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Abstract 

From the moment of conception until death, humans are exposed to chemicals at varying 
intensities and frequencies. While an individual’s level of resilience is commonly high 
enough to tolerate these kinds of stressors, specific exposures or genetic predispositions can 
lower it. Therefore, the assessment of chemical exposure, the development of analytical 
methods, the evaluation of the consequences for the population, and the assessment of 
individual susceptibilities are key aspects in exposome studies. 

Within this dissertation, exposure to persistent organic pollutants (POPs), and non-
persistent compounds, such as phthalates (PHs) and their alternatives, bisphenols (BPs), 
parabens (PBs), and triclosan (TCS) was assessed in two populations of 1) men and 
primiparous lactating women from Slovenia (first national human biomonitoring (HBM) 
project in Slovenia) and of 2) Slovenian men, women, and children (DEMOCOPHES). 
Potential exposure sources and differences in exposure were determined using questionnaire 
data. The results revealed that the Slovenian population is widely exposed to PHs and 
di(isononyl)cyclohexane-1,2-dicarboxylate, Hexamoll®DINCH (DINCH) and common BPs 
and PBs, whereas the levels of less-common BPs, PBs, and TCS were low. Likewise, 
exposure to POPs is low, especially if compared to populations from the Northern side of 
the Alps, whereas in Slovenia, POP levels were the highest in Bela krajina and Ljubljana. 
Associations with questionnaire data revealed that the most common sources of exposure 
for POPs, high molecular weight PHs, DINCH, and BPs were dietary, whereas exposure 
to PBs and low molecular weight PHs is mostly related to personal care products. We 
observed differences in exposure based on sociodemographic characteristics and the 
residential environment.  

In the form of a review study, we summarized and evaluated analytical methods for the 
determination of contaminants of emerging concern (CECs) and concluded that the 
existing methods are suitable for application in HBM studies and do not require out-of-
the-norm modifications in the laboratory.  

To assess the possibility of harmful health effects resulting from exposure to PHs, 
DINCH, BPs, PBs, and TCS, we calculated the hazard quotient that is below the threshold 
of 1 for the evaluated population and contaminants. We suggest to repeat this assessment 
on other populations and to include a wider range of analytes. 

As genetic predisposition can influence a person’s detoxification ability, we investigated 
for the first time the influence of single nucleotide polymorphisms (SNPs) in genes of 
cytochrome P450 enzymes (CYPs) and UDP-glucuronyl transferases (UGTs) that can 
influence the biotransformation of PHs and DINCH using HBM data. The results indicate 
that SNPs in genes of CYP2C9, CYP2C19, CYP2D6, UGT2B15 and UGT1A7 can 
influence the biotransformation of PHs and DINCH and are, therefore, suitable biomarkers 
of susceptibility. 

From this dissertation we can conclude that the available analytical methods for 
determining CECs are appropriate in the implementation of HBM. The Slovenian 
population is exposed to selected chemicals through food, personal care products, and the 
living environment. Exposure levels generally do not exceed critical thresholds, but 
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cumulative exposure to multiple chemicals at the same time and genetic susceptibility 
should be considered in the risk assessment. An important result of this work is also the 
identification of biomarkers of susceptibility to PH and DINCH exposure.  
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Povzetek 

Od trenutka spočetja do smrti so ljudje izpostavljeni kemikalijam različnih intenzivnosti in 
frekvenc. Medtem ko je posameznikova raven odpornosti običajno dovolj visoka, da prenaša 
tovrstne stresorje, jo lahko posebne izpostavljenosti ali genetske predispozicije znižajo. Zato 
so ocena izpostavljenosti kemikalijam, razvoj analiznih metod, vrednotenje posledic za 
populacijo in ocena individualne občutljivosti ključni vidiki pri tovrstnih raziskavah. 

V okviru te disertacije so bile prvič izvedene raziskave nacionalnega humanega 
biomonitoringa (HBM), s katerim smo želeli opredeliti izpostavljenost slovenske populacije 
obstojnim organskim onesnažilom (POPs) in neobstojnim spojinam, kot so ftalati (PH) in 
njihove alternativne spojine, bisfenoli (BP), parabeni (PB) in triklosan (TCS). V raziskavo 
so bile vključene naslednje skupine: 1) moški in nosečnice prvorodke na območju celotne 
Slovenije ter 2) moški, ženske in otroci v mestnem in podeželskem okolju (študija 
DEMOCOPHES). Potencialni viri izpostavljenosti in razlike v izpostavljenosti so bili 
določeni s podatki iz vprašalnikov. Rezultati so pokazali povišano izpostavljenost PH in 
di(izononil)cikloheksan-1,2-dikarboksilatu, Hexamoll®DINCH (DINCH) ter pogosto 
prisotnih BP in PB, medtem ko je bila raven izpostavljenosti manj pogostih BP, PB in 
TCS mnogo nižja. Prav tako je izpostavljenost POPs nizka, še posebej v primerjavi s 
prebivalci s severne strani Alp. S Sloveniji so bile ravni POPs najvišje v Beli krajini in 
Ljubljani. Povezave s podatki iz vprašalnika so pokazale, da so bili najpogostejši viri 
izpostavljenosti POPs, PH z visoko molekulsko maso, DINCH in BP s prehrano, medtem 
ko je izpostavljenost PB in nizkomolekularnim PH večinoma povezana z izdelki za osebno 
nego. Opazili smo razlike v izpostavljenosti glede na sociodemografske značilnosti in bivalno 
okolje. 

V obliki pregledne študije smo povzeli in ovrednotili analizne metode za določanje skrb 
vzbujajočih kemikalij (CECs) in ugotovili, da so obstoječe metode primerne za uporabo v 
študijah HBM in ne zahtevajo sprememb za laboratorije. 

Za oceno možnosti škodljivih učinkov na zdravje, ki so posledica izpostavljenosti PH, 
DINCH, BP, PB in TCS, smo izračunali količnik nevarnosti, ki je pod pragom 1 za ocenjeno 
populacijo in onesnaževala. Predlagamo, da to oceno ponovimo na drugih populacijah in 
vključimo širši nabor analitov. 

Ker lahko genetska predispozicija vpliva na sposobnost razstrupljanja osebe, smo prvič 
raziskali vpliv polimorfizmov posameznih nukleotidov (SNP) v genih encimov citokroma 
P450 (CYP) in UDP-glukuronil transferaz (UGT), ki lahko vplivajo na biotransformacijo 
PH in DINCH z uporabo podatkov HBM. Rezultati kažejo, da lahko SNP v genih CYP2C9, 
CYP2C19, CYP2D6, UGT2B15 in UGT1A7 vplivajo na biotransformacijo PH in DINCH 
in so zato primerni biomarkerji občutljivosti. 

Iz dela te disertacije lahko sklepamo, da so razpoložljive analitične metode za določanje 
CECs primerne pri izvedbi HBM. Slovenska populacija je izbranim kemikalijam 
izpostavljena preko hrane, izdelkov za osebno nego in bivalnega okolja. Raven 
izpostavljenosti v splošnem ne presega kritičnih pragov, vendar je treba pri oceni tveganja 
upoštevati kumulativno izpostavljenost več kemikalijam hkrati ter genetsko občutljivost. 
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Pomemben rezultat tega dela je tudi opredelitev biomarkerjev občutljivosti pri 
izpostavljenosti PHom in DINCHu. 
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Chapter 1 

1 Introduction 

1.1 The Exposome 

From the perspective of disease development, the need for a research area complementing 
the genome became inevitable once it was apparent that the genetic predisposition 
contributes to merely 10% of disease risk (Rappaport, 2011). This redirected the attention 
of researchers to external influences and their respective impact on the individual. As such, 
the term “exposome” was introduced for the first time in 2005 by Dr. Christopher Wild 
(Wild, 2005) with the purpose to capture the lifelong exposure history from the time of 
conception until death. Wild, (2012) divides exposure into three main categories: internal, 
specific external, and general external exposure. The internal exposure covers the 
endogenous processes within the body, such as metabolism, oxidative stress, hormones, or 
gut microflora, to name a few. The specific external exposure captures distinct 
environmental factors (e.g. radiation, chemical contaminants), whereas the general external 
exposure focuses on the overall environment including social, economic, and psychological 
influences (education, financial status, stress, climate, etc.). These categories should not be 
regarded separately, but rather in context of one another with some factors falling into 
several classes.  

Unlike the genome that shows minimal variation during the lifetime of an individual, 
the exposome is prone to changes and dynamic in nature. Origin, characteristics, and 
intensities of life-long exposure are constantly fluctuating making its assessment a 
challenge. However, some studies hypothesize that spot exposure assessments can serve as 
an approximation of continuous exposure especially, but not exclusively, during vulnerable 
developmental stages (Mimoto et al., 2017). As such, exposure assessment studies like the 
one presented in this dissertation have become an indispensable asset to the exposome.  

