants, BPA 
concentrations were associated with an 

increased prevalence of insulin 
resistance 

Cross-sectional 
analysis from the 

Thai National 
Health 

Examination 
Survey (2009) / 
Aekplakorn et al. 

(2015) 

2581 participants 
Total BPA measured in one 
serum sample using ELISA 

kits 

Fasting plasma glucose. 
 

Impaired fasting glucose (IFG) was 
defined as ≥100 and < 126 mg/dL 

Diabetes was defined as >126 
mg/dL 

- 
BPA concentrations were not associated 
with impaired fasting glucose, but with 

type 2 diabetes 
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Cross-sectional 
analysis (Korea) / 
Hong et al. (2017) 

296 healthy women (aged 30-
49 years) 

BPA measured in one spot 
urine sample using HPLC-

MS/MS. No reference to 
QA/QC 

Fasting plasma glucose and serum 
insulin levels. 

Calculation of HOMA-IR 

Glucose oxidase method. 
Insulin was measured using a 

radioimmunoassay 

BPA concentrations were positively 
associated with fasting serum insulin 

levels and HOMA-IR 

Prospective study 
(China) / Bi et al. 

(2016) 

2209 nondiabetic middle-age 
and elderly subjects followed 

during 4 years 

BPA measured in one sport 
urine sample at baseline 

using HPLC-MS/MS. Some 
quality details reported. 

Genetic risk score (GRS) based on 
34 common genetic variants for 

Type 2 Diabetes. 
Fasting plasma glucose (FPG) levels 

at baseline and follow-up 

Glucose oxidase method on an 
autoanalyzer 

The GRS modified the effect of BPA 
exposure on 4-year changes in FPG 

levels. In the highest quartile of GRS, BPA 
concentrations were associated with 

increases in FPG levels, while no 
associations were found in the lower 

three quartiles of the GRS 

Cross-sectional 
analysis (Italy) / 
Savastano et al. 

(2015) 

76 adult men 

Total BPA measured in one 
plasma sample using 

commercial ELISA kits. All 
samples were measured in 

duplicate. 

TC, HDL-C, LDL-C, TG 
Plasma glucose and insulin. HOMA 

was calculated. 
 

Plasma MCP-1, IL-6 and TNF-α 

ELISA and commercial kits 
BPA concentrations correlated with 

insulin resistance, TG and inflammatory 
markers IL-6 and TNF-α but not MCP-1 

Cross-sectional 
study (Korea) / 

Choi et al. (2017) 

200 healthy adults (96 men 
and 104 women, 30-64 years 

of age) 

BPA measured in one spot 
urine sample using HPLC-

MS/MS. Some quality aspects 
were reported. 

Fasting serum hs-CRP levels Turbido-immunometric assay (TIA) 

Higher BPA concentrations were 
associated with higher hs-CRP levels, 

independently of other cardiometabolic 
risk factors 

Cross-sectional 
analysis from the 
NHANES (USA) 
(2003-2004) / 

Lang et al. (2008) 

1455 adult men and women 
(range of age: 18-74 years) 

BPA measured in one spot 
urine sample using HPLC-
MS/MS following QA/QC 

measures 

CRP 
GGT, lactate dehydrogenase (LD), 

and alkaline phosphatase (AP) 
TG 

LDL-C 
Fasting 

glucose and insulin 

Latex-enhanced nephelometry 
(CRP); enzymatic method (GGT, LD, 

AP, TG); immunoenzymometric 
assay (insulin and glucose); 

estimation from TC, TG and HDL-C 
values (LDL-C) 

Higher BPA concentrations were 
associated with clinically abnormal levels 

of GGT, LD and AP 
 

BPA was also positively associated with 
CRP, insulin and glucose levels in 

unadjusted analysis, but these 
associations were attenuated in adjusted 

models 
 

No associations with levels of LDL-C or 
triglycerides were observed 

Cross-sectional 
NHANES (USA) 
(2003-2006) / 

Melzer et al. 
(2010) 

2780 adult participants (18-
74 years) 

BPA measured in one spot 
urine sample using HPLC-
MS/MS following QA/QC 

measures 

Liver enzymes: GGT, AP, LD levels Enzymatic method (GGT, LD, AP) 

BPA concentrations were still associated 
with clinically abnormal levels of LD and 

AP levels in the 2003-2004 and 2005-
2006 pooled surveys, but the previously 
observed association with GGT did not 

remain 
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Prospective 
analysis (Korea) / 
Lee et al. (2014) 

 

560 elderly participants 

BPA measured in spot urine 
samples up to 5 visits using 

HPLC-MS/MS following 
QA/QC procedures 

Liver enzymes: AST, ALT, GGT 
levels 

Serum AST, ALT and γ-GTP 
measured using an autobiochemical 

analyser 

BPA concentrations were associated with 
the three liver markers. Subjects above 
the median BPA concentrations showed 

increased abnormal liver function 

Longitudinal 
cohort of elders / 
Rönn et al. (2014) 

890 men and women around 
70 years of age 

Total BPA measured in serum 
using HPLC-MS/MS. Some 

quality aspects were 
reported. 

Fasting serum leptin, adiponectin 
and ghrelin levels 

RIA and ELISA 

Higher BPA concentrations were 
positively associated with leptin and 

adiponectin levels and negatively 
associated with the gut-hormone ghrelin 

Cross-sectional 
analysis (China) / 
Zhao et al. (2012) 

246 healthy premenopausal 
women with regular 

menstrual cycles 

BPA measured in one spot 
urine sample using HPLC-

MS/MS. Some quality details 
described. 

Fasting serum leptin, estradiol, 
osteocalcin and N-terminal 

telopeptides of type I collagen 
(NTx) 

Immunofluorescence (E2), RIA 
(leptin), Immunoradiometry 
(osteocalcin), ELISA (NTxs) 

Higher urinary BPA concentrations were 
associated with higher serum leptin 

levels 

Cross-sectional 
analysis (Serbia) / 

Milošević et al., 
(2017) 

103 healthy women in 
reproductive age  

BPA measured in one spot 
urine sample using GC-

MS/MS. Some quality aspects 
mentioned. 

Fasting serum TG, HDL-C and LDL-C 
levels 

 
Standard automated laboratory 

methods 

BPA concentrations were associated with 
increased obesity but not with TG, HDL 

or LDL cholesterol levels 

Nephropathy studies 

Clinical 
prospective study 

/ 
Hu et al. (2015) 

121 patients with T2D and 
eGFR ≥60 mL/min/1.732 

Total BPA measured in one 
serum sample at recruitment 

(ELISA kit) 

eGFR calculated as the serum 
creatinine-cystatin equation 

 
CKD was defined as an eGFR < 30 

mL/min/1.732 

Automatic biochemical analyzer 

BPA concentrations were negatively 
associated with the annual change in 
eGFR and percentage change in eGFR. 

Patients with higher BPA concentrations 
had about a sevenfold increased risk of 

developing CKD through the study 
follow-up 
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Clinical 
prospective study 
(China) / Hu et al. 

(2016) 

302 patients with primary 
hypertension (195 men and 

107 women, mean age 65 
years) were followed during 6 

years 

Total BPA measured in one 
serum sample at baseline 

(ELISA kit) 

eGFR calculated as the serum 
creatinine-cystatin equation 

 
Development of CKD stage 3 or 
greater was defined as baseline 

eGFR ≥60 ml/min per 1.73 m2, and 
eGFR<60 ml/min per 1.73 m2 at 

last follow-up 

Automatic biochemical analyzer 

BPA concentrations were negatively 
associated with the annual change in 

eGFR. Patients with higher BPA 
concentrations at baseline had a five-fold 

risk of developing CKD throughout the 
follow-up 

Vitamin D 

Cross-sectional 
analysis NHANES 

(USA) (2005-
2010) / Johns et al. 

(2016) 

4724 adult men and women 
BPA in one spot urine sample 
using HPLC-MS/MS following 

QA/QC measures 
Serum total 25-OH-vitamin D levels LC-MS 

BPA concentrations were associated with 
reduced vitamin D levels in women but 

not men 

Mother-child 
cohort (USA) / 

Johns et al. (2017) 
447 mother-child pairs 

BPA measured in two spot 
urine samples at 10 and 26 

weeks of gestation using 
HPLC-MS/MS following 

QA/QC 

Serum 25-OH-vitamin D levels at 10 
and 26 weeks of gestation 

Chemiluminescence immunoassay 
Total 25(OH)D was measured 

 

Participants with greater BPA 
concentrations presented lower vitamin 

D levels. Additionally, BPA 
concentrations were associated with a 

higher risk of vitamin D deficiency 

Case-control study 
(Turkey) / 

Erden et al. (2014) 

128 adults 
43 control subjects and 85 
subjects with obstructive 

sleep apnea 

Free serum BPA 
concentrations using HPLC-

UV detector. Some details 
described. No mention to 

QA/QC. 

Serum 25-OH-vitamin D and PTH 
levels 

Chemiluminescence immunoassay 

BPA concentrations were negatively 
associated with serum vitamin D levels in 

all the participants. 
BPA was not associated with PTH levels 

a Total BPA (free plus conjugated) in urine, total and/or free BPA in blood, and total and/or free BPA in tissue.  

Abbreviations: Alanine aminotransferase (ALT); albumin to creatinine ratio (ACR); alkaline phosphatase (AP); aspartate transferase (AST); C-reactive protein (CRP); estradiol (E2); high-sensitivity CRP (hs-

CRP); gestational diabetes mellitus (GDM); high-density lipoprotein cholesterol (HDL-C); homeostasis model assessment for insulin resistance (HOMA-IR); impaired glucose tolerance (IGT); 

dehydroepiandrosterone (DHEA); estimated glomerular filtration rate (eGFR); enzyme-linked immunoassay (ELISA); fasting plasma glucose (FPG); free thyroxine (FT4); gamma-glutamyl transpeptidase 

(GGT); gas chromatography tandem mass spectrometry (GC-MS/MS); genetic risk score (GRS); glycated hemoglobin (HbA1c); high-performance liquid chromatography tandem mass spectrometry (HPLC-

MS/MS); interleukin (IL); insulin-like growth factor 1 (IGF-1); lactate dehydrogenase (LD); low-density lipoprotein cholesterol (LDL-C); luteinizing hormone (LH); macrophage chemoattractant protein 1 

(MCP-1); national health and nutrition examination survey (NHANES); parathyroid hormone (PTH); quality assurance and quality control (QA/QC); radioimmunoassay (RIA); tumor necrosis factor-alpha 

(TNF-α); thyroid stimulating hormone (TSH); testosterone (T); total cholesterol (TC); triglycerides (TG); ultraviolet radiation (UV); 8-hydroxydeoxy-guanosine (8OHdG).
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Supplemental Table 9. Human biomonitoring studies addressing the relationship between BPA exposure and immune, inflammatory and allergy biomarkers (n=5). 

