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“We only know a tiny proportion about the complexity of the natural 
world. Wherever you look, there are still things we don’t know about 
and don’t understand. [...] There are always new things to find out if 

you go looking for them.”    - David Attenborough - 
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Abstract 

There are more questions than answers in biomarkers research at low exposure levels. The 
present dissertation aimed to estimate the appropriateness of exposure and effect 
biomarkers, the impact of single nucleotide polymorphisms (SNPs; 35 SNPs, 20 genes) – 
as susceptibility/adaptability biomarkers – on potentially toxic trace elements (TE) in spot 
urine and blood samples, and to obtain SNPs allele frequencies. Associations were estimated 
and tested by multivariable linear regression with the adjustment for selected confounders. 
Selected Slovenian, Croatian, and Kyrgyzstan populations with low to moderate 
environmental or diet TE exposure were chosen regarding their vulnerability related to 
either pregnancy, lactation, childhood, childbearing age or residential region. Some 
observations were tested on a smaller group of cancer patients pharmacologically exposed 
to metalloid-containing medicine.  

Results confirmed that the normalization of spot urine biomarkers levels for inter-
individual variations in hydration status, particularly by creatinine, is inappropriate at low 
TE exposure due to a high difference in the measurement sensitivity and specificity between 
creatinine and TEs, resulting in conflicting and inconsistent results. As such, TE 
determined in blood (plasma) have found to be a better biomarker of low level exposure. 
Similarly questionable is normalization of urine biomarkers of renal effect (tubular: alpha-
1-microglobulin – A1M, N-Acetyl beta-D-Glucosaminidase – NAG; glomerular: Albumin –  
Alb, Immunoglobulin G – IgG).  

Additionally, the associations were clearly influenced by physiological variability. Cd – 
renal effect biomarkers associations were driven by the normal physiological changes in 
kidney function rather than by Cd-induced renal effects. Moreover, renal protein A1M was 
affected also by factors unrelated to kidney function, such as smoking, pointing on its 
versatile physiological roles and low specificity, which at such low levels oppose its 
appropriateness as a biomarker of Cd effects.  

Superior effect of physiological non-genetic factors versus genetic factors on TE at low 
exposures was observed during pregnancy. Pregnancy status silenced the most of studied 
SNPs/TE interactions. Among non-pregnant women, we identified the “protective” role of 
AS3MT haplotype, related to As methylation efficiency. In accordance with extremely low 
environmental and diet related iAs exposure we observed 7 times lower frequency of 
AS3MT haplotype for the Slovenian-Croatian population than that reported for the 
population of Argentina with historically high iAs exposure. Assessment of AS3MT 
haplotype and its mRNA levels in As2O3-treated cancer patients pointed out that the 
former rather than the latter could be used as a predictor of therapeutic efficiency.  

Novel assessment of SNPs of AQP – coding small molecules transport channels – showed 
significant negative influence of AQP4 (rs9951307) and positive influence of AQP9 
(rs2414539) on As methylation efficiency and metabolite excretion – the first one during 
pregnancy only and the second one during non-pregnancy. INMT (rs6970396) and AQP9 
both resulted, beside As, also in higher urine levels of Se pointing on their co-excretion, 
maybe as an As-Se complex. At moderate Pb exposures, we also confirmed influences of 
two ALAD SNPs (rs1805313 and rs1800435) on lower blood Pb. Frequencies of ALAD 
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SNPs considerably varied among three studied areas of the Kyrgyzstan population and put 
in question a possible role of geology and environmental pollution on observed levels. 
Similar differences are expected for Slovenia after genotyping industrially polluted regions 
including the Mežica valley (Pb and Zn mine).  

The present dissertation contributed to the worldwide data on allele frequencies of 35 
SNPs in 20 genes for the Slovenian-Croatian population. Significant influence of AQPs, 
INMT and ALAD SNPs points on their possible role as susceptibility or adaptability 
biomarkers in TE exposure. However, their role should be individually and/or in 
combinations tested also in populations/individuals with higher environmental, 
occupational and/or therapeutic exposure. Due to the observed influence, Se must be 
included as an association’s modifier.



 xi 

Povzetek 

Raziskave pri nizkih izpostavljenostih elementom v sledovih (ES) velikokrat prinašajo več 
vprašanj kot odgovorov. Namen disertacije je bil oceniti primernost biomarkerjev 
izpostavljenosti in učinka ter vpliv polimorfizmov posameznih nukleotidov (SNP; 35 SNP-
jev, 20 genov) kot biomarkerjev dovzetnosti/prilagodljivosti na potencialno toksične ES v 
trenutnih vzorcih urina in krvi. Hkrati smo želeli pridobiti alelne frekvence izbranih SNP-
jev pri proučevanih populacijah. Povezave med posameznimi parametri so bile ocenjene in 
testirane z multivariatno linearno regresijo z upoštevanjem vpliva so-dejavnikov. 
Slovenska, hrvaška in kirgizistanska populacija z nizko do zmerno izpostavljenostjo 
potencialno toksičnim ES preko okolja ali prehrane so bile izbrane glede na njihovo 
povečano občutljivost, povezano z nosečnostjo, dojenjem, otroštvom, rodno dobo ali 
bivanjem v industrijsko onesnaženem področju. Nekaj povezav je bilo testiranih tudi na 
manjši skupini bolnikov z rakom, farmakološko izpostavljenih arzenovem trioksidu 
(As2O3). 