This PhD is part of the ITN project NEUROSOME that aims at developing an 
integrative framework to evaluate the potential relationships between genetic 
susceptibility, exposure to chemicals and chemical mixtures, and the development of 
neurological disorders. It, thereby, relies on human biomonitoring data and combines 
exposure monitoring, toxicological analyses, and advanced modeling approaches in order 
to follow the exposure-to-health effect continuum within the exposome paradigm. 
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Figure 1: Illustration of the three main compartments of this doctoral dissertation. A: 
An illustration of exposure sources and pathways of exposure, B: exposure assessment 
of populations using HBM data, method development, and statistical analysis, C: the 
assessment of populational risks and individual susceptibilities within the concept of 
resilience. Adverse health effects are not a part of this PhD.  



1.1. The Exposome 3 

1.1.1 Exposure sources and pathways of exposure 

Chemical exposure can be a one-time event or ongoing, high-dose or low-dose, and via 
different pathways, as illustrated in Figure 1A. The pathway of exposure can be of high 
importance, as it determines the site of metabolism and the biologically active dose. 
Ingestion may result in higher concentrations of the chemical in the liver, while dermal 
absorption and inhalation are followed by circular distribution throughout the body (Bekö 
et al., 2013; Jo et al., 1990). Thus, understanding the influence of the pathway on the total 
exposure is a crucial part in exposome-based studies. Decisive hereby are the contaminant’s 
physiochemical characteristics. In the case of phthalates (PHs), high molecular weight 
(HMW; 7-13 C atoms in the side chain) PHs enter the human body mainly via ingestion 
of contaminated food or dust, whereas for low molecular weight (LMW; 3-6 C atoms in the 
side chain), dermal absorption and inhalation are more frequent pathways. LMW PHs 
occur to a large fraction in the gas phase (Bekö et al., 2013) and some of them can penetrate 
the skin barrier (Pan et al., 2014). Dermal absorption delivers the chemical directly into 
the blood stream via which it distributes throughout the body. Ingested and inhaled 
compounds first enter the gastrointestinal tract and lungs, respectively, before they reach 
the blood (Bekö et al., 2013). These 3 pathways – ingestion, inhalation, and dermal 
absorption – represent the major exposure routes to environmental contaminants. 

Environmental media such as air, water, and soil as well as dietary and consumer 
products are sources of exposure (Figure 1A), but intensity and frequency of such can vary 
among compounds. Organic and inorganic contaminants are often regarded as two separate 
groups, however, this concept neglects associations between inorganic elements and organic 
molecules (Gochfeld, 2003). More appropriate in the context of this doctoral dissertation 
is the differentiation between compounds with the ability to bioaccumulate in the 
environment and in the human body (persistent pollutants) and those that can be rapidly 
degraded via (a)biotic degradation processes (non-persistent pollutants).  
 

1.1.2 Persistent organic pollutants 

 
Persistent organic pollutants (POPs) can be characterized by their stability and ability to 
bioaccumulate and biomagnify in the food chain. Thus, the main pathway of human 
exposure is via dietary products, especially if derived from animals with a high trophy 
status. POPs can be either of natural origin, such as polychlorinated dibenzo-dioxins and 
polychlorinated dibenzofurans (PCDD/Fs) or man-made, such as polybrominated diphenyl 
ethers (PBDEs) and polychlorinated biphenyls (PCBs). Industrial POPs find a wide range 
of applications ranging from pesticides over insulators to flame retardants. Due to the often 
high degree of halogenation (Porta et al., 2007), POPs pose a threat to human health as 
well as to the environment and wildlife. POPs can be linked to neurological diseases such 
as Parkinson's or Alzheimer's disease. Adverse health effects in humans include 
neurotoxicity, developmental effects, chronic illnesses, death, increased cancer risk, 
endocrine disruption within the reproductive system, the central nervous system, and the 
immune system. Especially vulnerable are humans during critical developmental periods 
inside the womb or during early childhood. The effects resulting from exposure to POPs 
during these critical stages can last throughout a person's lifespan (Damstra, 2002). 
Furthermore, they are the cause of multiple human and environmental disasters, such as 
the decline of insect, bird, and aquatic animal populations in the United States vividly 
described by Rachel Carson in her book Silent Spring (Carson, 1962) or the 1968 mass 
poisoning of Japanese women, men, and children with PCBs and PCDD/Fs (Kuratsune et 
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al., 1996). In Slovenia, especially the monitoring of PCB concentrations in the environment 
and in humans is of interest, ever since the contamination of the Krupa River in Bela 
krajina between 1962 and 1983 has become public knowledge. In response to the pollution, 
PCB concentrations in river sediment reached 55 µg/g, whereas 117 µg/g was the 
concentration determined in local fish. In 1984, as study by (Jan & Tratnik, 1988) 
investigated the PCB blood concentrations of residence of the area and determined mean 
values of 155 ng/g. With increasing distance from the location (20 km), PCB blood levels 
dropped to 5 ng/g (Jan & Tratnik, 1988). The toxicity of POPs is widely recognized and 
restrictions of these compounds have been in place since the 1970s. In 2001, the Stockholm 
Convention on Persistent Organic Pollutants officially initiated the ban and continuous 
monitoring of POPs in the environment and in humans that came into force in 2004. The 
human internal exposure is, however, only slowly decreasing as POPs can have a half-life 
of several decades and do not undergo vast biotransformation in the body. Environmental 
concentrations have since been decreasing but remain widespread and detectable in the 
environment (Figure 1A) in both populated and isolated regions due to their persistence 
and capacity of long-range transport via oceanic and atmospheric currents (UNEP, 2017).  
 

1.1.3 Non-persistent organic pollutants 

 
Non-persistent contaminants commonly have short half-lives in the human body and in 
the environment, which limits their toxic potential in the case of one-time exposures. 
Adverse health effects related to the exposure to these chemicals can, however, often be 
attributed to the compound-specific metabolites that can be the toxic agent instead of the 
parent compound. For many non-persistent pollutants, their mode of action is understood 
– the estrogenic capacity of bisphenol A (BPA) has already been suspected in the 1930s 
(Vandenberg et al., 2009), whereas for others it is merely suspected. Neurological disorders 
are a particularly ambitious endpoint as the development of the brain is a dynamic process 
with somewhat increased intensity during childhood and adolescence that is abating later 
on in life. Recently, certain non-persistent chemicals such as PHs and BPA have been 
drawn into the center of attention as they are increasingly suspected to alter brain 
development in children (Rochester et al., 2018). Endocrine disruptors, such as PHs and 
BPA affect the human body mainly through their anti-androgenic effects and via disruption 
of thyroid’s hormonal functions (Jeddi et al., 2016). As they share certain structural 
similarities with hormones such as estrogen or testosterone, they are able to bind to their 
specific receptors mimicking the activity of the actual hormone. Other health endpoints 
that have been observed with regard to endocrine disruptors involve: different kinds of 
cancer (Bonde et al., 2016; Cashman & Warshaw, 2005; Hsieh et al., 2011; Soto & 
Sonnenschein, 2010), respiratory diseases (North et al., 2014), impaired human fertility 
(Chen et al., 2017), obesity (Goodman et al., 2014), diabetes (Shapiro et al., 2015). As an 
additional reason for concern, many members of the group of non-persistent pollutants, 
such as PHs, bisphenols (BPs), parabens (PBs), and triclosan (TCS) have reached the 
status of pseudo-persistency as they can be detected in human samples at high 
concentrations and frequencies due to widespread industrial applications. For instance, 
HMW PHs and BPs are utilized in plastics, whereas LMW PHs, PBs, and TCS are 
additives in many personal care products (PCPs) to enhance their properties and longevity. 
Therefore, humans can be exposed to non-persistent contaminants via ingestion, inhalation, 
and dermal absorption. As none of the mentioned compounds are chemically bound to the 
applied matrix, they tend to migrate into the environment and into products via 
evaporation, leaching, and abrasion (Figure 1A). Rudel et al., (2003) detected between 6 
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and 42 different compounds in household dust, of which PHs, PBs, antimicrobials, 
alkylphenols, synthetic musks, and cyclosiloxanes have endocrine disruptive potential with 
different severity and pathways. Calafat et al., (2018) detected 24 individual biomarkers 
of pesticides, phenols, PBs, PHs, and polycyclic aromatic hydrocarbons (PAHs) in urine 
and blood of 122 children from the USA. 

Human exposure to chemicals is an important and crucial part of the study design step 
within HBM surveys that mainly targets three key questions 
 

1) Who is exposed? 
2) To which compounds are humans exposed? 
3) Via which pathways are humans exposed? 

 
Exposure assessment studies aim to fill the existing knowledge gaps in each of these 
questions. 
 