Study 
design/Reference 

Study population 
Bisphenol exposure 

assessmenta  
Matrix/biomarker(s) Analytical method Main results 

Immunoglobulin E 

Mother-child 
cohort (Canada) / 
Ashley-Martin et 

al. (2015) 

1137 mother-child pairs 

BPA measured in one first-
trimester spot urine sample 
using GC-MS/MS following 

QA/QC measures 

Umbilical cord plasma IgE, TSLP and 
IL-33 levels 

ELISA kits 

BPA concentrations were non-linearly 
associated with IL-33 and TSLP levels. 
No associations with IgE levels were 

observed 

Prospective 
analysis (Taiwan) 

/ Wang et al. 
(2016) 

453 children 

BPA measured in one spot 
urine sample at 3 and 6 years 

of age using HPLC-MS/MS 
following a previously 

validated methodology. 

Serum IgE levels at ages 3 and 6 ELISA kit 

BPA concentrations at age 3 were 
associated with higher IgE levels, 

particularly in girls. Similar significant 
results were also found at age 6 

BPA concentrations at age 3 were 
prospectively associated with IgE levels. 

IgE levels mediated 70% of the total 
effect of BPA concentrations on asthma 

risk 
 

Cross-sectional 
analysis from 

NHANES (USA) 
(2005-2006) / 

Vaidya and 
Kulkarni, (2012) 

2548 adults (mean age 39 
years) 

BPA measured in one spot 
urine sample using HPLC-
MS/MS following QA/QC 

measures 

Total IgE and 19 allergen-specific 
IgE levels 

Asthma diagnosis 
ImmunoCAP 1000 System. 

BPA was associated with allergic asthma 
in females, and was significantly 

associated with sensitization to various 
specific allergens in a dose–response 

manner 

Other markers 

Cross-sectional 
analysis (Korea) / 
Song et al. (2017) 

141 elder participants (>60 
years) with cardiovascular 

problems 

 
BPA measured in one spot 
urine sample using HPLC-

MS/MS- 
 

Blood WBC and serum CRP and IL-
10 levels 

Cell counter and ELISA kits 

BPA concentrations were associated with 
a higher WBC. Non-linear associations 

were observed for serum CRP and IL-10 
levels 
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Cross-sectional 
analysis from 

NHANES (USA) 
(2003-2006) / 
Clayton et al. 

(2011) 

787 participants (335 
children aged 6-18 years, and 

452 adults) 

BPA measured in one spot 
urine sample using HPLC-
MS/MS following QA/QC 

measures 

Serum cytomegalovirus (CMV) 
antibody levels 

 
ELISA kit 

In adults (≥18 years), higher BPA 
concentrations were associated with 

higher CMV antibody levels 
 

In children (6-18 years), higher BPA 
concentrations were associated with 

lower CMV antibody levels 

 

a Total BPA (free plus conjugated) in urine, total and/or free BPA in blood, and total and/or free BPA in tissue.  

Abbreviations: Cytomegalovirus (CMV); C-reactive protein (CRP); enzyme-linked immunosorbent assay (ELISA); gas chromatography tandem mass spectrometry (GC-MS/MS); high-performance liquid 

chromatography tandem mass spectrometry (HPLC-MS/MS); interleukin (IL); immunoglobulin E (IgE); national health and nutrition examination survey (NHANES); thymic stromal lymphopoietin (TSLP); 

white blood cells (WBC). 
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9.2 Supplementary Material. Article 2 

Supplemental Table 1. Summary of epidemiological studies that have analyzed BPA exposure in relation to both children’s behavior and cognitive function. 

Authorship/ 
Study design 

Study population BPA exposure assessment 
Neurodevelopmental 

evaluation 

B
e

h
a

v
io

r 

C
o

g
n

it
iv

e
 

Main Results 

Maserejian et al. (2012a) 
NECAT Study Randomized 
Clinical Safety Trial (USA) 

434 multiethnic 
children. Recruited 
between 1997-2005 

Estimation of cumulative 
exposure from dental 
treatment (composite vs. 
amalgam or urethane 
material), establishing 
surface-years categories; at 
4-5 years of follow-up. 

BASC-SR (self-
reported) at 8 years. 
 
CBCL, by parents, at 6 
to 10 years. 

X  

Higher exposure to bisphenol A-glycidyl methacrylate (bisGMA)-based 
composite was associated with worse scores on three out of four BASC-
SR scales: Emotional symptoms (β= 0.8;  p= 0.003), clinical 
maladjustment (β= 0.7; p= 0.02) and personal adjustment (β= 0.8; 
SE=0.2; p= 0.002). 

Maserejian et al. (2012b) 
Secondary analysis 
with 444 children 

Idem 

WISC-III 
WIAT 
WRAML 
WRAVMA 
COWAT 

 X 
Higher exposure to dental composite materials containing bisGMA was 
not statistically associated with cognitive function scores at the 4-5 years 
follow-up. 

Casas et al., 2015 
INMA-Sabadell prospective 
mother-child cohort (Spain) 

 

438 children at 1, 4 
and 7 years of age 

 
 
Two spot maternal urine 
samples, at the first and third 
trimester of pregnancy.  
 

BSID at 1 year 
 
MSCA at 4 years 

 X 
Psychomotor development: At 1 year of age, highest BPA exposure was 
associated with a reduction of psychomotor scores (T3 vs.T1: β= -4.28, 
95%CI: -8.15, -0.41). The association disappeared at 4 and 7 years. 
 
Cognitive development: No associations were found between BPA and 
cognitive development (age 1 and 4 years). 
 
Behavior development: BPA exposure was associated with increased 
risk of ADHD-hyperactivity symptoms [(IRR) per log10 μg BPA/g 
creatinine increase= 1.72; 95%CI: 1.08, 2.73), which was stronger in 
boys than in girls at 4 years of age. At 7 years, all these associations were 
no longer present 

 
ADHD-DSM-IV  
at 4 years (by 
teachers) 
 
CPRS and SDQ 
at 7 years (by parents) 

X  
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Philippat et al., 2017 
EDEN mother-child cohort 
(France) 

529 mother-son pairs. 
Recruited between 
2003-2006 
 

Phenols and phthalate 
metabolites in maternal spot 
urine samples collected 
between 22 and 29 
gestational weeks. 

SDQ at 3 and 5 years of 
age (by mothers) 

X  

Maternal prenatal urinary BPA was positively associated with 
relationship problems at 3 years [Incidence Rate Ratio (IRR): 1.11; 95% 
CI: 1.03, 1.20] and hyperactivity–inattention at 5 years (IRR: 1.08; 95% 
CI: 1.01, 1.14)]. 

Nakiwala et al., 2018 
EDEN cohort 

452 mother-son 
dyads 

Idem 
WPPS-III at 5–6 years 
(by psychologists) 

 X 
BPA exposure was not associated with cognitive development (boys’ 
verbal or performance IQ). 

Braun et al., 2017a 
MIREC prospective mother-
child cohort, Canada. 

812 mother-child 
pairs  

Spot maternal urine sample 
at an average of 
12.1 weeks of gestation 

Cognitive abilities at 3 
years:  
WPPSI-III (by trained 
study staff) 

 X  
BPA was not associated with cognitive development (any WPPSI-III 
scale). 
 
BPA was associated with diverse behavior problems such as more 
internalizing and somatic problems, among boys, but not in girls.  
 
Several associations were found between BPA and BRIEF-P scores in 
boys (such as poorer working memory).  
 
BPA was associated with poorer social skills among all the children. 

Behavior BASC-2 at 3 
years (by parents) 
Executive function 
BRIEF-P (by parents) 
SRS (Social 
competence) (by 
parents) 

X  

Hong et al., 2013 
Cross-sectional study 
(Korea) 

 
 
1008 children 
Ethnicity: Asiatic 

 
 
One spot urine sample 

CBCL at 8-11 years 
(by parents) 

X  
BPA levels were positively associated with behavior [CBCL total score 
(β= 0.85; 95%CI: 0.26, 1.44)] and learning problems [LDES total score 
(β= -1.90; 95%CI: -3.5, -0.30)]. Further, anxiety-depression score (β= 
1.07; 95%CI: 0.57, 1.58) and listening score (β= -0.81; 95%CI: -1.27, -
0.34) remained after correction for multiple comparisons. 
 

LDES at 8–11 years 
(by parents) 

 X 

Braun et al., 2011 
HOME Study. Prospective 
mother-child cohort (USA). 

 
 
244 mother-child 
pairs 

Average of BPA 
concentrations from three 
spot urine samples collected 
throughout pregnancy 

Behavior (at 3 years). 
BASC-2 (by parents) 

X  Gestational BPA exposure was associated with higher scores of anxiety, 
hyperactivity, emotional control, and behavioral inhibition. Each 10-fold 
increase in BPA concentrations was associated with more anxious and 
depressed behavior and poorer emotional control and inhibition. The 
effect differed according to child sex (larger among girls than boys).  

Executive function (at 
3 years). BRIEF-P (by 
parents) 

 X 

Stacy et al., 2017 
HOME Study (follow-up) 

 
 

Average of BPA 
concentrations from two 
maternal spot urine samples. 

Behavior (at 8 
years)BASC-2 

X  
Prenatal urinary BPA concentrations were associated with more 
maladaptive behaviors, specifically externalizing problems among girls. 
In boys, postnatal urinary BPA concentrations at 8 years of age were 
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228 mother-child 
pairs 

 
BPA measured in spot urine 
samples at 1, 2, 3, 4, 5 and 8 
years of age. 

BRIEF 
 
WISC-IV 

 X 

associated with more behavioral, executive function, and cognitive 
impairments. Children’s urinary BPA concentrations at most ages were 
not associated with worse WISC-IV scores, except at 8-years of age 
where BPA was inversely associated with overall cognition, verbal 
abilities, and speed of mental processing. 

Braun et al., 2017b 
HOME Study (another 
analysis) 

 
346 mother-child 
pairs 
 

BPA measured in spot urine 
samples at 16 and 16 weeks 
of gestation. 

BASC-2 (at 2,3,4,5 and 
8 years) 

X  
Prenatal BPA concentrations were persistently associated with more 
externalizing behaviors among girls from ages 2-8 years, enduring to 
school-age. In contrast, BPA concentrations were not associated with 
child cognitive and language abilities, gross and fine motor skills, or 
children’s overall cognitive ability. 

BSID-II (at 1,2,3 years) 
WPPSI-III and WISC-IV 
(at 5 and 8 years) 

 X 

Braun et al., 2017c 
HOME Study (a new 
computerized test) 

198 mother-child 
dyads 

BPA measured in spot urine 
samples at 16 and 16 weeks 
of gestation. 
 

Visual-spatial abilities 
(at 8 years) 
VMWM 
Computerized test 

 X 
Prenatal BPA exposures were not associated with children's visual-
spatial abilities at 8 years of age assessed with VMWM performance. Sex 
did not consistently modify these associations. 

Jensen et al., 2019 
Odense Child Cohort 
(Denmark) 

796 mother-child 
pairs 

BPA measured in one spot 
maternal urine sample at 
gestational week 28  

535 parents completed 
the MB-CDI test 
(between 18 and 36 
months of age) 

 X 
Higher urinary BPA levels were associated with lower language ability 
score in boys, but no associations were found in girls. 
 