Rezultati so potrdili, da je pri nizkih izpostavljenostih ES normiranje biomarkerjev 
naključnega urina (v izogib inter-individualnim razlikam v hidriranosti) večinoma 
neprimerno. Poseben problem predstavlja normiranje s kreatininom, ki zaradi 
nespecifičnosti, fiziološke variabilnosti in razlik v merilni občutljivosti med kreatininom in 
ES vodi v nedosledne rezultate. Zaključili smo, da so vrednosti ES v krvi ali plazmi 
primernejši biomarker izpostavljenosti ter da je vprašljivo tudi normiranje urinskih 
biomarkerjev ledvičnega učinka (npr. alfa-1-mikroglobulin – A1M). 

Na asociacije je vplivala tudi fiziološka variabilnost. Povezanost koncentracij Cd in 
biomarkerjev ledvične funkcije je bila odvisna od razlik v normalni ledvični fiziologiji in ne 
od vpliva Cd na delovanje ledvic. Na protein A1M pa so vplivali tudi dejavniki, ki niso 
povezani z delovanjem ledvic (kajenje), kar je potrdilo njegovo večplastno fiziološko vlogo 
in slabo specifičnost znotraj fizioloških vrednosti. To nasprotuje njegovi ustreznosti kot 
biomarkerju ledvičnih učinkov pri nizki izpostavljenosti kadmiju.  

Pri proučevanju povezav genetskih dejavnikov in ES smo ugotovili, da so bili pri 
nosečnicah učinki ne-genetskih fizioloških dejavnikov močnejši od genetskih. Nosečnost je 
utišala večino proučevanih SNP-SE interakcij. Pri ne-nosečnicah pa smo določili in potrdili 
»zaščitno« vlogo haplotipa encima AS3MT, ki je odgovoren za encimsko metilacijo As in 
njegovega izločanja. Zaradi nizke izpostavljenosti anorganskemu arzenu (iAs) so bile 
frekvence haplotipa pri proučevani slovensko-hrvaški populaciji nizke (10%). Ocena vpliva 
prisotnosti AS3MT haplotipa in njegovega izražanja preko AS3MT mRNA pri bolnikih, 
zdravljenih z As2O3, je pokazala možnost uporabe haplotipa kot napovedovalca terapevtske 
učinkovitosti.  

Analize akvaporinov (AQP; transportni kanali majhnih molekul in As ionov) so 
pokazale negativen vpliv polimorfizma AQP4 (SNP rs9951307; nosečnice) ali pozitiven 
vpliv AQP9 (SNP rs2414539; ne-nosečnice) na metilacijo in izločanje metabolitov As. 
AQP9 in INMT (SNP rs6970396) sta povzročila skupno izločanje As in selena v urinu, kar 
nakazuje na možno tvorbo As-Se kompleks.  



xii  Povzetek 

Pri nepoklicni izpostavljenosti Pb smo opazili povezavo polimorfizmov encima ALAD za 
tvorbo hemoglobina (SNP rs1805313 in SNP rs1800435) z nižjimi koncentracijami Pb v 
krvi. Frekvence SNP-jev so se močno razlikovale med tremi onesnaženimi območji v 
Kirgizistanu. Zaradi obstoječih zgodovinskih industrijskih žarišč (rudnik Pb in Zn, rudnik 
Hg) podobne frekvenčne razlike pričakujemo tudi v Sloveniji.  

Opažen vpliv SNP-jev genov AS3MT, AQP, INMT in ALAD kaže na njihovo možno 
vlogo kot biomarkerjev občutljivosti ali prilagodljivosti pri izpostavljenosti ES. Vloga 
posamičnih in kombiniranih SNP-jev mora biti preverjena pri populacijah/posameznikov z 
višjo okoljsko, poklicno in/ali terapevtsko izpostavljenostjo. Zaradi opaženega vpliva 
statusa selena na vse v nalogi testirane povezave mora biti Se v tovrstnih študijah 
upoštevan.  

Pridobljeni podatki o frekvencah alelov 35 SNP v 20 genih za slovensko-hrvaško 
populacijo predstavljajo prispevek k svetovni datoteki frekvenčne porazdelitve SNP-jev. 
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Chapter 1 

1 Introduction 

1.1 Trace Elements 
Trace elements (TE; microminerals or trace minerals) occur naturally and ubiquitously in 
the environment where humans are being constantly exposed, mostly through diet and 
inhalation. They are defined as chemical elements present in minor amounts in a particular 
sample or environment; usually less than 0.1 percent per volume/1000 part per million. 
Anthropogenic activities through mining, industrial settings, and agriculture can 
considerably increase their local or global environmental levels and consequently human 
exposure (Flora, 2014; Norberg et al., 2015; Prashanth et al., 2015).  