1.2 Exposure Assessment 

 
As indicated in the previous section, the direct link between exposures and health effects 
is nearly impossible to detect. One option is, however, to target specific aspects of exposure 
(e.g. selected compounds, a source or a specific pathway) one at a time (Figure 1B). Several 
bottom-up approaches for estimating exposure exist that can be based on the direct and 
targeted measurement of contaminants or their metabolites in human matrices, non-
targeted and suspect screening for chemical profiling of human samples, or computational 
exposure science that is based on large databases and computational modeling in order to 
- for instance - predict concentrations, exposure pathways, but also to identify so far 
unrevealed associations among variables (Bonnell, Zidek, Griffiths, & Gutzman, 2018; 
Isaacs et al., 2020; Ring et al., 2019). With the help of pharmacokinetic (PBPK) modeling, 
important exposure routes can be identified and the factors that underlie variability in the 
determined concentrations among individuals can be revealed (Isaacs et al., 2020). 
However, also modeling approaches rely on exposure data obtained through the 
measurement of contaminants in human samples.  
 Wild, (2012) hypothesizes that exposures leave measurable traces that can be followed 
towards the corresponding effect. The remaining unsolved variable in this attempt of source 
apportionment lies in the chemical or structural identification of those traces that are 
hereby referred to as biomarkers (Ladeira & Viegas, 2016; Vineis et al., 2020). They 
represent the measurable evidence that exposure occurred (biomarkers of exposure), 
caused alterations in the body immediately or long after the event (biomarkers of effect), 
and can serve as indicators of individual susceptibility or resilience towards exposure 
(biomarkers of susceptibility). Vineis et al., (2020) point out that the current challenges 
in exposome research lie in the identification of new biomarkers and the development of 
analytical methods for their determination (Figure 1B). 
The half-life of POPs can range over several decades and only small amounts are excreted 
from the body at a time. Therefore, blood is a suitable matrix for compounds with 
accumulative and lipophilic tendencies. Blood sampling, however, is an invasive procedure 
that requires technical skills and yields limited sample volume, which needs to be 
considered in the planning phase of exposure assessment studies. Additionally, during data 
interpretation it needs to be considered that bioaccumulation and lipophilicity often go 
hand in hand. Additionally, maternal milk, due to its high lipid content, is an often chosen 
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matrix. Therefore, it is wise to adjust the measured concentrations in blood or maternal 
milk to the lipid content if a correlation is detected.  

Non-persistent contaminants pose a challenge in the laboratory due to contamination 
and during data interpretation due to their fast excretion from the human body. Non-
persistent contaminants are often biotransformed to more hydrophilic metabolites that can 
be more easily excreted in urine compared to the parent compound. Well investigated is 
the example of di-(2-ethylhexyl)phthalate (DEHP) that undergoes phase I and phase II 
metabolism in humans. Upon entering the body, the di-ester is rapidly hydrolyzed to 
mono(2-ethylhexyl)phthalate (MEHP) via esterases and lipases (Phase I 
biotransformation) that can be further modified via cytochrome P450 enzymes (CYPs) to 
form hydroxy, oxo, and carboxy secondary metabolites (Phase I). Primary as well as 
secondary metabolites can undergo conjugation mainly via UDP-glucuronyl transferases 
(UGTs) (Phase II biotransformation), which facilitates their excretion in either urine or 
faeces depending on their lipophilicity. Among the compounds included in this dissertation, 
only PHs and their alternative di(isononyl)cyclohexane-1,2-dicarboxylate, Hexamoll® 
DINCH (DINCH) undergo phase I biotransformation. Some LMW PHs, BPs, PBs, and 
TCS go through phase II biotransformation and are, thus, excreted from the body in mostly 
conjugated form. The half-life of non-persistent compounds in the human body is less than 
24h, which makes reliable source apportionment and exposure assessment challenging and 
highlights the need for identifying reliable biomarkers of exposure. Such biomarkers can 
additionally serve as a proxy for the exposure timing if the compound of interest undergoes 
the complete phase I biotransformation. It has been hypothesized that the ratio between a 
carboxy (mono(2-ethyl-5-carboxypentyl)phthalate; 5cx-MEPP) and a hydroxy (mono(2-
ethyl-5-hydroxyhexyl)phthalate; 5OH-MEHP) metabolite of DEHP can serve to estimate 
the time of exposure based on differences in elimination half-life between the two 
compounds (Lorber et al., 2011; Meeker et al., 2012). 

To reliably assess exposure and related health effects, such biomarkers have to be 
identified, their mode of action understood, and excretion pathways and urinary excretion 
factors established (Koch et al., 2017). Excretion factors are valuable information in 
exposure science as they allow an estimation of how much of a chemical is excreted in urine 
as a certain biotransformation product. Accordingly, they allow the back-calculation of the 
original intake dose of the parent.  

Challenges in data interpretation arise from the uncertainty of exposure timing. With 
half-lives often as short as several hours, the time-period between exposure and sample 
acquisition determines the concentrations detected in urine. 24h urine is widely accepted 
as the most reliable source to estimate exposure, but population-based studies rarely allow 
for such extensive sampling campaigns. Spot urine samples are a commonly used method 
in studies with a large sample size, despite the related uncertainty. Studies suggest, though, 
that despite large intra-day variations in urinary metabolite concentrations, the median 
concentrations in a month are comparable to those obtained in spot urine samples (Aylward 
et al., 2014; Koch et al., 2013, 2017). Hauser & Calafat, (2005) observed that individuals 
are continuously exposed to phthalates, with relatively constant exposure sources over 
time. Thus, even though phthalates have a half-life of less than 24h in the human body, 
the continuous exposure underlies little variation and the concentrations detected in one 
first morning urine sample are representative for approximately 3 months.  

In an attempt to increase comparability among studies, first morning urine samples are 
commonly preferred in human biomonitoring (HBM) studies as they somewhat unify the 
time period between the exposure and sampling (Frederiksen et al., 2013). 
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1.2.1 Human biomonitoring as a tool in exposure assessment 

 
As illustrated in Figure 1B, HBM is an established tool to assess the chemical burden of 
either targeted sub-populations, or the representative general population. It is the 
“repeated, controlled measurement of a chemical or chemical marker in fluids, tissues, or 
other accessible samples from subjects exposed to chemical, physical, or biological risk 
factors” (Ladeira & Viegas, 2016). Furthermore, it aims at the determination and 
validation of biomarkers as tools in exposure assessment and reflects the total body burden, 
also known as internal exposure (Koch & Calafat, 2009; World Health Organization, 2015).  
Information on the levels of contaminants in human matrices can then be associated with 
questionnaire data on dietary habits and individual lifestyles reported by the participants 
obtained within HBM studies in the frame of exposure association studies.  

Exposure reconstruction makes an important part in exposure assessment studies. The 
most simple approach that is, however, only applicable to non-persistent contaminants,  
involves the intake dose calculation via excretion factors, metabolite concentrations, and 
the urinary output (Runkel et al., 2020). However, more complex PBPK modeling can be 
combined in a reverse dosimetry approach to associate the concentrations of contaminants 
in a chosen matrix with a distribution of exposures (Martínez et al., 2021). Reverse 
dosimetry is a sophisticated tool for the reconstruction of the original exposure dose by 
estimating the distribution of exposure in the environment (Clewell et al., 2008). 

Results obtained from those studies can be further utilized in medical studies, various 
modelling approaches, and risk assessment. As already implied in the introduction to the 
exposome concept, HBM aims at assessing the internal exposure of the population in an 
attempt to link it to the general and specific external exposure. This includes  
 

• the determination of contaminants in human matrices (Manuscript 1, 2, 4) 
• identifying determinants of exposure via questionnaire data (Manuscript 1,2) 
• reconstructing exposure via the calculation of intake doses (Manuscript 1) 
• addressing individual susceptibility (Manuscript 5) 
• evaluation of the risk of the population in response to exposure (Manuscript 4) 
• the evaluation of analytical methods for the determination of contaminants 

(Manuscript 3), and  
• linking or modeling potential resulting health impacts on the human body, which 

is beyond the scope of this doctoral dissertation.  
 
Within the frame of this dissertation, two populations were selected. The first consists of 
77 men, 155 women, and 155 children from two regions of Slovenia, that were recruited in 
2011 within the European DEMOCOPHES project. The second study population consists 
of 536 primiparous lactating women and 548 men that were recruited from 12 regions in 
Slovenia within the first national HBM project (HBM I) during two sampling campaigns 
(2009-2009; 2011-2014).  

Exposure assessment is in constant need of updated exposure data and in an ever need 
of sensitive and robust analytical methods for the determination of contaminants in human 
matrices. 
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1.2.2 Analytical methods for the determination of compounds of 

interest 

As illustrated in Figure 1B, the development of analytical methods and the quality 
assurance of measurements are key stones in exposure assessment. The methodology in 
chemical analysis can roughly be divided into three large chapters: sample pretreatment, 
sample preparation, and analyte separation and detection.  