 
No associations were observed between BPA and ADHD, or other 
behavioral outcomes. 

658 parents completed 
the CBCL 1½-5 (1.5 to 
5 years of age)  

X  

Pérez-Lobato et al., 2016 
INMA-Granada cohort 
(Spain) 

269 children 
Single spot urine sample at 9-
12 years old 

CBCL/6-18 completed 
by parents (9 to 12 
years of age) 

X  

Among boys between 9 to 12 years of age, BPA was associated with 
somatic complaints and thought problems. Higher BPA concentration 
were associated with higher risk of a T-score above 60 in thought 
problems, rule-breaking problems and total problems than those with 
low urinary BPA concentrations. 

Present study 
INMA-Granada cohort 
(Spain) 

K-BIT; CPT; TAVECI; 
TMT; WISC-IV; FAS; 
STROOP 
(by a trained 
phycologist) 

 X 
No consistent associations were found between urinary BPA 
concentrations and impulsivity, interference and processing speed. Only 
a possible association towards poorer working memory was observed. 

EDEN: Study of pre- and early postnatal determinants of the child’s development and health; HOME: Health Outcomes and Measures of the Environment;  INMA: Infancia y Medioambiente 

(Childhood and Environment); MIREC: Maternal-Infant Research on Environmental Chemicals; NECAT: New England Children's Amalgam Trial; ADHD-DSM-IV: Attention deficit 

hyperactivity disorder-Criteria of Diagnostic and Statistical Manual of Mental Disorders-4th Edition; BASC-2: Behavior Assessment System for Children–2; BRIEF-P: Behavior Rating 

Inventory of Executive Function–Preschool; BSID-II: Bayley Scales of Infant Development; CBCL 1½-5: Child Behavior Checklist for ages 1½-5; COWAT: Controlled Oral Word Association 

Test; CPRS: Conner's Parent Rating Scales; CPT: Continuous Performance Test; FAS: Verbal Fluency Test; K-BIT: Kaufman Brief Intelligence Test; LDES: Learning Disability Evaluation 

Scale; MB-CDI: MacArthur-Bates Communicative Development Inventories (“Words and Sentences”); MSCA: McCarthy Scales of Children's Abilities; SDQ: Mothers completed the Strength 

and Difficulties Questionnaire; SRS-2: Social Responsiveness Scale TM–2; STROOP: Stroop Color and Word Test; TAVECI: Complutense-Spain Madrid verbal learning test; TMT A and B: 

Trail Making Test; VMWM: Virtual Morris Water Maze; WIAT: Wechsler Individual Achievement Test; WISC-III: Wechsler Intelligence Scale for Children-Third Edition; WISC-IV: Wechsler 
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Intelligence Scale for Children-Fourth Edition; WPPSI-III: Wechsler Primary and Preschool Scale of Intelligence TM-III; WRAML: Wide Range Assessment of Memory and Learning; 

WRAVMA: Wide Range Test of Visual-Motor Ability. *Many different neurobehavioral tests have been used to assess behavior and cognition in relation to BPA exposure, among many 

other psychological dimensions (learning, social interaction, specific abilities). For reasons of simplicity, we decided to group those tests assessing behavioral components (BASC-2, CBCL, 

SDQ, ADHD-DSM-IV) in the “behavior” group while tests assessing cognitive abilities, IQ, executive function, psychomotor development learning and language development where grouped 

in the “cognitive” column. However, it should be noted that executive function, learning and language development go beyond specific cognitive domains.
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9.3 Supplementary Material. Article 3 

 

 

Figure S1. Boxplot of BDNF DNA methylation at Exon IV of six CpG islands and the 
mean methylation of CpGs. The Y-axis presents the percentage of DNA methylation. 

 

 
Note: Circles and stars represent 

outliers. 
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Figure S2. Tertile analysis of selected associations among BPA, BDNF DNA methylation and thought problems t-scores. Brown color (BPA-
thought problems); blue color (BPA-BDNF methylation); and green color (BDNF methylation-thought problems). 
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Table S1. Comparison of characteristics between the final study 
population and boys that participated in the previous follow-up at 9-11 
years of age. 

 
 

 

Characteristi
cs 

Study population with 
BPA at 9-11 y. and 

behavior data at 15-
17yrs. (n=130) 

Rest of sample with BPA 
at 9-11 yrs. that did not 
attend the latest follow-
up (n=139) 

 
 

P-
valuea 

Child BPA 
concentrations 
(µg/g) 

 
5.41 (3.05, 

10.6) 

 
4.41 (2.46, 9.06) 

 
0.072 

Child age (yrs) 9.82 (9.67, 
10.0) 

9.82 (9.67, 10.1) 0.861 

Child cotinine 
(ng/mL) 

7.38 (2.00, 
18.7) 

9.15 (2.00, 29.9) 0.255 

Child BMI 18.6 (16.3, 
21.4) 

18.4 (16.6, 21.7) 0.720 

Maternal education, 
n (%) 

  
0.066 

Primary 34 (26.1) 29 (20.9)  

Secondary 47 (36.2) 38 (27.3)  

University 49 (37.7) 72 (51.8)  

Child somatic 
problems (t-scores) 

55 (50, 61) 57 (50, 61) 0.549 

Child thought 
problems (t-scores) 

 

51 (50, 58) 
 

51 (50, 58) 
 

0.571 

Child total behavior 
problems (t-scores) 

51.5 (47, 58) 53 (49, 61) 0.517 

 
Data are presented as medians and interquartile ranges (IQRs) for continuous 

variables or n (%) for categorical variables. 

a Value of hypothesis testing calculated using the Kruskal-Wallis test for continuous 

variables and the Chi-square test for categorical variables. 

 
 
 
 

Table S2. Bisulfite-converted primers used for PCR amplification. 
 

Gene Forward primer Reverse primer 

BDNF GATTTTGGTAATTAGTGTATTAGA 
GTGTT 

/5Biosg/ATCAACCAAAAACTC
CATT TAATCTC 
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Table S3. Pearson correlations coefficients among BDNF biomarkers. 
 

Urinary BDNF protein concentrations were normalized by urinary creatinine levels 
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Table S4. Distribution of CBCL behavior t-scores in INMA-Granada adolescent 
boys (n=130). 

 
 

Behavioral 
functions 

 

Syndrome scores Score 
range 

Mean (SD) Median (IQR) 
N (%) 

borderline
/clinical* 

Anxious/Depressed 50-78 54.7 (5.8) 51 (50, 57) 30 (23.1) 

Withdrawn 50-81 56.9 (6.2) 54 (53, 60) 43 (33.1) 

Somatic complaints 50-79 58.0 (7.3) 58 (50, 61) 46 (35.4) 

Social problems 50-75 54.6 (5.7) 51 (50, 58) 28 (21.5) 

Thought problems 50-82 54.5 (5.7) 51 (50, 56) 17 (13.1) 

Attention problems 50-75 55.4 (6.1) 53 (50, 59) 24 (18.5) 

Rule-breaking 
problems 

50-89 53.5 (5.5) 51 (50, 54) 17 (13.1) 

Aggressive behavior 50-81 54.8 (5.5) 52 (50, 58) 27 (20.8) 

Composite scores     

Internalizing 
problems 

50-80 56.7 (6.7) 55 (51, 61) 39 (30.0) 

Externalizing 
problems 

50-69 53.8 (4.4) 51 (51, 57) 18 (13.8) 

Total problems 50-80 57.1 (7.3) 50 (56, 60) 30 (23.1) 

 

CBCL: Child behavior checklist (6–18 years). Higher t-scores mean more problems in all 
scales. 

* T-scores categorized as borderline or clinical (≥60), or normal (<60). 
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Table S5. Mediation analysis showing associations between childhood urinary BPA 

concentrations, BDNF DNA methylation and thought/somatic problems t-scores during 

adolescence (n=103). 

 

BDNF 
methylation 

marker 

 

CBCL scale 

 
Indirect 
effect β 

(95% CI) 

 
Direct 
effect β 

(95% CI) 

 
Total 

effect β 
(95% CI) 

Estimate
d percent 
mediated 

(%)* 

 

 

Log-2 
CpG5 

Thought 
problems 

0.13 (-0.04, 
0.40) 

0.55 (-0.33, 
1.43) 

0.68 (-0.19, 
1.55) 

19% 

Somatic 
Complaints 

0.09 (-0.18, 
0.45) 

0.81 (-0.37, 
1.99) 

0.90 (-0.26, 
2.06) 

10% 

 

Log-2 
CpG6 

Thought 
problems 

 
0.23 (0.01, 

0.57) 

 
0.45 (-0.45, 

1.34) 

 
0.68 (-0.19, 

1.55) 

 
34% 

Somatic 
Complaints 

0.17 (-0.22, 
0.62) 

0.72 (-0.48, 
1.93) 

0.90 (-0.26, 
2.06) 

19% 

 
 

Log-2 CpG 
mean 

Thought 
problems 

 
0.09 (-0.08, 

0.34) 

 
0.60 (-0.30, 

1.49) 

 
0.68 (-0.19, 

1.55) 

 
13% 

Somatic 
Complaints 

 
-0.00 (-0.34, 

0.30) 

 
0.90 (-0.29, 

2.09) 

 
0.90 (-0.26, 

2.06) 

 
0% 

 
Continuous log2-transformed BPA concentrations and CpG methylation percentage, 

and continuous thought problems t-scores were used. Models were adjusted for age 

and BMI z-scores (continuous) at neuropsychological evaluation (15-17 years), 

maternal education (primary, secondary or university), and urinary cotinine at 9-

11y. (continuous). 

a The direct effect, indirect effect, and total effect reflect the natural beta 

coefficients (β) and 95% Confidence Intervals (95% CI). The indirect effect 

represents the mediated effect. 

b Percent mediated = indirect effect/ (direct effect + indirect effect) × 100. 
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9.4 Supplementary Material. Article 4 

 

 

Table S1. Limits of detection (LOD) and limits of quantification (LOQ) of metals and Bisulfite-

converted primers used for PCR amplification 

Metals As Cd Hg Pb 

LOD (μg/L) 0.60 0.01 0.05 0.16 

LOQ (μg/L) 1.81 0.04 0.14 0.48 

Gene Forward primer Reverse primer 

BDNF GATTTTGGTAATTAGTGTATTAGAGTGTT 
/5Biosg/ATCAACCAAAAACTCCATTTAATC

TC 

 

 

Table S2. Correlation between urinary metal concentrations (µg/L) 
 

As Cd Hg Pb 

As 

 

Spearman’s rho 1 0.22 0.52 0.19 

P 
 

0.01 <0.01 0.03 

Cd 

 

Spearman’s rho 0.22 1 0.52 0.36 

P 0.01 
 

<0.01 <0.01 

Hg 

 

Spearman’s rho 0.52 0.52 1 0.10 

P <0.01 <0.01 
 

0.26 

Pb 

 

Spearman’s rho 0.19 0.36 0.10 1 

P 0.03 <0.01 0.26 
 

 

 

Table S3. Distribution of CBCL outcome scores (n=125) 

CBCL scores Range Meana SD Median 
n (%) in 

borderline or 
clinical rangeb 

Syndrome scores      
Anxious depressed 50-79 55.1 6.1 54.0 37 (25.7) 
Withdrawn 50-89 57.5 7.3 54.0 50 (34.7) 
Somatic complaints 50-79 58.1 7.2 58.0 53 (36.8) 
Social problems 50-79 55.1 6.4 51.0 33 (22.9) 
Thought problems 50-82 54.9 6.0 51.0 23 (15.1) 
Attention problems 50-86 56.1 7.0 53.0 31 (20.4) 
Rule-breaking behavior 50-89 54.0 6.2 51.0 22 (15.3) 
Aggressive behavior 50-81 55.2 6.4 52.0 33 (21.7) 
Composite scores      
Internalizing problems 34-79 55.6 9.2 55.0 46 (31.9) 
Externalizing problems 34-79 51.0 9.2 51.0 23 (16.0) 
Total problems 31-84 54.0 9.2 54.0 38 (26.4) 

aFor all scales, raw scores were transformed to T-scores to compare each subject to a normative sample of 

adolescents. 
bAdolescents were grouped in two groups according to the T-score obtained in each scale: clinical or 

subclinical (≥60) and normal (<60) T-score.  