In biology they are commonly classified as essential (selenium, Se; zinc, Zn; manganese, 
Mn; iron, Fe; copper, Cu; etc.) and non-essential (arsenic, As; cadmium, Cd; mercury, Hg; 
lead, Pb, nickel, Ni; aluminum, Al; chromium, Cr; etc.). However, it should be pointed out 
that the classification is based on current data and knowledge and it is a matter that is 
not settled. For some assumed non-essential trace elements it is questionable as they might 
be essential for humans (e.g. Cd, Ni, Al, Cr), while for others (As, Hg, Pb) their function 
at very low levels is possibly still not known, which might change with the future studies 
(Prashanth et al., 2015; Yoshida, 2012). Non-essential TE, such as As, Cd, Hg, and Pb 
have been found related with several negative effects on human health or at least with 
increased risk for developing the diseases such as: diabetes, age related neurological or 
neurodevelopmental disorders, cardiovascular diseases, liver and kidney dysfunction, and 
cancer (Flora, 2014; Norberg et al., 2015). On the other hand, the essential TE such as Se, 
Zn, Mn, Fe, and Cu – which are required by living organisms, usually as a part of vital 
enzymes – are at concentrations that are required for accomplishing their biological 
functions safe, while in excess or deficiency they can also be harmful (Fraga, 2005; Frazzoli, 
et al., 2015; Prashanth et al., 2015). Moreover, essential elements can – through various 
metabolic interactions – influence kinetics of non-essential elements (Chowdhury et al., 
1987; Frazzoli et al., 2015; Lee & Kim, 2014). 

The assessment of TE exposure of selected population and the exposure connected to 
health risk is generally performed by following external and internal levels of TE. With 
determined levels of TE in human body and adequate knowledge on their kinetics, it is 
possible to identify and evaluate their potential (early) biological effects as well as genetic 
and/or non-genetic factors of intra- and inter-individual or populational variability in 
exposure. Characteristics that can be objectively monitored in human tissue or fluids and 
evaluated as a biological indicator of chemical exposure, (patho)physiological processes, 
and pharmacologic responses to a therapeutic intervention, are called biomarkers 
(Biomarkers Definitions Working Group, 2001; Ladeira & Viegas, 2016). Their assessments 
are well characterized and reliable in cases of substantially increased environmental levels 
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of TE (hot spots), and at occupational exposure. Similar biomarkers have an important 
role also in clinical studies using TEs as therapeutic drugs (As, Se). However, their use at 
relatively low environmental exposure shows several limitations on the populational and 
individual level (Aylward et al., 2014). 

1.2 Biomarkers 
Biomarkers are traditionally divided into three main groups: biomarkers of exposure, 
biomarkers of effect, and biomarkers of susceptibility. Such classification of biomarkers is 
a general agreement between scientists but as seen from Figure 1.1, it is not always possible 
to assign one biomarker to a single category. They are often interchangeable between 
groups, depending on the aim and goals of investigation. For example, levels of plasma Se 
could represent a biomarker of exposure when evaluating exposure to Se, or biomarker of 
susceptibility since its deficiency can increase susceptibility to other TE exposure such as 
Cd, As etc. (Frazzoli et al., 2015).  

In the literature they are most commonly defined as follows (Frazzoli et al., 2015; 
National Research Council, 2006; Santonen et al., 2015; WHO, 2015):  
- Biomarkers of exposure are defined as levels of the exogenous chemical, its 
metabolites or the products of its interaction with target molecule (or cell) that are 
measured in the human tissues or body fluids (internal exposure). Internal biomarkers can 
also represent the effective dose (concentration at the target site, e.g. TE levels in kidney) 
and account for variations in absorption, distribution, metabolism and elimination 
(ADME) of the chemical between individuals. Examples of such biomarkers studied in the 
present dissertation are: levels of Cd, As, As metabolites (arsenite, AsIII; arsenate, AsV; 
monomethylarsonic acid, MMA; and dimethylarsonic acid, DMA), and Pb in blood and/or 
urine (see Section 3.1 – 3.4). 
 