Compounds that undergo phase II metabolism additionally require a deconjugation 
step, where the analyte is enzymatically cleaved from the respective conjugate. Sample 
preparation usually is the most time-consuming fraction during analytical procedures. 
Clean-up, extraction, and pre-concentration can take an average of 60 % of the total time 
(Andrade-Eiroa et al., 2016). These steps are critical for the overall performance of the 
analysis, as contamination and analyte loss can occur at many stages during sample 
preparation. Therefore, the lower the concentration of the target analyte in a sample, the 
higher the risk. To remove impurities from the complex biological matrix, different 
extraction methods can be applied that isolate the analyte from the mixture of compounds 
present in the matrix (Azzouz et al., 2016; Rocha et al., 2018). For a number of different 
matrices (urine, blood, water, soil, tissues, etc.), solid phase extraction (SPE) is the most 
commonly applied method for clean-up, extraction, and pre-concentration of environmental 
pollutants (Andrade-Eiroa et al., 2016). The extraction involves four critical steps: 
conditioning of the sorbent, loading of the sample, washing, and eluting of the analyte. The 
basic principle relies on the solution containing the dissolved or suspended analyte being 
loaded onto a solid phase where the target analyte is retained and the unwanted leftover 
matrix is being discarded. At last, another solvent is added that elutes the analyte into a 
collection tube. Nowadays, the solid phase is usually packed in a cartridge (Andrade-Eiroa 
et al., 2016). Conditioning of the cartridge is commonly carried out by wetting the surface 
with elution solvents and equilibration by a matrix comparable to that of the sample. The 
sample afterwards interacts with the sorbent and is hereby retained. Hence, when choosing 
the sorbent, the polarity of the analyte plays a critical role. In the washing step, a milder 
elution solvent (which elutes the matrix interferences, but not the analytes, depending on 
analyte polarity and pKa) is flushed through the solvent to remove further impurities. At 
last, a polarity-matched solvent is used to elute the analyte from the cartridge and 
collected. The method is, among others, very suitable for the measurement of phthalate 
metabolites and BPA in urine and blood (Azzouz et al., 2016).  

Especially, but not exclusively, analyses with gas chromatography (GC) often require 
an additional derivatization step during sample preparation. Hereby, the physical and 
chemical properties of the analyte are being modified to meet the analytical requirements. 
We applied this method to PBs, BPS, and TCS in order to increase their volatility, 
chromatographic properties, and thermal stability (Manuscript 4).  

The most commonly used instruments for trace organic analysis are gas 
chromatography coupled to mass spectrometry (GC-MS) and liquid chromatography mass 
spectrometry (LC-MS). The basic principle of chromatography lies in the separation of 
compounds based on their properties. In the first step, the sample enters the system in a 
mobile phase that is then forced through a stationary phase. While the mobile phase moves 
along the stationary phase, the analyte(s) interact with the latter mainly depending on 
their polarity. The main difference between GC-MS and LC-MS is the analyte carrying 
mobile phase that is a gas in the former and a liquid in the latter (Richter & Pirola, 2017).  
The separation efficiency during analysis largely relies of the column of choice. The 
appropriate column is the one that balances sample capacity, resolution, analysis time, 
retention time, stationary phase breakdown, and is compatible with the polarity of the 
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analyte. Post column, the eluted compounds enter the mass spectrometer. In the ionization 
source of the mass spectrometer, the molecules ionize, in the simplest case with electron 
impact ionization (GC-MS) or electrospray ionization (LC-MS). Then the ions undergo 
further separation according to the mass-to-charge ratio of parent to daughter ion 
transitions, which is commonly referred to as multiple reaction monitoring (MRM). The 
latter is the most common acquisition mode in tandem mass spectrometry (MS/MS), which 
is particularly important when determining trace-level analytes. An example is the 
analytical method for the determination of selected BPs, PBs, and TCS which includes an 
offline-SPE sample preparation procedure followed by analysis by GC-MS/MS (Manuscript 
4).  

HBM relies on the analysis of biomarkers of exposure and is, thus, dependent on 
improvements in the field of analytical chemistry (Aylward et al., 2014). Therefore, one 
manuscript included in the present dissertation (Manuscript 3) is dedicated to the review 
of available analytical methods for biomarkers of exposure for contaminants of emerging 
concern (CECs). These are of interest, as humans can be widely exposed to these 
compounds while they are to date not part of regular HBM studies and information on 
analytical procedures is scarce. Included in the manuscript are isocyanates, benzotriazoles, 
pyrroliodones, ultra-violet (UV) filters, the antimicrobials methylchloroisothiazolinone and 
methylisothiazolinone (MCI, MI), fragrances, and selected non-phthalate plasticizers.  
 

1.2.3 Exposure association studies 

Exposure association studies are a common tool in HBM with the aim to link the 
determined compound concentrations to exposure sources and to reveal associations among 
and between contaminants and influencing factors (Figure 1B). Such factors include 
physiology or the socio-economic background of a person. The information necessary for 
such associations can be obtained via questionnaire data. However, there are some general 
uncertainties associated with this approach that include a lack of standardization among 
studies, the false interpretation of the questionnaire by the participant, incomplete recall 
of, for instance, consumption frequencies, or intentional false reporting in the case of 
delicate questions (e.g. alcohol consumption, mental health) (Coggon, 1995; Galbete et al., 
2018). Especially for the assessment of exposure to non-persistent contaminants, detailed 
information on the last 48h prior to sampling is essential. Additionally, the targeted sample 
size is a matter of discussion as the analytical measurements and data interpretation have 
to be achievable while obtaining a sufficient sample size to guarantee statistical power. In 
order to reliably assess exposure in a population, a minimum sample size of 120 per 
population group is recommended by the World Health Organization (World Health 
Organization, 2015). 

In the general population, additional challenges arise during source apportionment, as 
information on exposure time, location, and magnitude is generally scarce. Limited data 
and the extrapolation from a smaller subset to country scale populations require necessary 
simplifications and assumptions that largely increase the number of uncertainties for this 
kind of exposure assessment (McKone & Daniels, 1991).  

In order to reliably assess exposure and to identify the sources, different statistical 
approaches are currently utilized, among them correlation and regression analyses. 
Commonly used are multiple linear regression modeling and generalized linear modeling to 
identify associations among variables. However, less common methods, such as ordinal 
logistic regression can be applied if the circumstances allow it. An example of such is 
demonstrated in Manuscript 4, where the lack of necessary confounders increases the 
uncertainty of the results and has a negative effect on the model performance. To overcome 
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this issue, the analyte concentrations are grouped into categories of increasing value, which 
shifts the focus from the actual determined value towards the relative ordering between 
values. However, to assess associations between exposure and health effects, environment 
wide association studies (EWAS) are a powerful tool for the interpretation of 
epidemiological data (Patel et al., 2010). 

In the present dissertation, we conducted two kinds of association studies. Firstly, we 
investigated associations among compounds that can indicate a common source of 
exposure. This can be expected as chemicals are often added to products as mixtures. This 
is for instance the case for methyl paraben (MP) and propyl paraben (PrP) that result in 
a higher preservative effect in PCPs and food when applied together (Manuscript 1, 2, 4). 
Secondly, we identified potential sources of exposure as well as lifestyle factors that increase 
or decrease exposure to phthalates and POPs (Manuscript 1 and 2).    

Subsequent to exposure association studies between determined contaminant 
concentrations and questionnaire data, the last chapter in exposure assessment focusses on 
the resulting risk of the population as well as the vulnerability of individuals (Figure 1C). 
 

1.3 Risk and Vulnerability Assessment Towards Chemical 

Exposure 

The matter of on-going and past exposures has been elaborated in the previous chapters, 
however, the picture is incomplete without the complex interrelationship among exposure, 
hazard, risk, and susceptibility. In the frame of this, the general concept of resilience needs 
to be highlighted that can be specifically applied to exposure studies. Resilience can be 
defined by the ability of an individual or an (a)biotic system to recover from a disruptive 
event and to maintain functioning with no external assistance (Garcia-Dia et al., 2013). As 
such, the level of resilience – or the amount of disturbance an organism can withstand 
without losing the capacity to recover (Figure 1C) – within an individual is a key factor in 
maintaining health (Manyena, 2006). Within exposome studies, biomarkers of 
susceptibility are a measure of estimating an individual’s resilience towards exposure to 
chemicals. The concept is commonly applied to (epi-)genetic factors, but the physiological 
status including factors like age, body-mass index (BMI), or life-style can as well be 
considered markers of susceptibility. Over the years, study approaches including gene-
environment interaction studies or environment-wide association studies (EWAS) have 
emerged to address the matter and to re-evaluate the equation where hazard × 
vulnerability equals risk (Dennis et al., 2016; Manyena, 2006). The understanding of gene-
environment interactions is a key stone in the estimation of risk resulting from exposure to 
environmental pollutants (Zeiger, 1994). 
 

1.3.1 Populations at risk 

Within chemical risk assessment, two terms must be differentiated, namely hazard and 
risk. Where the hazard mainly describes the potential of a chemical to cause adverse health 
effects (its toxicity), the risk establishes a probability relationship depending on the hazard, 
the occurrence of this chemical in the environment, and the actual exposure. In order to 
perform risk assessment, three steps generally need to be followed (WHO/IPCS, 2009): 

 
1) hazard characterization, which determines the biological response to a chemical at 

different doses, 



1.3. Risk and Vulnerability Assessment Towards Chemical Exposure 11 

2) exposure assessment, which consists of either the measurement of the chemical in a 
human matrix or exposure estimation, 

3) risk characterization, which combines the hazard – determined in step 1 – and the 
actual exposure as described in step 2. 