SD: Standard deviation. 

 

 



Annexes 
 

275 
 

Table S4. Linear regression for the association between metal exposure and CBCL scores (n=125) 

CBCL scores 
Metals  

As Cd Hg Pb 
Syndrome scores β (95% CI) β (95% CI) β (95% CI) β (95% CI) 
Anxious depressed 0.02 (-1.10,1.14) 0.44 (-1.88,2.76) 0.04 (-1.48,1.56) -0.58 (-2.23,1.07) 
Withdrawn 0.07 (-1.21,1.34) 0.05 (-2.59,2.70) -0.82 (-2.55,0.92) -0.29 (-2.17,1.59) 
Somatic complaints 0.79 (-0.63,2.21) -2.08 (-5.02,0.86) 0.35 (-1.58,2.28) -0.81 (-2.90,1.28) 
Social problems 0.36 (-0.76,1.47) 1.82 (-0.48,4.12) -1.62 (-3.13,-0.11)* -0.19 (-1.83,1.45) 
Thought problems 0.02 (-1.03,1.06) 1.31 (-0.85,3.47) 0.32 (-1.10,1.74) -0.58 (-2.12,0.97) 
Attention problems -0.09 (-1.14,0.97) 0.84 (-1.34,3.02) 0.27 (-1.16,1.70) -0.74 (-2.29,0.81) 
Rule-breaking behavior -0.70 (-1.65,0.25) -0.57 (-2.54,1.39) 0.04 (-1.25,1.32) 1.11 (-0.29,2.51) 
Aggressive behavior -0.09 (-1.22,1.03) 2.11 (-0.22,4.44)† -0.74 (-2.27,0.79) -0.33 (-1.98,1.33) 
Composite scores     
Internalizing problems 0.99 (-0.87,2.86) -0.71 (-4.57,3.16) -0.25 (-2.78, 2.29) -1.36 (-4.11,1.39) 
Externalizing problems -0.53 (-2.26,1.20) 1.86 (-1.71,5.43) -0.51 (-2.85,1.83) -0.35 (-2.89,2.20) 
Total problems 0.20 (-1.52,1.93) 0.78 (-2.78,4.35) -0.53 (-2.87,1.81) -0.98 (-3.52,1.56) 
Model was adjusted for adolescent’s age (months), BMI (kg/m2), and creatinine (mg/dL), maternal schooling 

(primary/secondary/university) and intelligence, and for all metals simultaneously (continuous). 
aFor all scales, raw scores were transformed to T-scores to compare each subject to a normative sample of adolescents. 

SD: Standard deviation. 

*p<0.05; †p< 0.1 

 

Table S5. Linear regression for the association between metal exposure and effect biomarkers (serum BDNF; 

n=125; BDNF gene DNA methylation, n=113) 

Effect 
biomarkers 

Metals  
As Cd Hg Pb 

 β (95% CI) β (95% CI) β (95% CI) β (95% CI) 
Serum BDNF -0.64 (-2.36,1.08) -2.02 (-2.36,1.55) -0.44 (-2.80,1.91) 1.65 (-0.84,4.15) 
BDNF 
methylation 

    

CpG 1 0.02 (-0.15,0.19) -0.11 (-0.48,0.27) -0.02 (-0.26,0.22) 0.22 (-0.04,0.48)† 
CpG 2 0.08 (-0.02,0.19) -0.06 (-0.29,0.18) -0.04 (-0.19,0.11) -0.02 (-0.17,0.03) 
CpG 3 0.08 (-0.04,0.20) -0.20 (-0.47,0.06) -0.02 (-0.19,0.14) 0.06 (-0.11,0.24) 
CpG 4 0.15 (-0.09,0.39) -0.17 (-0.73,0.38) -0.07 (-0.43,0.30) 0.18 (-0.18,0.54) 
CpG 5 0.12 (-0.04,0.28) -0.06 (-0.42,0.31) -0.04 (-0.27,0.20) 0.03 (-0.21,0.28) 
CpG 6 0.16 (-0.09,0.40) -0.01 (-0.56,0.55) -0.05 (-0.41,0.31) 0.10 (-0.25,0.46) 
CpG total 0.12 (-0.00,0.25)† -0.11 (-0.39,0.18) -0.03 (-0.20,0.15) 0.08 (-0.10,0.27) 

Model was adjusted for adolescent’s age (months), BMI (kg/m2), and creatinine (mg/dL), maternal schooling 

(primary/secondary/university) and intelligence, and for all metals simultaneously (continuous). 

*p<0.05; †p< 0.1 
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Figure S1. Generalized additive models (GAM) for the relationship between urinary 

As concentrations (natural log-transformed concentrations) and adolescents’ 

behavior. Model 1: adjusted for adolescents’ age, BMI, and urinary creatinine (mg/dL), 

maternal education and maternal intelligence, and for all metals simultaneously; 

Model 2: additionally adjusted for passive tobacco smoking and total fish 

consumption. 
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Figure S2. Generalized additive models (GAM) for the relationship between urinary Cd 

concentrations (natural log-transformed concentrations) and adolescents’ behavior. Model 

1: adjusted for adolescents’ age, BMI, and urinary creatinine (mg/dL), maternal education 

and maternal intelligence, and for all metals simultaneously; Model 2: additionally adjusted 

for passive tobacco smoking and total fish consumption. 

 

Table S6. Association between serum BDNF protein levels and CBCL outcome scores 

(n=113).  

CBCL scores 
Serum BDNF protein tertiles (ng/mL) 

1st (16.0-28.0) 2nd (28.3-36.7) 3rd (36.8-56.0) 
p-trend 

Syndrome scores Mean (SD) β (95% CI) β (95% CI) 
Anxious depressed 55.2 (5.1) -0.52 (-3.48,2.44) -0.22 (-3.39,2.95) 0.88 
Withdrawn 59.2 (8.0) -3.77 (-7.00,-0.53)* -3.49 (-6.95,-0.02)* 0.04 
Somatic complaints 59.0 (8.7) -0.76 (-4.60,3.09) -1.73 (-5.85,2.39) 0.41 
Social problems 55.9 (6.3) -1.46 (-4.42,1.50) -2.52 (-5.69,0.65) 0.12 
Thought problems 56.0 (6.3) -1.72 (-4.42,0.98) -2.88 (-5.78,0.01)† 0.04 
Attention problems 55.8 (5.4) -1.21 (-3.86,1.62) -0.80 (-3.74,2.14) 0.58 
Rule-breaking 
behavior 

54.7 (5.7) -1.35 (-3.85,1.14) -1.89 (-4.57,0.78) 0.16 

Aggressive behavior 56.2 (6.2) -1.55 (-4.51,1.41) -1.50 (-4.67,1.68) 0.34 
Composite scores     
Internalizing problems 57.3 (8.8) -4.13(-9.01,0.74)† -2.65 (-7.87,2.58) 0.30 
Externalizing problems 53.3 (9.1) -2.99 (-7.51,1.53) -2.26 (-7.11,2.58) 0.34 
Total problems 55.3 (8.3) -3.85 (-8.28,0.58)† -2.87 (-7.62,1.88) 0.22 

CI: Confidence Interval; SD: Standard deviation.  
aFor all scales, raw scores were transformed to T-scores to compare each subject to a normative 

sample of adolescents. Higher scoring indicated worse behavioral outcomes.  

All models were adjusted for adolescent’s age and BMI, and maternal education and intelligence. 

*p≤ 0.05; †p< 0.10 
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Sensitivity Analyses 

 
Table S7. Adjusted models for the association between tertiles of urinary metal concentrations and CBCL scores (n=125).  

CBCL scores 

Model 1 Model 2 
As tertiles (µg/L) 

1st (LOD-2.29) 2nd (2.31-3.56) 3rd (3.57-6.85) 
p-trend 

1st (LOD-2.29) 2nd (2.31-3.56) 3rd (3.57-6.85) 
p-trend 

Mean (SD) β (95% CI) β (95% CI) Mean (SD) β (95% CI) β (95% CI) 

Syndrome scores         
Anxious depressed 54.2 (5.1) 1.18 (-1.91,4.28) 0.44 (-2.65,3.52) 0.80 54.5 (5.2) 1.40 (-1.88,4.67) 0.36 (-2.84,3.56) 0.88 
Withdrawn  57.1 (6.0) -0.62 (-4.17,2.94) -0.77 (-4.31,2.78) 0.67 57.2 (6.2) -0.50 (-4.23,3.24) -0.44 (-4.08,3.21) 0.82 
Somatic complaints 55.7 (6.0) 3.76 (-0.20,7.71)† 258 (-1.36,6.52) 0.22 55.7 (6.1) 3.86 (-0.28,7.99)† 2.68 (-1.35,6.72) 0.24 
Social problems 55.0 (5.7) -0.06 (-3.22,3.10) -1.27 (-4.42,1.88) 0.41 54.7 (5.6) 1.26 (-2.01,4.53) -0.30 (-3.49,2.89) 0.79 
Thought problems 53.3 (4.2) 2.08 (-0.81,4.98) 0.74 (-2.15,3.62) 0.66 53.3 (4.3) 2.08 (-0.98,5.14) 0.79 (-2.20,3.77) 0.68 
Attention problems 54.8 (4.7) 1.91 (-0.97,4.80) -0.36 (-3.23,2.52) 0.75 54.6 (4.7) 2.67 (-0.37,5.70)† 0.15 (-2.81,3.12) 0.95 
Rule-breaking 
behavior 

54.6 (5.6) -1.10 (-3.77,1.57) -1.60 (-4.26,1.06) 0.24 54.8 (5.8) -0.79 (-3.50,1.92) -1.39 (-4.03,1.26) 0.30 