- Biomarkers of effect are a measurable biochemical, physiological, behavioral or 
other alteration within the whole organism, or at the organ, tissue, cellular or subcellular 
level. Based on the magnitude they can be associated with an impairment or disease. In 
the case of chemical exposure, they often represent a wide range of biological responses 
from physiological adaptation – that can ideally be reversed – to pathophysiological 
irreversible effects. Renal function proteins as biomarkers of effect of kidney tubule, such 
as αα-1-microglobulin (A1M) and N-acetyl-beta-D-glucosaminidase (NAG), and of kidney 
glomeruli, such as albumin (Alb) and immunoglobulin G (IgG) in relation to Cd exposure, 
are studied in the present dissertation (see Section 3.1). Additionally, in a study on cancer 
patients pharmaceutically exposed to As, the effect of therapy on expression of various 
genes in blood, (arsenic(3+) methyltransferase – AS3MT, aquaporin 9 – AQP9, glutathione 
peroxidase 1,3 and 4 – GPX1,3,4; thioredoxin reductase 1 and 2 – TXNRD1,2, 
selenoprotein P- SELENOP, and catalase – CAT) was estimated (see Section 3.4 and App 
A.5). 
 
- Biomarkers of susceptibility are measurable indicators of individual inherent or 
acquired ability to respond to a specific chemical exposure with elevated sensitivity. 
Examples are genetic (e.g. (epi)genetic variations) and non-genetic factors (e.g. nutritional 
status, age-related physiological changes, pregnancy, children physiology) that can change 
the capacity to tolerate or respond effectively to exposure. Biomarkers of susceptibility 
studied in the present dissertation were single nucleotide polymorphisms of various genes 
(AS3MT, SELENOP, AQP9, aquaporin 4 – AQP4, indolethylamine N-Methyltransferase 
– INMT, methylene tetrahydrofolate reductase – MTHFR, metallothioneins – MTs, delta-
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aminolevulinate dehydratase – ALAD; section, metal regulatory factor 1 – MTF1, divalent 
metal transporter 1 – DMT1, megalin – LRP2, Apolipoprotein receptor 2 – LRP8; see 
Section 3.2 - 3.4 and App A.2, ), gene expression (AS3MT, AQP9, GPX1,3 and 4, 
TXNRD1 and 2, SELENOP and CAT; Section 3.4 and App. A.5) and nutritional status 
of Se (see Section 3.1 - 3.3). 

 

Figure 1.1: Network of biomarkers classification (source: Bearer, 2001). 

 
 

In relation to health risk assessment, biomarkers of exposure have been the most 
extensively studied and used, while biomarkers of susceptibility are the least well 
understood and difficult to implement (Fan, 2014). Less often mentioned are biomarkers 
of adaptability, which may influence an individual’s reaction to exposure by decreasing the 
probability of adverse health effects. They are often identified in relation to studies 
performed on populations with historical exposure to elevated levels of environmental 
contaminants. Well known is genetic adaptability to As contaminated drinking water in 
Andean populations of Argentina and Chile (Apata et al., 2017; Eichstaedt et al., 2015; 
Schlebusch et al., 2013; 2015). 

In the last decade a new term “omics” biomarkers has emerged and it is informally 
referring to (epi)genomics (genotyping, gene expression, epigenetics), proteomics and 
metabolomics based biomarkers that are currently of a large interest. ‘Omics’ is a term 
covering technologies that measure a great amount of data representing characteristics of 
a large family of cellular molecules (e.g. genes, proteins, metabolites, lipids etc.) (Ward, 
2014). Additionally introduced was the term of metallomics, which covers chemical 
elements/metals and connects them to above-mentioned biomolecules and their field of 
study; so we get metalloproteom, metallogenome etc. (Maret, 2018). Such biomarkers are 
usually developed through various advanced high-throughput technologies including 
bioinformatics, which results in an enormous pool of biomarker data that, consequently, 
exceeds the researcher’s abilities to be properly validated and interpreted (Fowler, 2012). 

Accordingly, the investigation and identification of various health-related biomarkers 
has expanded enormously. A number of them (e.g. serum cholesterol, various chromosomal 
translocations or deletions etc.) are regularly used in the assessment of health outcomes in 
clinical diseases. On the other hand, the use of biomarkers within environmental and 
epidemiological studies is more limited (Fowler, 2012). This limitation is mostly due to the 
low repeatability (between and within studies) and validity of the biomarkers because of 
various sources of uncertainties in biomarker determination and interpretation. Such 
uncertainties are frequently linked to (Aylward et al., 2014; National Research Council, 
2006; Santonen et al., 2015): 
- the choice of biological sample (type and time of collection), 
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- intra and inter-individual physiological variability resulting from changes related 
to (patho)physiological states (pregnancy, lactation, diseases, childhood, elderly, emotional 
stress, chronical subclinical diseases etc.), age, gender, physical activity, (epi)genetic 
variations, socio-economic or life-style factors etc., 
- difference in methodological or statistical approach. 
 
At low levels of exposure such sources of uncertainty have important influences and their 
identification and evaluation is crucial for the proper and reliable interpretation of 
biomarkers data (Santonen et al., 2015). Selected above-mentioned sources of variability 
and their interactions will be discussed in more detail below and through the following 
chapters of the dissertation. 