 
Additionally, when dealing with real-life scenarios, the effects of cumulative exposures 

have to be considered. For many chemicals, the dose-response relationship is not linear and 
similarly can the effects of substances in a mixture with others be additive, synergistic or 
antagonistic (Carpenter et al., 2002). To date, risk assessment for chemical mixtures is an 
underdeveloped area that suffers from many generalizations in response to a severe lack of 
data (Louro et al., 2019). Dose additivity estimates the effect of the mixture via the sum 
of the doses assuming a common mode of action. This approach, however, can easily 
mislead as it is the case for cyanide and hydrogen sulfide that share their mode of action - 
respiratory inhibition - but act antagonistic towards each other (Borgert et al., 2004). 
Unfortunately, with the current state-of-the-art it is rarely possible to test the infinite 
range of interactions of chemicals in mixtures due to a lack of data, guidance, and 
experience. Attempts to overcome these limitations exist in the form of adverse outcome 
pathways, in vitro testing, omics techniques, the use of threshold values, and 
pharmacokinetic models and the Horizon 2020 project European Test and Risk Assessment 
Strategies for Mixtures is developing strategies for the understanding of chemical mixtures 
and the resulting risk (Pletz et al., 2020; Rotter et al., 2018). For the moment, risk 
assessment of chemical mixtures is still at a preliminary stage and dose addition remains 
the most commonly applied approach (Simon, 2020). 

For the compounds included in this doctoral dissertation, the hazard has been widely 
characterized as either the biomonitoring equivalent (BE), the acceptable daily intake 
(ADI) or the no-observed-adverse-effect level (NOAEL). The BE value describes the 
concentration of a chemical (or its breakdown products) in a biological matrix that is 
consistent with given health-related guidance values, such as the ADI among others (Hays 
et al., 2008). The ADI describes the maximum amount of a chemical that can be ingested 
daily without resulting in any adverse health effects (Lu, 1988). The NOAEL describes the 
highest concentration of a chemical at which no adverse health effects have been observed 
(Louro et al., 2019). The risk can, therefore, be characterized utilizing the ratio between 
the measured concentrations of the chemical of interest and the given BE, ADI or NOAEL 
values (EFSA, 2013). This ratio is commonly referred to as the hazard quotient (HQ) or 
the risk characterization ratio (RCR). The value obtained based on the given approach 
cannot be regarded as the probability for the development of adverse health outcomes, but 
rather as an indicator if health effects are likely to occur or not. As such, if the ratio exceeds 
the threshold of 1, it implies that the determined concentration of the chemical exceeds 
the reference value at which no adverse health effects were observed and adverse health 
outcomes cannot be excluded. This concept can be applied to individuals as well as to 
populations (Sanchis et al., 2020) and has been done so within the frame of this doctoral 
dissertation as presented in Manuscript 4. However, this concept generalizes the biological 
response of an organism to chemical stressors and assumes equal levels of resilience for all 
individuals. Per contra, individual susceptibilities can underlie often large variations that 
need to be considered. 
 

1.3.2 Individual susceptibility 

How an organism responds to chemical stressors is largely determined by its intrinsic 
characteristics (Figure 1C). Underlying diseases or normal physiological characteristics, 
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such as age, can, for instance, influence the absorption rate of xenobiotics and the body’s 
metabolic rate (Zeiger, 1994; Zeise et al., 2013). In this aspect, the focus of this doctoral 
dissertation lies on genetic biomarkers of susceptibility (Ladeira & Viegas, 2016). Genetic 
predisposition can influence enzymes involved in the detoxification of certain compounds 
or metabolites, the capacity of cells to repair DNA damage, or the general sensitivity 
towards chemical exposure resulting from inherited genetic defects (Ladeira & Viegas, 2016; 
Zeiger, 1994). In the case of the former, genes that are coding for enzymes involved in the 
biotransformation of xenobiotics are especially of interest. The respective sequence coding 
for these genes can vary among individuals and such variations can accumulate in a 
population in response to selective pressures. If the frequency of variation exceeds the 1% 
threshold, it is referred to as a genetic polymorphism rather than a mutation (Kelada et 
al., 2003). So-called “silent mutations” have no effect on the phenotype, whereas functional 
polymorphisms can alter gene expression and consequently enzyme functioning and/or 
stability. The majority of these genetic variations (~90%) are single nucleotide 
polymorphisms (SNPs), where single base pairs are altered. The average gene is assumed 
to contain 3 – 4 SNPs of which less than half is functional. The influence of such SNPs on 
the biotransformation of xenobiotics can be rather significant, considering that the 
metabolic fate of some compounds is dependent on the activity of a single enzyme (Ladeira 
& Viegas, 2016; Zeise et al., 2013).  

The role of SNPs has been profoundly studied in relation to trace elements and to 
specific exposure – disease scenarios; an example of the latter being the smoking – lung 
cancer causation. However, little has been done on organic contaminants and among these 
even less on non-persistent contaminants. Within the frame of this doctoral dissertation, 
we studied the influence of SNPs in genes coding for enzymes (CYPs and UGTs) involved 
in the biotransformation of PH and DINCH using HBM data, which to date has never been 
done before (Manuscript 5).  

Revealing direct links between biomarkers of susceptibility and disease development is 
to date the exception rather than the norm, especially if the disease is more triggered by 
exposure than by genetic predispositions (Ladeira & Viegas, 2016). Additionally, large 
knowledge gaps exist in understanding the interrelation between the genetic make-up, 
environmental influences, and the development of disease. This is partially due to the 
complexity of genetic predisposition and the involvement of multiple genes rather than 
single ones in the development of health effects. An example of such complex interactions 
being the dose-response curve between known endocrine disruptors and health outcomes 
that follows a U-shape rather than a linear correlation (Rochester, 2013).  

Using individualized estimates on susceptibility to specific chemical exposures, public 
health protection can be improved and, thus, the risk assessment process can be largely 
refined (Kelada et al., 2003). However, both exposure-health effect studies as well as 
detailed risk assessment processes go beyond the scope of this doctoral dissertation and 
will not be elaborated further.  
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Chapter 2 

2 Aims and Hypotheses 

Within the frame of this doctoral dissertation, two populations have been selected 
consisting of the general population of Slovenian women, men, and children 
(DEMOCOPHES) and a population of Slovenian lactating primiparous women and their 
male partners (HBM I). Assessed will be the exposure of named populations to non-
persistent contaminants (PHs, DINCH, BPs, PBs, and TCS) and persistent organic 
pollutants (POPs) (PCDD/Fs, PBDEs, PCBs, and organochlorine pesticides (OCPs), 
namely dichlorodiphenyltrichloroethane (DDT), hexachlorobenzene (HCB), aldrin, endrin, 
dieldrin, hexachlorocyclohexane (HCH), heptachlor, chlordane, heptachlor epoxide (HCE), 
isodrin, and endosulfan) via existing databases and GC-MS/MS based methods. In order 
to identify so far unrecognized knowledge gaps in the field of analytical methods, available 
analytical methods for the determination of isocyanates, benzotriazoles, pyrroliodones, UV-
filters, methylchloroisothiazolinone and methylisothiazolinone (MCI, MI), fragrances, and 
selected non-phthalate plasticizers will be reviewed. The acquired exposure data will be 
utilized in the frame of association studies, where sources and pathways of exposure will 
be determined using questionnaire data and biostatistical analyses. Subsequent to the 
assessment of exposure, the resulting risk of the population will be evaluated applying an 
established chemical risk assessment approach. As this approach, however, simplifies 
individual biological responses to chemical exposure, the influence of SNPs in CYP2C9, 
CYP2C19, CYP2D6, UGT2B15 and UGT1A7 genes on the biotransformation of PHs and 
DINCH will be investigated using HBM data.  
 
Hypotheses: 
 

1. Despite their fast degradation and partial restriction, selected non-persistent 
chemicals are ubiquitously present in the environment and can be quantified in 
human samples with high detection frequencies and in often high concentrations. 
Exposure of individuals can be strongly associated with personal dietary habits and 
lifestyle. 

2. Maternal transfer of persistent organic pollutants through in utero exposure and 
lactation is an important part of the individual exposome and the inclusion of such 
populations is valuable in HBM studies. POPs remain detectable in the 
environment 50 years after the first restrictions have come into action. The 
Slovenian population is mainly exposed via diet and differences in exposure occur 
based on local sources, contamination history, geography, and individual lifestyles. 

3. Despite advances in the field of analytical chemistry, there is a lack of methods for 
the determination of contaminants that are so far escaping the attention of HBM 
projects.  
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4. As exposure to non-persistent contaminants is frequent and can range from low 
doses to high doses, the population is approaching an exposure load where adverse 
health outcomes can no longer be excluded. 

5. Conventional approaches in chemical risk assessment are neglecting the influence 
of individual susceptibility towards chemicals. Selected SNPs in genes of CYP2C9, 
CYP2C19, CYP2D6, UGT2B15 and UGT1A7 can influence the biotransformation 
of PHs and DINCH and are, therefore, suitable biomarkers of susceptibility. 