Aggressive behavior 55.9 (6.0) -1.26 (-4.43,1.90) -0.93 (-4.08,2.22) 0.58 55.9 (6.0) -0.40 (-3.68,2.88) -0.40 (-3.61,2.80) 0.81 
Composite scores         
Internalizing 
problems 

52.9 (10.1) 1.76 (-3.42,6.95) 3.15 (-2.02,8.32) 0.23 53.1 (10.5) 2.15 (-3.37,7.67) 3.53 (-1.86,8.92) 0.20 

Externalizing 
problems 

52.8 (9.2) -2.24 (-7.03,2.56) -1.01 (-5.79,3.77) 0.70 53.0 (9.1) -1.16 (-6.06,3.74) -0.31 (-5.10,4.47) 0.93 

Total problems 52.9 (9.0) 0.15 (-4.63,4.93) 0.42 (-4.35,5.18) 0.86 52.8 (9.2) 1.24 (-3.75,6.23) 1.25 (-3.62,6.12) 0.63 

CBCL scores 

Cd tertiles (µg/L) 

1st (LOD-0.06) 2nd (0.06-0.10) 3rd (0.11-0.34) 
p-trend 

1st (LOD-0.06) 2nd (0.06-0.10) 3rd (0.11-0.34) 
p-trend 

Mean (SD) β (95% CI) β (95% CI) Mean (SD) β (95% CI) β (95% CI) 

Syndrome scores         
Anxious depressed 54.3 (5.1) 0.33 (-2.65,3.30) 1.15 (-2.27,4.58) 0.51 54.3 (5.1) 0.64 (-2.41,3.70) 1.52 (-1.98,5.02) 0.39 
Withdrawn 56.3 (5.4) 1.47 (-1.92,4.87) 0.26 (-3.66,4.18) 0.83 56.3 (5.4) 1.15 (-2.33,4.63) 0.40 (-3.58,4.38) 0.79 
Somatic complaints 58.7 (7.5) -1.78 (-5.57,2.01) -4.35 (-8.72,0.0)† 0.06 58.7 (7.5) -1.74 (-5.60,2.11) -4.34 (-8.74,0.07) 0.06 
Social problems 53.1 (4.0) 3.88 (0.94,6.81)** 2.28 (-1.11,5.66) 0.14 53.1 (4.0) 3.77 (0.81,6.72)* 1.98 (-1.41,5.36) 0.18 
Thought problems 52.9 (3.9) 1.81 (-0.95,4.56) 2.91 (-0.27,6.08)† 0.06 52.9 (3.9) 1.92 (-0.91,4.75) 2.90 (-0.34,6.13)† 0.07 
Attention problems 54.1 (4.5) 3.13 (0.40,5.86)* 0.75 (-2.39,3.90) 0.50 54.1 (4.5) 3.23 (0.43,6.03)* 0.58 (-2.62,3.78) 0.56 
Rule-breaking 
behavior 

53.7 (4.9) 0.43 (-2.15,3.01) -0.01 (-2.99,2.97) 0.98 53.7 (4.9) 0.55 (-2.00,3.09) 0.13 (-2.78,3.04) 0.90 

Aggressive behavior 53.9 (4.8) 2.85 (-0.13,5.83)† 2.79 (-0.65,6.22) 0.09 53.9 (4.8) 3.19 (0.22,6.17)* 2.71 (-0.69,6.11) 0.09 
Composite scores         
Internalizing 
problems 

54.4 (10.2) 0.25 (-4.76,5.27) -0.78 (-6.56,5.0) 0.81 54.4 (10.2) 0.19 (-5.01,5.39) -0.47 (-6.42,5.48) 0.89 

Externalizing 
problems 

50.5 (8.6) 2.64 (-1.94,7.22) 3.09 (-2.19,8.37) 0.23 50.5 (8.6) 3.09 (-1.42,7.61) 3.17 (-2.00,8.34) 0.20 

Total problems 52.0 (8.2) 2.81 (-1.74,7.36) 1.11 (-4.13,6.36) 0.60 52.0 (8.2) 2.96 (-1.66,7.58) 1.07 (-4.21,6.35) 0.60 

CBCL scores 

Hg tertiles (µg/L) 

1st (LOD-0.40) 2nd (0.41-0.86) 3rd (0.86-4.57) 
p-trend 

1st (LOD-0.40) 2nd (0.41-0.86) 3rd (0.86-4.57) 
p-trend 

Mean (SD) β (95% CI) β (95% CI) Mean (SD) β (95% CI) β (95% CI) 

Syndrome scores         
Anxious depressed 55.4 (5.9) -1.28 (-4.27,1.72) -0.52 (-3.69,2.64) 0.71 55.8 (5.9) -1.50 (-4.61,1.61) -0.55 (-3.89,2.80) 0.72 
Withdrawn 57.4 (6.1) -0.67 (-4.11,2.76) -1.61 (-5.24,2.02) 0.38 57.5 (6.3) -0.52 (-4.06,3.01) -1.76 (-5.56,2.05) 0.36 
Somatic complaints 58.1 (7.6) -0.92 (-4.82,2.99) -0.15 (-4.28,3.97) 0.92 58.2 (7.8) -1.73 (-5.72,2.26) -1.28 (-5.58,3.02) 0.54 
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Social problems 56.3 (6.7) -2.46 (-5.46,0.54) 
-3.24 (-6.41,-

0.07)* 
0.04 56.0 (6.9) -1.91 (-4.99,1.16) -2.55 (-5.86,0.76) 0.12 

Thought problems 53.7 (4.6) 0.14 (-2.69,2.97) 1.11 (-1.88,4.10) 0.47 53.8 (4.7) -0.29 (-3.22,2.65) 0.50 (-2.66,3.66) 0.76 
Attention problems 55.4 (5.2) 0.50 (-2.34,3.34) -0.39 (-3.39,2.60) 0.82 55.2 (5.3) 0.56 (-2.39,3.50) -0.31 (-3.48,2.86) 0.86 
Rule-breaking 
behavior 

54.3 (5.4) -1.58 (-4.17,1.01) -0.30 (-3.03,2.43) 0.77 54.5 (5.5) -1.98 (-4.53,0.58) -0.77 (-3.52,1.98) 0.54 

Aggressive behavior 55.4 (5.5) -0.06 (-3.13,3.02) -0.37 (-3.62,2.88) 0.82 55.4 (5.5) 0.04 (-3.08,3.16) -0.04 (-3.40,3.32) 0.98 
Composite scores         
Internalizing 
problems 

55.1 (10.9) -1.29 (-6.35,3.76) 0.27 (-5.07,5.61) 0.95 55.3 (11.2) -1.46 (-6.74,3.82) -0.03 (-5.72,5.66) 0.97 

Externalizing 
problems 

52.1 (9.1) -1.01 (-5.67,3.65) 0.53 (-4.40,5.45) 0.86 52.3 (9.1) -1.12 (-5.76,3.53) 0.65 (-4.35,5.66) 0.82 

Total problems 53.7 (9.0) -1.58 (-6.21,3.04) -0.58 (-5.46,4.30) 0.79 53.8 (9.2) -1.65 (-6.39,3.08) -0.63 (-5.73,4.47) 0.79 

CBCL scores 

Pb tertiles (µg/L) 

1st (LOD-0.34) 2nd (0.34-0.58) 3rd (0.59-4.45) 
p-trend 

1st (LOD-0.34) 2nd (0.34-0.58) 3rd (0.59-4.45) 
p-trend 

Mean (SD) β (95% CI) β (95% CI) Mean (SD) β (95% CI) β (95% CI) 

Syndrome scores         
Anxious depressed 53.7 (9.0) 0.74 (-2.25,3.74) -1.61 (4.73,1.51) 0.29 55.1 (6.0) 0.58 (-2.58,3.74) -1.55 (-4.87,1.77) 0.33 
Withdrawn 57.0 (5.2) 0.57 (-2.90,4.04) -0.88 (-4.49,2.74) 0.61 57.0 (5.3) 0.67 (-2.95,4.28) -0.96 (-4.76,2.83) 0.59 
Somatic complaints 59.2 (7.1) -2.73 (-6.61,1.16) -3.19 (-7.24,0.86) 0.13 59.3 (7.2) -2.14 (-6.18,1.91) -3.36 (-7.60,0.89) 0.12 
Social problems 54.4 (5.4) 1.52 (-1.56,4.61) 0.15 (-3.07,3.36) 0.96 54.2 (5.4) 2.06 (-1.11,5.22) 0.67 (-2.65,3.99) 0.73 
Thought problems 54.2 (4.7) 0.31 (-2.56,3.17) -0.24 (-3.22,2.75) 0.87 54.2 (4.8) 1.02 (-1.97,4.02) 0.12 (-3.02,3.27) 0.97 
Attention problems 55.6 (5.6) -0.50 (-3.35,2.36) -1.51 (-4.48,1.47) 0.31 55.5 (5.7) 0.02 (-2.98,3.02) -1.27 (-4.42,1.89) 0.41 
Rule-breaking 
behavior 

53.8 (4.5) -0.54 (-3.16,2.08) 0.75 (-1.98,3.48) 0.57 53.8 (4.6) 0.30 (-2.33,2.93) 1.52 (-1.23,4.28) 0.26 

Aggressive behavior 55.1 (5.5) 0.45 (-2.65,3.56) 0.07 (-3.16,3.30) 0.98 54.9 (5.5) 1.32 (-1.86,4.49) 1.31 (-2.02,4.64) 0.45 
Composite scores         
Internalizing 
problems 

56.3 (8.7) -2.50 (-7.56,2.56) -3.63 (-8.90,1.64) 0.18 56.4 (8.9) -2.46 (-7.82,2.90) -3.75 (-9.37,1.88) 0.19 

Externalizing 
problems 

52.7 (7.2) -1.75 (-6.45,2.95) -1.40 (-6.30,3.49) 0.58 52.5 (7.2) -0.49 (-5.25,4.28) 0.38 (-4.62,5.37) 0.87 

Total problems 54.4 (7.3) -1.73 (-6.38,2.91) -2.69 (-7.53,2.14) 0.27 54.3 (7.4) -0.72 (-5.56,4.12) -1.74 (-6.83,3.34) 0.49 

Model 1: adjusted for adolescent’s age, BMI, and creatinine (mg/dL), maternal schooling and intelligence. 

Model 2: additionally adjusted for passive tobacco smoking and total fish intake of adolescents.  

For all subscales, higher score indicates more behavioral problems.  

**p<0.0; *p<0.05; †p<0.10 
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Table S8. Adjusted models for the association of tertiles of urinary metal concentration with serum BDNF (n=125) and BDNF gene methylation (n=113). 