1.3 Biological Samples (Blood, Urine) 
One of the critical points in human biomonitoring (HBM) studies is the collection of human 
samples. From logistic reasons, the majority of population studies measure biomarkers in 
a single so-called “spot” human sample (Aylward et al., 2014; Smolders et al., 2014). For 
the interpretation of such biomonitoring data it is important to be critical and keep in 
mind that the measured biomarker in a “spot” sample represents only a snapshot of its 
concentration fluctuation (Frazzoli et al., 2015). 

Crucial is the appropriate selection of the biological sample, which depends on the time 
and route of exposure, physiochemical properties of the biomarker, and consequently, its 
kinetics in the human body (Wang et al., 2014; WHO, 2015). Accordingly, many different 
matrices are available for biomarker analyses (see Figure 1.2), although, most commonly 
chosen are blood and urine and much more rarely hair, nails, saliva, feces/meconium, sweat, 
tears, placenta and expired air. The use of blood and urine is generally defined as: blood is 
preferred in cases of an acute exposure and/or elements with a long biological half-time, 
while urine is preferred for chronical exposure and elements with fast excretion (R. Y. 
Wang et al., 2014). However, in practice, this guideline is not always so straightforward 
and is in many studies difficult to follow due to the various limiting factors, which are 
described in more detail in subsections and some of them through the example of cadmium 
inside Manuscript 1 of the thesis (see 3.1 Section).  

 

Figure 1.2: Chemicals’ routes of exposure, kinetics in human body and matrices available 
for their determination (source: Needham et al, 2005). 
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1.3.1 Urine 
Urine is the most frequently used matrix for TE determination due to the following 
characteristics:  

- main excretory pathway for the majority of TE,  
- non-invasive,  
- no need for technical skills,  
- provides sufficient volume for multiple analyses,  
- minimal logistic requirements.  

 
Urine is an unregulated body fluid with considerable intra- and inter- individual variations 
in volume and concentration, resulting from differences in individual’s hydration status 
and kidney physiology. Kidney function is influenced by various factors such as physical 
activity, circadian rhythm, age, body mass index, gender, pregnancy, diseases etc. (Aylward 
et al., 2014; Bernard, 2016; Cheung & Lafayette, 2013; Hoet et al., 2015; Weaver et al., 
2016). For example, increased urinary excretion has been reported during pregnancy and 
childhood (Cheung & Lafayette, 2013; Hall et al., 2009; Poortmans, 1984). To minimize 
these variations the best sample would be 24h urine. But 24h urine collection which is 
believed to give a whole picture of the excretion is in HBM studies usually not applicable 
(Hoet et al., 2015; Santonen et al., 2015). So, random “spot” urine sample or first morning 
urine samples are used as an acceptable alternative. The latter is preferred as it is less 
influenced by factors such as hydration status, physical activity, and sampling time, 
reducing the above-mentioned variability (Witte et al., 2009) and representing the 
cumulative value of at least 5 hours of the night. Anyway, while in routine clinical analyses 
and studies the first morning samples are commonly used, human biomonitoring surveys 
mostly rely on random spot urine samples for practical reasons.  
Biomarkers measured in such samples have to be normalized in order to reflect the 
situation, which would be observed in 24h urine.  

1.3.1.1 Normalization of urine biomarkers 

The most commonly used methods are urinary concentration of creatinine 1and specific 
gravity (SG)2 of the urine sample, and less commonly osmolality of the urine (Hoet et al., 
2015; Middleton et al., 2016; Santonen et al., 2015). 

The method of creatinine normalization has been used as a “gold standard” for decades 
and relies on the assumptions of its stable excretion with little intra- and inter- individual 
variations and of its excretion using the same physiological pathways as the studied 
biomarker (Hoet et al., 2015). However, in the last years such an approach has been 
strongly questioned by various environmental and clinical studies, due to the clear influence 
of various individual’s factors on creatinine excretion, namely muscle mass, diet, age, 
gender and a few others (Bernard, 2016; Hoet et al., 2015; Tang et al., 2015; Weaver et al., 
2014). Moreover, the assumption that the studied biomarkers are using the same excretion 
pathway as creatinine might be misleading. Various TE are, in contrast to creatinine, 
bound to plasma proteins and are reabsorbed in kidney tubule (e.g. metallothionein bound 
Cd) while for some biomarkers excretion pathways are not yet fully understood (Hoet et 
al., 2015). Additionally, method sensitivity for the determination of urine creatinine is 
much lower than the one for the determination of TEs. Such a big difference in sensitivity 

 

1 levels of urine biomarkers are expressed per levels of urine creatinine (e.g. ngCd/ g creatinine) 
2 a ratio between the density of urine and density of water; the normalization is in respect to a reference 

SG for which mean SG of population is commonly used and carried out using the formula: cn= cm (SGr -
1) / (SGm -1); cn, normalized value; cm, measured value; SGr, reference SG; SGm, individual measured SG 
(Suwazono et al., 2005). 
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can introduce important methodological uncertainties in the process of urine TE 
normalization. On the contrary, SG is believed to be less affected by such factors and is 
lately getting more attention as a better alternative for the normalization of urine 
biomarkers, especially for arsenic (Hoet et al., 2015; Smolders et al., 2014). 