 



15 

Chapter 3 

3 Scientific Publications 

The present dissertation consists of five manuscripts of which four are published and one 
is in preparation. Manuscripts 1 (3.1) and 2 (3.2) cover the first and second of the listed 
hypotheses, namely the exposure of two populations to PHs and POPs. Following the 
assessment of exposure, manuscript 3 covers the methodological approach in exposure 
assessment studies, thereby describing existing methods for chemicals of emerging concern 
(3.3). Manuscript 4 (3.4) leads further to the question if current exposure levels pose a 
health risk for the population, which corresponds with the fourth hypothesis. This widely 
applied approach in chemical risk assessment neglects the influence of individual 
susceptibility on the organism’s biological response. Therefore, the last manuscript (3.5) 
covers the hypothesis that selected SNPs in CYP2C9, CYP2C19, CYP2D6, UGT2B15 and 
UGT1A7 genes can influence the biotransformation of PHs and DINCH, which makes them 
suitable biomarkers of susceptibility.  

To address these aspects, two study populations were selected. The first consists of 
family units sampled in 2011-2012 as part of the European project DEMOCOPHES and 
consists of 155 women (age 30 – 52), 155 children (age 6 – 11), and 77 men (age 30 – 53) 
from Ljubljana and Šmarje pri Jelšah. First morning urine samples were obtained from 
each participant and a detailed questionnaire on their residential environment, diet, life 
style, occupation, and socio-demography was filled out. The second study population 
consists of 536 primiparous lactating women and 548 men (age 18 – 49) that were recruited 
from 12 regions in Slovenia within the HBM I project during two sampling campaigns 
(2008–2009; 2011–2014). The regions were selected based on their specific characteristics, 
such as a high degree of urbanization (Ljubljana, LJ; Maribor, MB; Koper, KP), potential 
pollution or industrial activity (Mežica valley, RA; Posočje and Idrija, GO; Jesenice, KR; 
Zasavje, ZA; Celje, CE; Bela krajina, BK), and the absence of known contamination sources 
(Kočevje and Cerknica, KO; Pomurje, MS; Savinjsko-Posavska, SP). The obtained samples 
were spot urine, maternal milk, plasma (men only) and serum (men only). The population 
of lactating women was selected to monitor vulnerable sub-populations.  

Thereby, the present dissertation covers the various aspects of exposure assessment, in 
detail the evaluation of analytical methods, the determination of environmental pollutants 
in human matrices, the exposure source and pathway assessment via questionnaire data, 
the assessment of potential health risks resulting from such exposures, and the evaluation 
of individual susceptibilities. 
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3.1 Manuscript 1: Urinary Phthalate Concentrations in the 

Slovenian Population: An Attempt to Exposure 

Assessment of Family Units 

Published: Runkel AA., Snoj Tratnik J., Mazej D., Horvat M., (2020). Environmental 
Research, 186, 109548. 
 
PHs are industrial organic chemicals that are synthesized via the reaction between phthalic 
acid and an alcohol. The wide range of physicochemical properties can be derived by the 
alcohol of choice (Koch & Calafat, 2009). PHs generally fall into either of two categories 
depending on the number of carbon atoms in their side chain. HMW PHs (6 – 13 C atoms) 
find numerous applications as plasticizers in end products such as polyvinyl chloride (PVC) 
and plastic packaging materials. LMW PHs (3 – 6 C atoms), on the other hand, are more 
volatile and more hydrophilic compared to HMW PHs. Thus, they find more applications 
as additives in PCPs, fragrances, solvents, paints, and lubricants (Berger et al., 2019; Koch 
& Calafat, 2009; Lorber et al., 2017; Saravanabhavan et al., 2014). 

Human exposure to PHs is widespread and their biotransformation products can be 
detected in mostly urine at high detection frequencies and concentrations. In recent years, 
concerns have been rising over the known or assumed health effects of PHs and their 
metabolites, mainly due to their endocrine disruptive properties (Koch et al., 2007, 2017; 
Koch & Calafat, 2009; World Health Organization, 2015).  

In the presented manuscript (Runkel et al., 2020), we determined the levels of seven 
metabolites of five PHs (DEHP; benzylbutyl phthalate, BBzP; di-iso-butyl phthalate, 
DiBP; di-n-butyl phthalate, DnBP; and di-ethyl phthalate, DEP) in first morning urine 
samples of Slovenian men, women, and children in the frame of the European project 
DEMOCOPHES. Potential sources and pathways of exposure were identified using detailed 
questionnaire data provided by the participants and the intake dose of the PH parent 
compounds has been calculated using available excretion factors. Additionally, we 
evaluated two common methods for the adjustment to urine dilution, namely creatinine 
(CRT) and specific gravity (SG).  

In the absence of an in-house analytical method for the determination of PH metabolites 
in urine at the time, samples were sent to the VITO NV laboratory in Belgium for analysis 
according to the COPHES SOP protocol (Schindler et al., 2014). Associations with 
questionnaire data were performed by the PhD candidate using analysis of variance 
(ANOVA), spearman’s rank correlation, and multiple linear regression analysis. 

Firstly, as the results indicated that CRT adjustment leads to a significant 
underestimation of exposure, SG adjustment seems to be the more reliable approach. The 
results indicate a generally higher exposure of children compared to women and men. 
Among all analytes, only MEHP could not be detected above the limit of quantification 
(LOQ) in 4 samples, which translates to an overall detection rate of 97% for this compound. 
All others could be detected at a frequency of 100%. Several lifestyle characteristics, such 
as the living environment (rural or urban), the level of education or the occupation were 
associated with PH exposure. Furthermore, dietary sources and packaging materials, such 
as canned food, frozen food, and food and drinks from plastic packaging were positively 
associated with levels of HMW PH metabolites. Especially LMW PHs were associated with 
several personal care products, such as makeup, lotions, and fragrances. The associations 
obtained in this study are based on the metabolite concentrations detected in urine. In the 
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case of complex exposure reconstruction using PBPK modeling approaches, it may be 
feasible to associate the questionnaire data with the calculated intake dose of the parent 
phthalate. However, in the present manuscript the intake dose was calculated using 
generalized values for daily urinary output and excretion factors. Such generalizations 
would increase the uncertainty of the results. Therefore, we chose the metabolites as the 
better proxy for exposure.  

In addition to associations with each of the population subgroups, we performed an 
analysis to evaluate the exposure of the whole family unit. Especially the available living 
space, the presence of PVC in the house, and home-grown food (potentially due to freezing 
in plastic bags) were associated with increased exposure. 

In general, both the observed urinary metabolite concentrations as well as the calculated 
intake doses are comparable to the results of other studies within the DEMOCOPHES 
project.  

As such we conclude that exposure to PHs in the Slovenian population is widespread 
and associated with industrial and dietary products. Furthermore, certain lifestyles seem 
to increase exposure to these compounds. Children are generally more exposed than adults, 
which is of concern as endocrine disruptors have a larger effect on the developing organism. 
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3.2 Manuscript 2: Organohalogens: A Persisting Burden in 

Slovenia? 

Published: Runkel AA., Križanec B., Lipičar E., Baskar M., Hrženjak V., Cencič Kodba 
Z., Kononenko L., Kanduč T., Mazej D., Snoj Tratnik J, Horvat M., (2021) Environmental 
Research 198, 111224. 
 
POPs are a group of contaminants that share a wide range of characteristics; persistency, 
toxicity, the ability to bioaccumulate and biomagnify, and the capacity for long-range 
transport (Angerer et al., 2007; Curtean-Bănăduc et al., 2020; Govaerts et al., 2018; Islam 
et al., 2018; Nawab et al., 2020; Rawn et al., 2012; Warenik-Bany et al., 2019). POPs are 
of concern to the environment and human health and have, hence, been restricted since 
2004. Since then, their levels in the environment have been decreasing, however, they can 
still be determined at often high concentrations due to their long half-life and few active 
sources (Fång et al., 2015; Schwarzenbach et al., 2010). Active sources can be industrial 
activities or traffic, whereas legacy pollution is associated with today’s background 
contamination of, for instance, animal products. Therefore, diet is widely regarded as the 
main pathway of exposure for humans (Bjerregaard-Olesen et al., 2017; Porta et al., 2008).  

In Slovenia, in response to modern technologies and pollution prevention only a few 
active sources still remain. In BK, however, following the pollution of Krupa River with 
PCBs between 1962 and 1983, the levels of PCBs remain elevated until today (Pezdirc et 
al., 2011).  

In the present manuscript (Runkel et al., 2021), we assessed the levels of selected POPs 
(PCDD/Fs, PCBs, PBDEs, and OCPs) in pooled and individual samples of maternal milk 
and men’s serum and pooled plasma. The samples of 536 primiparous lactating women and 
548 associated men from 12 regions in Slovenia were obtained between 2008 and 2014 
during two sampling campaigns.  

In pooled samples of maternal milk and plasma, the levels of PCDD/Fs, dioxin-like 
PCBs (dl-PCBs), and PBDEs were determined, whereas, non-dioxin-like PCBs (ndl-PCBs) 
and OCPs were measured in individual samples of milk and men’s serum. All analyses were 
carried out at the National Laboratory of Health, Environment, and Food, located in 
Maribor, following United States Environmental Protection Agency (EPA) methods (EPA 
1613, 1668A, and 1614, respectively) using high-resolution mass spectrometry (HRMS) for 
the determination in pooled samples. An in-house method using electron capture detection 
(ECD) was applied for the measurement of ndl-PCBs and OCPs at the same institution. 
All biostatistical analyses including ANOVA, spearman’s rank correlation, multiple linear 
regression analysis, cluster analysis, and principal component analysis (PCA) were 
performed by the candidate.  