 Model 1 Model 2 
 As tertiles (µg/L) 
 1st (LOD-2.29) 2nd (2.31-3.56) 3rd (3.57-6.85) p-

trend 
1st (LOD-2.29) 2nd (2.31-3.56) 3rd (3.57-6.85) p-

trend 
 Mean (SD) β (95% CI) β (95% CI) Mean (SD) β (95% CI) β (95% CI) 

sBDNF 35.8 (10.3) -2.22 (-7.02,2.58) -3.57 (-8.38,1.24) 0.14 35.7 (10.6) -1.60 (-6.75,3.54) -3.21 (-8.26,1.83) 0.21 
metBDNF         

CpG 1 4.6 (0.8) -0.13 (-0.60,0.34) 0.09 (-0.38,0.57) 0.67 4.6 (0.9) -0.03 (-0.55,0.43) 0.14 (-0.34,0.63) 0.53 
CpG 2 3.1 (0.5) 0.17 (-0.12,0.46) 0.19 (-0.10,0.49) 0.20 3.09 (0.5) 0.15 (-0.15,0.46) 0.19 (-0.11,0.49) 0.23 
CpG 3 3.2 (0.5) 0.10 (-0.23,0.43) 0.16 (-0.17,0.50) 0.33 3.2 (0.5) 0.05 (-0.28,0.39) 0.12 (-0.21,0.45) 0.46 
CpG 4 5.8 (0.9) 0.24 (-0.44,0.91) 0.45 (-0.24,1.14) 0.20 5.8 (0.9) 0.18 (-0.52,0.87) 0.42 (-0.28,1.12) 0.23 
CpG 5 3.1 (0.7) 0.29 (-0.17,0.75) 0.37 (-0.09,0.84) 0.12 3.1 (0.7) 0.22 (-0.23,0.67) 0.33 (-0.13,0.78) 0.16 
CpG 6 2.5 (0.9) 0.36 (-0.31,1.04) 0.46 (-0.25,1.16) 0.20 2.5 (0.8) 0.28 (-0.37,0.93) 0.38 (-0.29,1.06) 0.26 
CpG t 3.7 (0.5) 0.21 (-0.13,0.55) 0.34 (0.00,0.68)* 0.05 3.7 (0.5) 0.16 (-0.18,0.50) 0.30 (-0.04,0.64)† 0.08 

 Cd tertiles (µg/L) 
 1st (LOD-

0.06) 
2nd (0.06-0.10) 3rd (0.11-0.34) p-

trend 
1st (LOD-0.06) 2nd (0.06-0.10) 3rd (0.11-0.34) p-

trend  Mean (SD) β (95% CI) β (95% CI) Mean (SD) β (95% CI) β (95% CI) 
sBDNF 37.3 (10.1) -5.65 (-10.21,-1.09)*  -4.36 (-9.59,0.87) 0.08 37.3 (10.1) -5.80 (-10.51,-1.08)* -4.86 (-10.23,0.50)† 0.06 

metBDNF         
CpG 1 4.6 (1.0) -0.10 (-0.56,0.36) -0.01 (-0.55,0.52) 0.93 4.6 (1.0) -0.12 (-0.59,0.35) -0.01 (-0.55,0.53) 0.93 
CpG 2 3.3 (0.5) -0.07 (-0.36,0.21) -0.24 (-0.57,0.09) 0.16 3.3 (0.5) -0.09 (-0.38,0.20) -0.25 (-0.59,0.08) 0.14 
CpG 3 3.4 (0.6) -0.26 (-0.57,0.05)† -0.37 (-0.73,-0.00)* 0.04 3.4 (0.6) -0.27 (-0.58,0.03)† -0.38 (-0.73,-.02)* 0.03 
CpG 4 6.0 (1.1) 0.01 (-0.65,0.68) -0.01 (-0.81,0.79) 0.98 6.0 (1.1) 0.01 (-0.66,0.69) -0.04 (-0.84,0.77) 0.94 
CpG 5 3.3 (0.8) -0.06 (-0.51,0.40) -0.11 (-0.64,0.41) 0.67 3.3 (0.8) -0.05 (-0.49,0.39) -0.12 (-0.62,0.39) 0.64 
CpG 6 2.7 (1.1) 0.10 (-0.58,0.78) -0.04 (-0.82,0.73) 0.93 2.7 (1.1) 0.14 (-0.52,0.79) -0.05 (-0.78,0.68) 0.92 
CpG t 3.9 (0.6) -0.07 (-0.41,0.27) -0.14 (-0.55,0.27) 0.49 3.9 (0.6) -0.09 (-0.42,0.24) -0.19 (-0.59,0.21) 0.34 

 Hg tertiles (µg/L) 
 1st (LOD-

0.40) 
2nd (0.41-0.86) 3rd (0.86-4.57) p-

trend 
1st (LOD-0.40) 2nd (0.41-0.86) 3rd (0.86-4.57) p-

trend  Mean (SD) β (95% CI) β (95% CI) Mean (SD) β (95% CI) β (95% CI) 
sBDNF 35.2 (9.9) -1.60 (-6.34,3.15) -2.85 (-7.72,2.02) 0.25 35.1 (10.2) -1.17 (-6.14,3.80) -2.17 (-7.36,3.02) 0.41 

metBDNF         
CpG 1 4.6 (0.9) -0.33 (-0.76,0.11) 0.32 (-0.14,0.78) 0.25 4.6 (1.0) -0.25 (-0.70,0.19) 0.41 (-0.07,0.89)† 0.13 
CpG 2 3.2 (0.5) 0.10 (-0.19,0.38) -0.03 (-0.33,0.27) 0.88 3.2 (0.5) 0.07 (-0.22,0.36) -0.07 (-0.39,0.24) 0.69 
CpG 3 3.3 (0.6) -0.05 (-0.36,0.27) -0.22 (-0.55,0.11) 0.20 3.3 (0.6) -0.06 (-0.37,0.26) -0.21 (-0.55,0.13) 0.23 
CpG 4 5.9 (1.1) 0.38 (-0.25,1.00) -0.23 (-0.94,0.48) 0.66 5.9 (1.1) 0.35 (-0.30,0.99) -0.26 (-1.01,0.49) 0.59 
CpG 5 3.3 (0.8) 0.08 (-0.37,0.52) -0.20 (-0.68,0.28) 0.44 3.2 (0.8) 0.06 (-0.37,0.50) -0.20 (-0.68,0.28) 0.44 
CpG 6 2.7 (1.0) 0.09 (-0.56,0.74) -0.30 (-1.03,0.42) 0.45 2.7 (1.1) 0.09 (-0.54,0.73) -0.22 (-0.93,0.49) 0.58 
CpG t 3.8 (0.6) 0.11 (-0.23,0.45) -0.03 (-0.39,0.33) 0.94 3.8 (0.6) 0.09 (-0.24,0.43) -0.05 (-0.41,0.32) 0.84 

 Pb tertiles (µg/L) 
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 1st (LOD-
0.34) 

2nd (0.34-0.58) 3rd (0.59-4.45) p-
trend 

1st (LOD-0.34) 2nd (0.34-0.58) 3rd (0.59-4.45) 
p-

trend 
 Mean (SD) β (95% CI) β (95% CI) Mean (SD) β (95% CI) β (95% CI) 

sBDNF 34.2 (9.7) -0.34 (-5.19,4.51) 1.37 (-3.59,6.32) 0.56 34.0 (9.8) -0.17 (-5.28,4.95) 2.01 (-3.26,7.27) 0.42 
metBDNF         

CpG 1 4.5 (1.0) 0.05 (-0.42,0.53) 0.06 (-0.43,0.55) 0.81 4.5 (1.0) 0.02 (-0.47,0.52) 0.06 (-0.44,0.56) 0.81 
CpG 2 3.2 (0.5) 0.05 (-0.25,0.35) -0.05 (-0.35,0.25) 0.68 3.19 (0.5) 0.08 (-0.22,0.39) -0.08 (-0.39,0.23) 0.55 
CpG 3 3.2 (0.5) 0.10 (-0.24,0.43) -0.00 (-0.34,0.34) 0.94 3.2 (0.5)) 0.07 (-0.27,0.41) -0.07 (-0.41,0.26) 0.61 
CpG 4 5.8 (1.1) 0.36 (-0.32,1.04) 0.35 (-0.34,1.03) 0.35 5.8 (1.1) 0.41 (-0.28,1.11) 0.29 (-0.41,0.99) 0.44 
CpG 5 3.0 (0.7) 0.13 (-0.33,0.60) 0.03 (-0.43,0.49) 0.93 3.2 (0.7) 0.14 (-0.31,0.59) -0.07 (-0.52,0.38) 0.69 
CpG 6 2.6 (0.9) 0.27 (-0.41,0.95) 0.25 (-0.43,0.93) 0.49 2.6 (0.9) 0.24 (-0.44,0.91) 0.10 (-0.56,0.75) 0.82 
CpG t 3.8 (0.5) 0.17 (-0.19,0.52) 0.07 (-0.29,0.43) 0.75 3.8 (0.5) 0.17 (-0.18,0.53) 0.01 (-0.34,0.36) 0.96 

Model 1: adjusted for adolescent’s age, BMI, and creatinine (mg/dL), maternal schooling and intelligence. 

Model 2: additionally adjusted for passive tobacco smoking and total fish intake of adolescents. 

For all subscales, a higher score indicates more behavioral problems. 

sBDNF: serum BDNF; metBDNF: BDNF gene methylation. 

*p<0.05; †p<0.10 
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Table S1. Urinary metabolites of non-persistent pesticides: classification, abbreviation, possible parent 

compound, and expiration of approval. 

Classification Urinary metabolites Abbreviation 

Possible parent compoundsa 

Approved in the 

EUb 

Expiration of 

approval (year) 

Not approved in the 

EUb 

Organophospha

te insecticides 

Non-specific 

metabolites 

Diethyl 

thiophosphate 
DETP 

Chlorpyrifos-ethyl 2020 

Chlorethoxyphos, 

coumaphos, 

diazinon, disulfoton, 

ethion, parathion, 

phorate, phosalone, 

phoxim, sulfotep, 

terbufos 

Diethyl 

dithiophosphate 
DEDTP 

Specific 

metabolites 

3,5,6-trichloro-2-

pyridinol 
TCPy 

Chlorpyrifos-ethyl, 

chlorpyrifos-methyl, 

triclopyr 

2020, 2020, 

2019 
- 

2-isopropyl-4-

methyl-6-

hydroxypyrimidine 

IMPy - - Diazinon 

Malathion 

dicarboxilic acid 
MDA Malathion 2022 - 

Pyrethroid 

insecticides 

Non-specific 

metabolites 

3-Phenoxybenzoic 

acid 
3-PBA 

Alpha-

cypermethrin, 

deltamethrin, beta-

cyfluthrin, lambda-

cyhalothrin 

2019, 2019, 

2019, 2023 

Cyhalothrin, 

cyfluthrin, 

fenpropathrin, 

permethrin, 

tralomethrin 

Specific 

metabolites 

2,2,dichlorovinyl-

2,2-

dimethylcyclopropan

e-1-carboxilic acid 

DCCA 

Alpha-

cypermethrin, beta-

cyfluthrin 

2019, 2019 Permethrin 

Carbamates  
Specific 

metabolite 
1-Naphthol 1-N - - Carbaryl 

Dithiocarbamat

e fungicides 

Non-specific 

metabolite 
Ethylene thiourea ETU - - Mancozeb 
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Table S2. Distribution of LOD-LOQ values of pesticide metabolites and CBCL score outcomes in adolescent males from the INMA-Granada 
cohort (n=140) 