However, based on the comparisons of un-adjusted, creatinine adjusted, and specific 
gravity adjusted TE levels with TE levels in 24h urine, Hoet et al. (2015) concluded that 
for some of TE (Cd, Cr, Cu and Ni) none of the methods are recommended while for others 
either SG (As, Hg and Pb) or creatinine (Mo, Zn) are regarded as more suitable. As such, 
it seems that the choice of the normalization method might depend on the kinetics of the 
investigated biomarker. However, the appropriateness of either normalization method 
remains a point of discussion with little consensus among research groups (Hoet et al., 
2015). 

All these issues lead to the uncertainty in the determination of biomarkers’ 
concentrations in urine, which have a profound effect particularly at low exposure levels, 
where they can lead to conflicting results and misinterpretation as is presented and 
discussed in the case of cadmium and urine renal proteins in Manuscript 1 of the present 
dissertation (see Section 3.1). 

1.3.2 Blood 
Blood or its components (erythrocytes, plasma, and serum) are the second most commonly 
used matrix in HBM studies. Compared to urine, disadvantages of blood sample are that 
its collection: 

- is invasive  
- is difficult to obtain for some population groups (e.g. children, elderly),  
- requires technical skills, 
- gives limited volume.  

However, its collection is standardized and therefore more controlled than urine WHO, 
2015). Blood is commonly a preferred matrix for the determination of TE as it is in 
continuous contact with the organs and tissues where TE are being deposited. Additionally, 
contrary to urine, it is a more “regulated” matrix due to the more stable composition, 
resulting in lower variability in biomarkers concentrations (Santonen et al., 2015; WHO, 
2015). Nevertheless, among individuals blood composition (e.g. plasma volume, cell 
amount) can slightly vary with age, sex, BMI, diet, etc., and to a bigger extent at specific 
physiological states such as pregnancy – when plasma volume can increase up to 50% – or 
in the case of various diseases (e.g. hypertension, anemia) (Mahlknccht & Kaiser, 2010; 
Richardson, 1994; Soma-Pillay et al., 2016). For proper determination and interpretation 
of TE levels (and other biomarkers) in blood and/or its components it is crucial to have 
adequate knowledge on their kinetics. For example, some trace elements (Pb, Cd, Hg, Zn) 
are mainly bound to erythrocytes and in order to account for above-mentioned inter-
individual variability in cell/plasma proportion, such levels should be normalized by 
hemoglobin concentrations or hematocrit value (packed cell volume). Unfortunately, such 
normalization is still not a common practice in HBM studies (Santonen et al., 2015). 
Nevertheless, more recently some populational studies reported TE levels determined 
directly in erythrocytes normalized by hemoglobin (Skröder et al., 2018). 

1.3.2.1 Genetic biomarkers in blood 

Blood is the most commonly used matrix for the determination of (epi)genetic biomarkers. 
In contrast to other matrices (saliva, urine etc.) it yields a higher quantity and quality of 
isolated nucleic acids (DNA and RNA) and consequently, better performance of molecular 
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techniques (Philibert et al., 2008). Additionally, previous studies have shown that “blood 
shares more than 80% of the transcriptome with each of the studied tissues, namely brain, 
colon, heart, kidney, liver, lung, prostate, spleen and stomach”, which are a target of TE 
accumulation and toxicity (Sunde, 2010). Hence, gene expression (mRNA levels) in blood 
appears to be a useful biomarker reflecting the metabolic status of other tissues or organs 
(Liu et al., 2007; Reynés et al., 2018). However, it is important to stress out that anyway 
the mRNA levels in blood could vary due to the composition of cell types in blood and due 
to the blood collection method (Reynés et al., 2018). Blood mRNA could be isolated from 
the whole blood (cord or peripheral blood cells, CBC or PBC) or from the fraction of 
peripheral mononuclear cells (PBMC); each method has advantages and disadvantages. 
Collection of whole blood into the RNA stabilization tubes (e.g. Paxgene and Tempus) 
prevents RNA degradation and ex vivo modification of expression, however due to the 
presence of different cell types (erythrocytes mixed with reticulocytes and PMBC) there is 
higher noise and variability in the results (Reynés et al., 2018). Some mRNA occurs also 
in red blood cells (Kabanova et al., 2009) because there are not just mature RBC in blood 
circulation. Erythrocytes as well as enucleated reticulocytes of different stages circulate in 
the blood stream and mRNA is present in the latter fraction. Additionally, gene expression 
can also differ based on the use of a collection tube; according to literature data the 
processing samples using the Tempus system seem to be more accurate (Yip et al., 2017). 
On the other hand, PBMC represent a more consistent and homogenous sample with 
reduced variability in the gene expression, though, the isolation process is more time 
consuming and may alter expression (Reynés et al., 2018). As such, there is no consensus 
regarding the ideal type of blood sample for RNA isolation, and the choice mainly depends 
on the aim and type of the study (Reynés et al., 2018). Expression of various genes in PBC 
was followed in the present dissertation (see Section 3.4 and App. A.5). 