The aim of the study was to assess exposure to POPs in men and lactating women, to 
identify sources and pathways of exposure, and to establish reference values for both 
populations. The following results were obtained: 

1) The determined concentrations and detection frequencies were in general low, but 
higher in maternal milk compared to men’s blood samples.  

2) The calculated toxic equivalent (TEQ) values for PCDD/Fs + dl-PCBs were 3.04 
pg/gTEQ2005 and 0.09 pg/gTEQ2005 for pooled milk and plasma samples, 
respectively. ΣPBDE could be determined at concentrations of 1076 pg/g and 920 
pg/g in pooled milk and men’s plasma, respectively.  

3) In individual samples of maternal milk, only HCB, 
dichlorodiphenyldichloroethylene (p,p’-DDE), ΣDDT and the ndl-PCB congeners 
138, 153, and 180 (concentration range 5-60 ng/g) could be determined, whereas in 
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men’s serum, only p,p’-DDE and Σndl-PCB could be detected (0.25 ng/g and 0.3 
ng/g, respectively). 

4) We observed strong within-group correlations for PCBs, PCDD/Fs, PBDEs, DDT 
breakdown products and weaker correlations among compounds from different 
groups. 

5) The levels of OCPs and ndl-PCBs were significantly correlated with age, whereas 
smoking was inversely correlated. Significant associations were found with dietary 
products, such as seafood, meat, and alcohol. Other sources determined included 
old buildings and private water wells.  

6) The concentrations observed in this study are very low compared to studies from 
other countries, especially in comparison with countries on the Northern side of the 
Alps. However, among the regions, BK has the highest TEQ values, followed by 
LJ. 

 
We conclude that exposure to POPs in Slovenia is low by comparison to other countries 

and we hypothesize that one of the underlying reasons might be Slovenia’s geographical 
location. The alpine barrier effect might shelter Slovenia from the influence of the Westerly 
winds that pose a mechanism of transport for POPs over Northern and Western Europe. 
Despite this, the effects of the pollution of Krupa River are still visible in a national 
comparison. We can confirm some known dietary and industrial sources of POP exposure 
that were associated with POPs’ concentrations even at low levels.  
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3.3 Manuscript 3: Contaminants of Emerging Concern in 

Urine: A Systematic Review of Analytical Methods for 

Determining Diisocyanates, Benzotriazoles, 

Benzothiazoles, UV Filters, Isothiazolinones, Musks, and 

Non-Phthalate Plasticizers 

In preparation: Runkel AA. & Tkalec Ž., Kosjek T., Horvat M., Heath E., (2022) 
 
This manuscript has been prepared as a shared work project together with Žiga Tkalec to 
evaluate and summarize the existing analytical methods for the determination of CECs. 
Therefore, the candidate and Žiga Tkalec share the first authorship in this manuscript. All 
the tasks included (database search, compound selection, literature search, extraction of 
information, and writing of the manuscript) were split equally among the candidate and 
Žiga Tkalec.  

CECs are contaminants that are to date not included in any routine HBM schemes, 
such as NHANES, GerES, or HBM4EU, but can be expected to be included in the near 
future due to increasing amounts of toxicity data and associations with adverse health 
outcomes (Yadav et al., 2021). Due to the availability of large sample volumes and 
unproblematic sample collection, compounds were selected that can be analyzed in urine, 
which is a suitable matrix for extensive HBM campaigns (Esteban & Castaño, 2009). After 
reviewing the literature for CECs and comparing the obtained list with the lists of priority 
substances from established HBM frameworks (NHANES, GerES, HBM4EU), 7 compound 
groups have been selected for review; isocyanates, benzotriazoles, pyrrolidones, UV-filters, 
isothiazolinones, fragrances, and non-phthalate plasticizers.  

We were able to extract a suitable selection of quantitative methods for each of the 
listed compound groups. The most methods were available for non-phthalate plasticizers 
(n=9), whereas the least methods were available for isothiazolinones (n=2). From the 
literature, we can summarize that liquid liquid extraction (LLE) and SPE are the most 
frequently applied extraction procedures for all of the selected compound groups. Following 
extraction, the analytes are analyzed with either GCMS or LCMS, depending on the 
physicochemical properties of the target group. Most of the available methods use tandem 
mass spectrometry (MS/MS) detection and negative ionization of the compounds.  

We can conclude that all of the evaluated methods use well established sample 
preparation, separation, and detection procedures that do not require special laboratory 
set-ups. This makes them suitable for the application within wider HBM frames, where 
large amounts of data are generated in short time using quantitative methods. Therefore, 
this review presents a useful asset to future HBM studies by giving a conclusive overview 
for the determination of selected CECs in urine.  

This manuscript has been prepared for publication in the journal Environment 
International. 
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3.4 Manuscript 4: Exposure of Men and Lactating Women 

to Environmental Phenols, Phthalates, and DINCH 

Published: Runkel AA., Mazej D., Snoj Tratnik J., Tkalec Ž., Kosjek T., Horvat M., 
(2022), Chemosphere, 286, 131858. 
 
As indicated in the introduction of this dissertation, exposure assessment can be led a step 
further, namely to the evaluation if the observed real-life exposure scenarios pose any risk 
for the population. This question has been addressed within this manuscript by assessing 
the exposure of Slovenian men and lactating women (HBM I) to environmental phenols, 
PHs, and DINCH (Runkel et al., 2022).  

The study consisted of an assessment of exposure followed by a simplified risk 
assessment approach using established guidance values. The urinary concentrations of 
methyl paraben (MP), ethyl paraben (EtP), propyl paraben (PrP), iso-propyl paraben 
(iPrP), butyl paraben (BuP), iso-butyl paraben (iBuP), benzyl paraben (BzP), triclosan 
(TCS), bisphenol A (BPA), bisphenol S (BPS), and bisphenol F (BPF) were determined 
by the candidate using an SPE-based sample preparation method followed by analysis by 
an Agilent 7890 B GC coupled to a triple quadrupole mass analyzer Agilent 7000, where 
the utilized separation column was a DB5-MS UI column (30m, 0.25 mm, 0.25 µm). 

Aliquotes of urine samples were sent to the VITO NV laboratory in Belgium, where 
individual PH metabolites, namely, MEHP, 5oxo-MEHP, 5OH-MEHP, 5cx-MEPP, MEP, 
MiBP, MnBP, MBzP, cx-MINP, OH-MIDP, OH-MINCH, oxo-MINCH, and OH-MINP, 
were measured using ultraperformance liquid chromatography-tandem mass spectrometry 
(UPLC-MS/MS) following direct injection. 

All statistical analyses were carried out in RStudio Version 3.6.2 by the candidate using 
spearman’s rank correlation, analysis of variance (ANOVA), multiple linear regression and 
ordinal logistic regression analysis. 

For the simplified risk assessment performed by the candidate, we followed the generally 
recommended procedure by comparing the obtained concentrations to existing guidance 
values (here: BE, ADI, NOAEL). 

The highest detection frequencies (>76%) were observed for BPA, MP, EtP, and all of 
the PH and DINCH metabolites, whereas the other phenols could be detected in a minimum 
of 2% of the samples (iBuP). We observed significant differences in exposure between men 
and women. Whereas men had significantly higher levels of BPs, DINCH and PH 
metabolites, the concentrations of PBs were higher in women. Using questionnaire data, 
we were able to associate most of the obtained concentrations with the time of sampling 
and the residential environment (urban/rural). Physiological and demographic factors, 
such as age, BMI, smoking, and the level of education were associated with individual 
compounds. The results from the risk assessment approach indicate that no risks can be 
expected for the population at current exposure levels. The obtained HQ values (0.74 and 
0.76 for women and men, respectively) are, however, close to the threshold of 1 above 
which adverse health outcomes cannot be excluded anymore. Thus, we urge to repeat the 
presented analysis within the frame of upcoming HBM campaigns and in consideration of 
a wider selection of compounds.  
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3.5 Manuscript 5: Assessment of Susceptibility to Phthalate 

and DINCH Exposure Through CYP and UGT Single 

Nucleotide Polymorphisms 

Published: Stajnko A., Runkel AA., Kosjek T., Snoj Tratnik J., Mazej D., Falnoga I., 
Horvat M., (2022), Environment International, 159, 107046. 
 