Pesticides IMPy MDA DETP DEDTP TCPy DCCA 1-N 3-PBA ETU 

LOD (ng/mL) 0.117 0.052 0.116 0.142 0.039 0.055 0.156 0.117 0.072 

LOQ (ng/mL) 0.391 0.172 0.387 0.474 0.130 0.184 0.527 0.389 0.241 

Q-SRM 151.09 273.0 169.01 184.98 197.91 113.00 143.04 213.05 103.03 

tR (min) 1.74 6.38 3.14 2.29 3.21 2.61 1.45 3.36 1.73 

a -0.80231 3.2986 -1.22351 -1.53302 -0.76826 4.7924 -1.06224 -0.58052 -2.43736 

b 0.60619 0.9203 0.84444 0.84401 0.91352 1.2798 0.88090 0.83928 0.97101 

R2 0.994 0.996 0.996 0.996 0.997 0.999 0.997 0.994 0.999 

Mean accuracy 
(%) 

92.77 98.64 101.98 99.46 88.29 90.49 101.68 93.58 94.64 

% RSD 10.99 11.51 14.74 8.58 13.03 10.47 9.11 14.19 13.28 

Adolescents’ behavioral functioning 

CBCL Score range Mean of scoresa SD Median 
n (%) in borderline or 

clinical rangeb 

Syndrome 
scores 

     

Anxious 
depressed 

50-79 55.1 6.1 54.0 37 (25.7) 

Withdrawn 50-89 57.5 7.3 54.0 50 (34.7) 
Somatic 
complaints 

50-79 58.1 
55.1 

7.2 58.0 53 (36.8) 

Social problems 50-79 6.4 51.0 33 (22.9) 
Thought 
problems 

50-82 54.9 6.0 51.0 23 (15.1) 

Attention 
problems 

50-86 56.1 7.0 53.0 31 (20.4) 

Rule-breaking 
behavior 

50-89 54.0 6.2 51.0 22 (15.3) 

Aggressive 
behavior 

50-81 55.2 6.4 52.0 33 (21.7) 

Composite 
scores 

     

Internalizing 
problems 

34-79 55.6 9.2 55.0 46 (31.9) 

Externalizing 
problems 

34-79 51.0 9.2 51.0 23 (16.0) 

Total problems 31-84 54.0 9.2 54.0 38 (26.4) 
aFor all scales, raw scores were transformed to T-scores to compare each subject to a normative sample of adolescents. BDNF= Brain-

derived neurotrophic factor; IMPy= 2-isopropyl-4-methyl-6-hydroxypyrimidine; MDA= malathion dicarboxylic acid; TCPy=3,5,6-trichloro-

2-pyridinol; DETP= diethyl thiophosphate; ΣOPs= sum of organophosphates; DCCA= 2,2-dichlorovinyl-2,2-dimethylcyclopropane-1-

carboxiclic acid; 3.PBA= 3-phenoxybenzoic acid; ΣPYR= sum of pyrethroids; 1-N= 1-naphthol; ETU= ethylene thiourea. Q-SRM: Selected 

reaction monitoring; tR: Retention time; LOD: Limit of detection; LOQ: Limit of quantification; SD= standard deviation 
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Table S3. Spearman’s correlation among urinary pesticides metabolites 

 IMPy MDA TCPy DETP DCCA 3-PBA 1-N ETU 

IMPy 
Rho  1.00 0.10 0.08 0.09 0.07 0.20 0.10 0.08 

p . 0.25 0.31 0.27 0.37 0.02 0.22 0.34 

MDA 
Rho  0.10 1.00 0.11 0.15 -0.03 0.13 -0.03 0.04 

p 0.25 . 0.20 0.07 0.76 0.12 0.69 0.60 

TCPy 
Rho  0.08 0.11 1.00 0.06 0.08 0.17 0.07 0.00 

p 0.31 0.20 . 0.44 0.32 0.04 0.42 0.99 

DETP 
Rho  0.09 0.15 0.06 1.00 0.20 0.09 0.21 0.08 

p 0.27 0.07 0.44 . 0.02 0.29 0.01 0.31 

DCCA 
Rho  0.07 -0.03 0.08 0.20 1.00 -0.02 -0.01 0.03 

p 0.37 0.76 0.32 0.02 . 0.86 0.90 0.72 

3-PBA 
Rho  0.20 0.13 0.17 0.09 -0.02 1.00 0.04 0.04 

p 0.02 0.12 0.04 0.29 0.86 . 0.66 0.65 

1-N 
Rho  0.10 -0.03 0.07 0.21 0.08 0.04 1.00 0.03 

p 0.22 0.69 0.42 0.01 0.31 0.66 . 0.71 

ETU 
Rho  0.08 0.04 0.00 0.08 0.03 0.04 0.03 1.00 

p 0.34 0.60 0.99 0.31 0.72 0.65 0.71 . 

Urinary OP metabolites (ng/mL). 
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Table S4. Beta regression coefficients (β, 95% CI) of adjusted associations between urinary pesticides metabolite concentrations and CBCL typical behavior score outcomes (n= 140 
adolescent males).  

  Syndrome scores Composite scores 

 Anxious 
depressed 

Withdrawn 
Somatic 

complaints 
Social 

problems 
Thought 

problems 
Attention 
problems 

Rule-breaking 
behavior 

Aggressive 
behavior 

Internalizing 
problems 

Externalizing 
problems 

Total 
problems 

IMPya 
0.35  

(-0.49,1.20) 
0.76  

(-0.24,1.75) 
-0.38  

(-1.38,0.63) 
0.86 

(0.00,1.71)* 
0.56  

(-0.27,1.39) 
0.71  

(-0.24,1.66) 
1.31 

(0.46,2.16)** 
1.04 

(0.19,1.90)* 
0.31  

(-0.97,1.60) 
1.67 

(0.43,2.92)** 
1.40 

(0.16,2.64)* 

MDAa 
0.68 

 (-0.51,1.87) 
0.22  

(-1.19,1.63) 
-0.41 

(-1.83,1.01) 
0.09  

(-1.14,1.31) 
0.14  

(-1.03,1.32) 
0.11  

(-1.24,1.45) 
0.26  

(-0.98,1.49) 
-0.06  

(-1.29,1.18) 
0.41  

(-1.40,2.22) 
0.12  

(-1.68,1.91) 
0.49  

(-1.29,2.26) 

DETPb 
0.33  

(-0.54,1.19) 
-0.88  

(-1.89,0.12)† 
0.46  

(-0.56,1.48) 
-0.21 

 (-1.09,0.68) 
0.09 

 (-0.76,0.94) 
0.11  

(-0.86,1.09) 
0.24  

(-0.65,1.13) 
-0.21 

 (-1.10,0.68) 
0.03  

(-1.28,1.34) 
-0.14 

 (-1.44,1.16) 
-0.11  

(-1.39,1.18) 

DCCAa 
-0.20  

(-0.92,0.52) 
-0.23 

 (-1.08,0.62) 
0.21  

(-0.65,1.06) 
0.49  

(-0.25,1.22) 
0.32  

(-0.39,1.02) 
0.36  

(-0.45,1.17) 
0.42  

(-0.33,1.16) 
0.40  

(-0.34,1.15) 
0.08  

(-1.02,1.17) 
0.66  

(-0.41,1.74) 
0.54  

(-0.53,1.61) 

ETUa 
-0.73  

(-1.50,0.04)† 
0.07  

(-0.85,0.99) 
-0.36  

(-1.28,0.56) 
0.26  

(-0.54,1.06) 
-0.08 

 (-0.85,0.69) 
0.03  

(-0.85,0.91) 
-0.17  

(-0.98,0.63) 
-0.04  

(-0.85,0.77) 
-0.89  

(-2.06,0.29)  
-0.41  

(-1.58,0.76) 
-0.57  

(-1.72,0.59) 

ΣOPs 
0.81  

(-0.40,2.03) 
-0.16  

(-1.60,1.28) 
0.64  

(-0.81,2.09) 
0.65  

(-0.59,1.89) 
0.89  

(-0.31,2.09) 
0.48  

(-0.89,1.85) 
1.31 

(0.07,2.55)* 
0.36  

(-0.90,1.62) 
0.80  

(-1.06,2.65) 
0.99  

(-0.84,2.81) 
1.12  

(-0.69,2.93) 

ΣPYR 
-0.37  

(-1.25,0.51) 
-0.35  

(-1.38,0.69) 
0.01  

(-1.03,1.06) 
0.49  

(-0.40,1.39) 
0.31 

 (-0.55,1.18) 
0.31 

 (-0.68,1.30) 
0.48  

(-0.42,1.38) 
0.48  

(-0.42,1.38) 
-0.15  

(-1.49,1.18) 
0.78  

(-0.53,2.09) 
0.47  

(-0.83,1.78) 

Regression estimates reflect (average) change in behavioral score for each one-log unit increase in urinary metabolite concentration (a) or detected versus undetected 
concentrations (b). For all scales, raw scores were transformed to T-scores to compare each subject to a normative sample of adolescents. 
Models were adjusted for adolescents’ age (months), BMI, alcohol consumption (>1 beverage/month; <1 beverage/month), season of urine collection 
(spring/summer/autumn/winter), creatinine concentrations (mg/dL), and maternal education (primary/secondary/university). * p≤0.05; ** p≤ 0.01; † p<0.1
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Table S5. Weighted Quantile Sum (WQS) association to assess the 

mixture effect of urinary IMPy, MDA, DCCA and ETU metabolites on 

adolescents’ behavior (n=140) and serum BDNF protein levels (n=130) 

and BDNF DNA methylation (n=118). 

CBCL scoring 
WQS 

β (SE) p 
Syndrome scores   
Anxious depressed 0.84 (0.98) 0.39 
Withdrawn 2.71 (1.38) 0.05 
Somatic complaints 0.43 (1.31) 0.75 
Social problems 4.27 (1.33) 0.002 
Thought problems 2.24 (1.34) 0.10 
Attention problems 1.81 (1.48) 0.22 
Rule-breaking behavior 2.10 (1.28) 0.11 
Aggressive behavior 2.15 (1.40) 0.12 
Composite scores   
Internalizing problems 0.76 (1.63) 0.64 
Externalizing problems 3.03 (2.01) 0.14 
Total problems 2.81 (1.88) 0.14 

BDNF biomarkers 
WQS 

β (SE) p 
Serum BDNF -1.98 (2.10) 0.35 
CpG1 0.18 (0.17) 0.30 
CpG2 0.07 (0.07) 0.34 
CpG3 0.26 (0.12) 0.03 
CpG4 0.41 (0.25) 0.11 
CpG5 0.25 (0.16) 0.12 
CpG6 0.49 (0.27) 0.07 
CpGt 0.27 (0.12) 0.03 

SE= Standard error; aFor all scales, raw scores were transformed to T-

scores to compare each subject to a normative sample of adolescents. 