1.4 Association Studies 
Human variability underlines characteristics, which influence an individual’s response to 
chemical exposure and consequently risk of developing diseases. The attempts to 
characterize possible interactions among exposures to potentially toxic chemicals, 
(epi)genetic and non-genetic factors of susceptibility/adaptability, and health or rather 
risk-related variables are in general referred to as population-based association studies. In 
the present dissertation we were primarily focused on gene-environment interactions (see 
Section 3.2 – 3.4, and App A.2-A.5), while non-genetic factors were used as possible effect 
modifiers. We tested selected genetic factors as possible susceptibility/adaptability 
biomarkers in relation to low-moderate levels of Cd, As and Pb, and additionally with Se 
levels – due to known Se role in the detoxification of TEs (Cheng & Lei, 2016). Studies 
were done on available data from environmentally exposed general population and in case 
of As also in patients with therapeutic exposure.  

1.4.1 Gene – environment interactions 
In recent years, gene-environment interaction studies expanded enormously and are being 
studied by researchers with a differing scientific background. As such, for good 
understanding, interpretation, and connection of the findings, it is important to be familiar 
with the basic terminology presented below, which is also used in the content of the 
dissertation. 
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In terms of genetic susceptibility/adaptability to TE exposure, the most studied biomarkers 
are DNA sequence variations (genetic variations), which occur naturally and – depending 
on the selective pressures – accumulate within populations and contribute to human 
variability. When a specific genetic variation equals or exceeds a frequency of 1% in the 
population, it is called polymorphisms. Among all polymorphisms (copy number variation, 
duplication, deletion etc.) the most common type is a single nucleotide polymorphism 
(SNP), which is a one nucleotide change that occurs every ~500 base pairs at a specific 
position in the genome (see Figure 1.3) (Broberg et al, 2015; Kelada et al., 2003) . Alternate 
versions of genes are known as alleles; the one present in the majority of the population is 
characterized as major or common allele and its alternate as the minor or variant allele 
(Broberg et al., 2015; Kelada et al., 2003; Reid-Lombardo & Petersen, 2010). The frequency 
of the variant allele is referred to as minor allele frequency (MAF), which can vary among 
populations (Reid-Lombardo & Petersen, 2010). Based on the SNP location in the gene 
(coding or non-coding region) they can induce changes in the amino acid sequence, 
promoter activity and gene expression level, alternative splicing and stability of mRNA, 
etc. (Lonetti et al., 2016; Olivier, 2004; Raudenska et al., 2014). The majority of genes 
possess multiple SNPs and some of them tend to occur together due to their strong 
correlation – estimated by linkage disequilibrium (LD)3 – and are commonly inherited 
together as a specific SNPs nucleotide sequence called haplotype (see Figure 1.3). Therefore, 
the observed association of one SNP cannot be simply interpreted as a causal relationship 
with the biochemical mechanism, because the genetic variation could be linked with 
another one within the same gene, which has the actual effect (Broberg et al., 2015). As 
such, the investigation of SNP haplotypes in the candidate gene could be more valuable 
than the investigation of a single polymorphism alone (Kelada et al., 2003; Omenn, 2013). 
We used such an approach when we studied the influence of AS3MT gene polymorphisms 
on methylation efficiency at low As exposure in Manuscript 2 of the dissertation (see 
Section 3.2). 

 

Figure 1.3: Single nucleotide polymorphisms (SNPs) and haplotype (adapted from Lonetti 
et al., 2016). 

Various SNPs can be “associated with the diversity of the population, individuality, 
susceptibility to disease, and individual response to therapeutic treatment or environmental 
exposure” (Wang et al., 2005). 

For a better interpretation and identification of possible biological pathways behind the 
observed SNP associations, intermediate steps such as gene expression, should also be 

 

3 LD; linkage disequilibrium: the non-random linkage of genetic variants that are inherited together in 
chunks (Moore, 2017) 
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studied as a possible susceptibility biomarker. SNPs’ related changes in gene expression 
can influence the amount and activity of the encoded enzyme/protein. As such, expression 
level of a gene carrying studied SNP should be tested in individuals carrying different SNP 
alleles, and the observed difference would suggest that SNP affects gene expression and 
points to its functionality (Olivier, 2004). Beside SNPs, gene expression and consequently 
protein expression are regulated directly or indirectly by various other genetic and non-
genetic factors, resulting in variability over time and reflecting individual’s metabolic or 
physiological changes. Hence, gene expression (in blood) is getting a lot of attention in: i) 
medicine as a useful biomarker for the diagnosis and treatment progress of a number of 
diseases (immune-related diseases, cancer, liver disease etc.) (Reynés et al., 2018; Sunde, 
2010) and ii) environmental studies, where altered gene expression upon exposure to a 
chemical could present an early biomarker of effect and provide information on the 
chemical’s kinetics and/or dynamics (Calzolai et al., 2007). As an example, the expression 
of metallothionein genes – coding metal binding proteins with various physiological roles – 
can be induced by various factors such as metal(loid) exposure, oxidative stress, hormones, 
pH etc. (Raudenska et al., 2014). 