As hinted at in the introduction, risk assessment so far neglects the influence of individual 
susceptibilities on resilience. Therefore, this study investigated – for the first time – the 
role of SNPs coding for enzymes involved in the biotransformation of PHs and DINCH 
using HBM data (Stajnko et al., 2022). PHs and DINCH are xenobiotics that undergo 
compound-dependent biotransformation in the liver and partly in the gut that is largely 
dependent on CYPs and UGTs (Benjamin et al., 2017; Domínguez-Romero & Scheringer, 
2019; Frederiksen et al., 2007; Lyche, 2011). Enzymes belonging to this group are involved 
in the oxidative biotransformation of many known xenobiotics; CYP2D6, for instance, is 
known to be catalyzing for 20 – 30% of all biotransformation processes of pharmaceuticals 
while being highly polymorphic (Horn, 2012); an in vitro study by Choi et al., (2012) has 
demonstrated its active role in the biotransformation of DEHP. In the same study, Choi 
et al., (2012) identified 5 more enzymes besides CYP2D6 that are involved in the 
production of secondary metabolites of DEHP, namely CYP2C9, CYP2C19, CYP3A4, 
CYP3A5, and CYP3A7. UGTs, on the other hand, are involved in the glucuronidation of 
PH and DINCH metabolites, which facilitates their excretion in urine. In vitro studies 
suggest the involvement of UGT1A1, UGT2B7, and UGT2B15 in this process (Luo et al., 
2020). 

Functional polymorphisms can alter the gene expression and, consequently, enzyme 
functioning. Therefore, functional SNPs in the genes of the afore-mentioned enzymes can 
influence the biotransformation of phthalates and DINCH in the human body (Choi et al., 
2012). This can potentially make the carrier more susceptible to the adverse health effects 
caused by these compounds, as a slower metabolism leads to a longer latency in the body 
and a thereby caused increase of the biologically effective dose. As the biotransformation 
products of some phthalates such as DEHP are more potent than the parent compound, a 
delay in elimination caused by slow metabolism increases the exposure to these toxicants 
(Choi et al., 2012). Thus, the presence of SNPs with a known negative effect on enzyme 
performance can be read as a biomarker of susceptibility (Choi et al., 2012).  

A total of seven functional SNPs (rs1799853 (CYP2C9*2), rs1057910 (CYP2C9*3), 
rs4244285 (CYP2C19*2), rs12248560 (CYP2C19*17), rs38920979 (CYP2D6*4), rs1902023 
(UGT2B15*2), and rs11692021 (UGT1A7*3) were selected based on available information 
in the literature, reported SNP’s minor allele frequencies (MAFs), and the availability of 
pre-designed hydrolysis probe assays. The effect of the selected SNPs was evaluated by 
associating the ratios between the metabolites (5OH-MEHP/MEHP, 5oxo-MEHP/MEHP, 
5cx-MEPP/MEHP, 5oxo-MEHP/5OH-MEHP, and oxo-MINCH/OH-MINCH) as a proxy 
of biotransformation efficiency with the respective SNP. All associations were obtained 
using multiple linear regression modeling and ordinal logistic regression as a confirmation.  
This is the first study to investigate and observe the effect of selected SNPs in genes coding 
for CYPs and UGTs on the biotransformation of PHs and DINCH.  

We observed a reduction of the biotransformation of DEHP in carriers of CYP2C9*2 
and CYP2C9*2 and an increased excretion in carriers of CYP2C19*17. The observed effect 
of the two CYP2C9 SNPs was even more pronounced in carriers of both variant alleles. 
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Among the SNPs in genes of UGTs, only UGT1A7*2 was associated with elevated levels 
of selected PH metabolites (MBzP, MiBP) in women and of DINCH metabolites in men.  

The results obtained in this study demonstrate that the above-mentioned SNPs could 
be utilized as biomarkers of susceptibility to PH and DINCH exposure. 
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Chapter 4 

4 Conclusions 

The presented dissertation aimed at assessing the exposure of the Slovenian general 
population as well as susceptible groups to harmful persistent and non-persistent 
contaminants, to identify the determinants of exposure, to evaluate existing analytical 
methods and to develop new ones for the determination of such chemicals in urine, to 
evaluate if the current exposure levels exceed the respective guidance values, and to address 
the influence of individual susceptibility on the biotransformation of pollutants.  

We can conclude that the evaluated populations are exposed to multiple non-persistent 
and persistent chemicals and that these compounds can be detected in human matrices at 
varying concentrations and often high detection frequencies.  

The candidate’s PhD research work is gathered in five manuscripts: 
 

- Manuscript 1: Within the frame of the first hypothesis, we aimed at assessing the 
exposure of Slovenian men, women, and children to five PHs, to assess potential 
differences in exposure, to identify determinants of exposure, and to compare the 
observed levels with other studies. We can confirm that Slovenian women, men, 
and especially children are exposed to DEHP, DEP, BBzP, DnBP, and DiBP. We 
observed higher concentrations in the urine of children compared to adults, in the 
rural sampling location compared to Ljubljana, and we observed differences based 
on the level of education. Via available questionnaire data, we identified multiple 
dietary, industrial, and personal care product sources, as well as specific lifestyles 
as determinants of exposure, including some sources that are applicable for family 
units. Overall, exposure in Slovenia falls within the European average. The results 
summarized in this manuscript confirm the first hypothesis. 

- Manuscript 2: From the assessment of exposure to POPs (PCDD/Fs, PCBs, 
PBDEs, and OCPs) of Slovenian men and lactating women, we can conclude that 
the obtained levels are low compared to other studies. We hypothesize that the 
underlying cause for this is Slovenia’s geographic location on the Southern side of 
the Alps that provide shelter from the westerly winds. The determined 
concentrations could still be associated with some dietary and industrial sources. 
Within a national comparison, Bela krajina and Ljubljana stood out with the 
highest POP burden of the population. Therefore, we can confirm the second 
hypothesis. 

 
Complementing the association between exposure and questionnaire data, in the third 
manuscript, we focused on the analytical side of exposure assessment. We, therein, 
evaluated and summarized the available methods for the determination of selected 
contaminants of emerging concern.  
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- Manuscript 3: From the review of analytical methods for the determination of 

CECs in urine, we can conclude that the available methods mostly use approaches 
that can be applied in HBM laboratories without further modifications, such as 
LLE/SPE extraction followed by GC or LC analysis. This makes them suitable for 
the inclusion in large-scale HBM studies. The highest number of available methods, 
however, was 9, therefore, we conclude that these compounds are so far 
understudied and more literature on analytical procedures is necessary in order to 
prepare for the inclusion of these compounds in wide-scale HBM studies. This 
confirms the third hypothesis.  

 
After having evaluated the methodological perspective of exposure assessment as well as 
the associations between concentrations of chemicals in different matrices with 
questionnaire data, the fourth hypothesis was addressed in the fourth manuscript, where 
we evaluated the exposure of Slovenian men and lactating women to PHs, DINCH, and 
environmental phenols, and calculated the HQ to preliminarily assess if at current exposure 
levels, adverse health effects are possible. 
 

- Manuscript 4: We can conclude that women are more exposed to parabens, 
compared to men, but men have higher urinary concentrations of PHs, DINCH, 
and BPs. The HQ is below 1 for both populations, however the limited number of 
analytes might bias the results. As such, we suggest to repeat the assessment using 
a larger number of compounds and different populations, such as non-lactating 
women and children. The fourth hypothesis can, therefore, be preliminarily 
confirmed, but is in need of further verification. 

 
This simplified approach of risk assessment is based on a number of assumptions, such as 
the appropriateness of guidance values, and neglects the influence of individual 
susceptibility. Thus, the obtained conclusions should be taken as an indicatory preliminary 
result that is in need of further elaborations. One step to address these limitations was 
undertaken within the frame of the fifth manuscript, where the fifth hypothesis is being 
addressed. This hypothesis states that genetic predisposition can influence the response of 
individuals to harmful chemicals. This was evaluated on the example of phthalates and 
DINCH and selected enzymes (CYPs and UGTs) that are involved in their 
biotransformation. 
 

- Manuscript 5: The results suggest that selected SNPs in genes of CYP2C9, 
CYP2C19, CYP2D6, UGT2B15 and UGT1A7 can influence the biotransformation 
of PHs and DINCH. We can confirm the previously only in vitro observed negative 
effect of rs1799853 (CYP2C9*2) and rs1057910 (CYP2C9*3) on PH and DINCH 
biotransformation and associated rs12248560 (CYP2C19*17) and rs11692021 
(UGT1A7*2) with higher excretion of some metabolites. The observed negative 
effect of both CYP2C9 genes on the biotransformation of DEHP was even more 
pronounced in carriers of both variant alleles. We propose these SNPs to be 
regarded as novel biomarkers of susceptibility towards PH and DINCH exposure. 
The results presented in this manuscript confirm the fifth hypothesis. 

 
Overall, this dissertation presents an overview over the exposure of the Slovenian 
population to POPs, PHs, DINCH, PBs, BPs, and TCS and identifies determinants of 
exposure. Furthermore, it addresses the methodological side of exposure assessment via the 
review of analytical methods for the measurement of CECs in urine. By calculation of the 
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HQ, we obtained the preliminary result that at current exposure levels adverse health 
effects are not assumed to occur. This conclusion, however, is in need of a more detailed 
analysis including more compounds, different populations, and an evaluation of the 
appropriateness of the applied guidance values. Thus, it should be regarded with caution. 
Additionally, we evaluated differences in individual resilience towards exposure to PHs and 
DINCH and identified four SNPs in three genes of CYPs and UGTs as potential biomarkers 
of susceptibility.  
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