Higher scoring indicated worse neurobehavior outcomes. Model was 

adjusted for adolescents’ age (months), BMI, alcohol consumption (>1 

beverage/month; <1 beverage/month), season of urine collection 

(spring/summer/autumn/winter), creatinine concentrations 

(mg/dL), and maternal education (primary/secondary/university).  
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Table S6. Beta regression coefficients (β, 95% CI) of adjusted association between urinary pesticides metabolites and serum BDNF protein levels (n=130) and 
DNA methylation of the BDNF gene (n=118). 

  sBDNF CpG 1 CpG 2 CpG 3 CpG 4 CpG 5 CpG 6 CpG total 

IMPy 
-1.16  

(-2.53,0.22)† 
0.02 (-0.10,0.14) 0.04 (-0.04,0.11) 0.05 (-0.04,0.14) 0.01 (-0.19,0.21) 0.05 (-0.07,0.18) 0.08 (-0.09,0.26) 0.04 (-0.05,0.14) 

MDA 
-1.86 

 (-3.81,0.10)† 
0.17 

(0.00,0.33)* 
0.10  

(-0.01,0.20)† 
0.10 (-0.03,0.22) 0.04 (-0.23,0.31) 0.06 (-0.11,0.23) -0.03 (-0.27,0.22) 0.07 (-0.06,0.20) 

DETP 
-3.59  

(-7.60,0.29)† 
-0.08 (-0.42,0.25) 0.09 (-0.12,0.31) 0.12 (-0.13,0.38) 0.21 (-0.35,0.76) 0.05 (-0.30,0.40) 0.34 (-0.16,0.83) 0.12 (-0.15,0.39) 

DCCA 0.10 (-1.06,1.26) 0.04 (-0.06,0.14) -0.01 (-0.08,0.05) -0.01 (-0.08,0.07) -0.05 (-0.21,0.12) 
-0.02 (-

0.13,0.08) 
-0.02 (-0.17,0.13) 

-0.01 (-
0.09,0.07) 

ETU -0.85 (-2.06,0.36) 0.03 (-0.07,0.14) 
0.06  

(-0.01,0.13)† 
0.10 

(0.03,0.18)** 
0.14 (-0.03,0.31) 0.06 (-0.05,0.17) 0.13 (-0.03,0.28) 

0.09 
(0.01,0.17)* 

ΣOPs 
-2.79  

(-4.75,-0.83)* 
0.06 (-0.11,0.23) 

0.09  
(-0.01,0.20)† 

0.12  
(-0.01,0.25)† 

0.05 (-0.23,0.33) 0.09 (-0.09,0.26) 0.17 (-0.07,0.42) 
0.10  

(-0.04,0.23) 

ΣPYR -0.13 (-1.55,1.29) 0.06 (-0.06,0.18) 
-0.01  

(-0.09,0.06) 
-0.01 (-

0.10,0.08) 
-0.04 (-0.24,0.16) 

-0.02 (-
0.14,0.11) 

-0.01 (-0.19,0.17) 
-0.00  

(-0.10,0.09) 

Regression estimates reflect (average) change in BDNF for each one-log unit increase in urinary metabolite concentration (a) or detection versus non-
detection of concentrations (b). For all scales, raw scores were transformed to T-scores to compare each subject to a normative sample of adolescents. 
Model was adjusted for adolescents’ age (months), BMI, alcohol consumption (>1 beverage/month; <1 beverage/month), season of urine collection 
(spring/summer/autumn/winter), creatinine concentrations (mg/dL), and maternal education (primary/secondary/university). 
* p≤0.05; ** p≤0.01; † p<0.10 
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aFor all scales, raw scores were transformed to T-scores to compare each subject to a normative sample of adolescents. Higher scoring indicated worse 

neurobehavior outcomes. Model was adjusted for the following covariates: adolescent’s age, BMI, alcohol consumption and maternal education. * p≤ 0.05; † p< 

0.10 

Table S7. Beta regression coefficients (β, 95% CI) of association between serum BDNF protein levels (ng/mL) with behavioral function of adolescent males (n= 
130).  

    Syndrome scores Composite scores 

    

Anxious 
depressed 

Withdrawn 
Somatic 

complaints 
Social 

problems 
Thought 

problems 
Attention 
problems 

Rule-breaking 
behavior 

Aggressive 
behavior 

Internalizing 
problems 

Externalizing 
problems 

Total 
problems 

BDNF 
protein  

Continuous 
0.01  

(-0.11,0.12) 
-0.04  

(-0.17,0.09) 
-0.04  

(-0.19,0.11) 
-0.03  

(-0.15,0.10) 
-0.10  

(-0.21,0.01)† 
-0.05  

(-0.18,0.08) 
-0.08  

(-0.19,0.04) 
-0.03  

(-0.14,0.09) 
-0.05 

 (-0.24,0.14) 
-0.04  

(-0.21,0.14) 
-0.06  

(-0.24,0.12) 

T2 
-0.12  

(-2.74,2.50) 
-2.10  

(-5.11,0.92) 
-1.33  

(-4.78,2.12) 
-1.95  

(-4.72,0.83) 
-2.93  

(-5.47,-0.38)* 
-1.53  

(-4.57,1.50) 
-2.71  

(-5.39,-0.02)* 
-1.89 

 (-4.58,0.79) 
-3.00  

(-7.37,1.37) 
-2.87  

(-6.99,1.26) 
-3.57  

(-7.72,0.58)† 

T3 
0.60 

(-2.10,2.30) 
-1.71  

(-4.82,1.40) 
-0.95  

(-4.51,2.60) 
-1.03  

(-3.89,1.82) 
-3.03  

(-5.65,-0.40)* 
-0.23  

(-3.36,2.89) 
-2.35  

(-5.11,0.42)† 
-1.28 

 (-4.04,1.49) 
-1.16  

(-5.66,3.34) 
-1.64  

(-5.88,2.61) 
-1.70  

(-5.98,2.58) 

p-trend 0.65 0.71 0.61 0.49 0.03 0.90 0.10 0.37 0.63 0.46 0.46 
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Figure S1. Forest Box Plot showing the linear regression estimates (95%CI) of the association between categorized 

BDNF gene DNA methylation percentages and adolescents’ behavior. Model was adjusted for adoelscent’s age, bmi, 

alcohol consumption, season of urinary collection and maternal education. Red diamonds show statistical 

associations with p-values below 0.05; Green diamonds show p-values below 0.1; Black diamonds show p-values 

above 0.1. 
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Figure S1: Graphical description of the XETA. Quantifications were carried out in 

a region of interest (ROI) containing the whole head area (red) to exclude the non-

specific auto-fluorescence emitted from the gut area (yellow). Eye(s) were also 

excluded as some images do not capture both eyes.  
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Table S1. Xenobiotics and endogenous hormones present in fractions obtained through 

semi-preparative HPLC separation procedures in previous studies. In this study we 

investigated the α-fraction, representing the first 11 minutes of chromatographic elution. 

DDD= Dichlorodiphenyldichloroethane; DDE= Dichlorodiphenyldichloroethylene; DDT= 

Dichlorodiphenyltrichloroethane 

  

Author Human 

matrix 

Minute Bioaccumulated xenobiotic 

(Fernández et al., 

2004) 

Adipose 

tissue 

2 p,p’-DDT 

2.35 Lindane 

3.6 Aldrin 

4 Methoxychlor 

4.4 Dieldrin 

4.8 p,p’-DDE 

5 Endosulfan II 

5.4 o,p’-DDD 

5.7 o,p’-DDT 

6 Endrin 

7.8 Endosulfan-diol 

7.9 Endosulfan I 

10.0 Endosulfan-ether 

10.5 Endosulfan-lactone 

12.5 Endosulfan-sulfate 

12.96 Progesterone 

12.99 Estradiol esters 

15.30 Testosterone 

16.16 17 β-Estradiol 

(Indiveri et al., 

2014) 

Placenta 2 Benzophenone 

4 2-Phenylphenol 

Triclosan 

6 Triphenylphosphate 

7,9-Di-tert-butyl-1-oxaspiro (4,5) 

Deca-6,9-diene-2,8-dione 

2,4,7,9-Tetramethyl-5-decyne-4,7,diol 

Estratetraenol 

12-13 Progesterone 

14 Methylparaben 

15 Estrone 

17 Hydroxypregn-4-en-3-one 

20-21 17-β-Estradiol 
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Table S2. Procedure followed to calculate the mg of placenta extracted per mL of experimental medium tested in bioassays: 

 

 

 

 

 

 

 

 

 

 

 

 

1 α-fractions were split in 4 vials, corresponding to 750 mg of placenta extract per vial. 2 Only 20 µL of the 44 µL were used for dilutions. 

General Formula: 

 

 

Co= Initial concentration (mg/µL); Vo= Initial volume (µL); Cf= Final concentration (mg/mL); Vf= Final volume (µL) 

 E-Screen ER reporter gene assay 
Antagonist AR reporter 

gene assay 
AhR assay XETA 

1. Calculate the mg in 

3g of placenta 
3000 mg 3000 mg 3000 mg 1 3000 mg 1 3000 mg 

1.1. Calculate mg of 

placenta after split α-

fraction in 4 vials 

- - 750 750 - 

2. Divide the mass of 

placenta into 

reconstitution volume 

(µL) 

1000 44 2 250 250 416 

3. Divide the 

concentration after 

resuspension by the 

dilution performed 

x1 x5 x10 x55 x275 x550 x60 x180 x600 x100 x300 x1000 x1 

4. Calculate the 

final 

concentration 

(mg/µL) 

according to 

formula (2) 

Co 3 0.6 0.3 1.240  0.248 0.124 0.05 0.0167 0.005 0.03 0.01 0.003 7.21 

Vo 50 50 50 100 100 100 50 50 50 50 50 50 208 

Vf 200 200 200 100 100 100 200 200 200 200 200 200 8000 

5. Convert final 

concentration from 

mg/µL to mg/mL 

750 150 75 1240  248  124 12.5 4.2 1.25 7.5 2.5 0.75 187.5 

(1) 3𝑔 𝑝𝑙𝑎𝑐𝑒𝑛𝑡𝑎 ×  
1000 𝑚𝑔

1 𝑔
×  

1

𝑅𝑒𝑐𝑜𝑛𝑠𝑡𝑖𝑡𝑢𝑡𝑖𝑜𝑛 
𝑣𝑜𝑙𝑢𝑚𝑒 (µ𝐿)

×
1

𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 
(𝑋)

= 𝐶𝑜  

𝐶𝑜 × 𝑉𝑜

𝑉𝑓
×
1000µ𝐿

1 𝑚𝐿
= 𝐹𝑖𝑛𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑤𝑒𝑙𝑙 (

𝑚𝑔

𝑚𝐿
) (2) 
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     *p≤ 0,05; **p≤ 0.01 

 