Trace elements represent a good base for gene-environment studies due to their 
relatively well known and not so complex metabolism, which in some cases involve only a 
few enzymatic reactions; in such cases the identification of candidate genes involved in 
kinetics and/or dynamic of TE is easier (Broberg et al., 2015). Kinetics may be influenced 
by genes involved in TE uptake, distribution, metabolism and elimination. The TE’s mode 
of action may be modified by the genes that affect binding proteins, genes involved in 
defense against oxidative stress, DNA repair, regulation of gene expression etc. (Broberg 
et al., 2015). Therefore, SNPs and/or changed expression of such genes could modify the 
degree and type of TE disposition, accumulation, retention and their biological activity 
and consequently susceptibility/adaptability to their adverse health effects. 

There is a large number of identified candidate genes which can influence internal levels 
of TE like As, Pb, Cd, and Se (as main elements of present dissertation) – for which 
examples are presented in Table 1.1. However, most of those interactions were observed 
for populations with high environmental or occupational exposure while for general 
populations with low-level exposure interactions are poorly studied and inconsistent 
(Broberg et al., 2015). Frequently reported are association in relation to As or Pb. 
Associations between AS3MT SNPs and increased As methylation rates (methylation 
efficiency) were observed in selected populations with high inorganic As (iAs) exposure 
through drinking water, such as Argentina (San Antonio de los Cobres), Bangladesh and 
Chile (region Chamarones and Azapa) (Apata et al., 2017; Broberg et al., 2015). For Pb 
the association between ALAD SNP (ALAD2 allele) and blood Pb levels was found in 
occupationally exposed populations; however the results are rather inconsistent (Broberg 
et al., 2015; Skerfving & Bergdahl, 2015). 

Some candidate genes were identified based only on cell line or animal experiments, or 
were investigated in humans only on the basis of gene expression (mRNA) (see Table 1.1). 
An example are various genes of aquaporin’s (AQP; e.g. AQP4, AQP9 and AQP10) which 
are coding membrane proteins in cellular arsenic transport pathways in mammals including 
humans (Roggenbeck et al., 2016). For most of them, only the gene expression was studied 
while the possible influence of their SNPs in relation to As levels was not examined (see 
Table 1.1). 
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Table 1.1: Examples of gene associated with kinetics/dynamics of As, Pb, Cd and Se. 

Gene Gene ID Function 
TE associated SNPs 

or mRNA level 

H - human 
A - animal 

C - human cell 
line 

Ref. 

ARSENIC 

Arsenic (3) 
methyltransferase 

AS3MT As methylation 

rs7085104, rs3740400, 
rs3740393, rs3740390, 

rs10748835, rs11191439, 
rs12768205, rs11191453 

H a 

mRNA level H a 

N-6 Adenine-Specific DNA 
Methyltransferase 1 

N6AMT1 

DNA and protein 
methylation 
(possible As 
methylation) 

s1997605, rs2205449, 
rs2705671, rs16983411, 

rs1048546 
H a 

Methylenetetrahydrofolate 
reductase 

MTHFR 

one-carbon 
metabolism 

(metabolism of As) 
 

rs1801131, rs1801133 H a 

Cystathionine-β-Synthase CBS 
rs234709, rs4920037 H a 

mRNA level C a 
5-methyltetrahydrofolate-

homocysteine 
methyltransferase 

reductase 

MTRR rs1801394 H a 

Choline dehydrogenase CHDH rs9001, rs7626693 H a 
Gglutaredoxin GLRX 

metabolism of 
xenobiotics (As 

reduction) 

rs3822751 H a 
Peroxiredoxin 2 PRDX2 rs10427027, rs12151144 H a 

Glutathione S-transferase 
omega -1 and omega-2 

GSTO1 rs4925, rs56204475, 
rs11191979, rs2164624 H a, b 

GSTO2 rs156697, rs2297235 H b 
Purine nucleoside 

phosphorylase 
PNP rs3790064, rsl713420 H b 

Aquaporins (AQP) 

AQP3 water-selective 
membrane channels 

(cellular uptake, 
transport of As) 

 

rs2228332 H b 
mRNA level C b 

AQP4 mRNA level C b 
AQP9 mRNA level H b 
AQP10 mRNA level C b 

Metallothioneins (MT) 

MT1A 

antioxidative role, 
homeostasis of Zn 

and Cu, metal 
detoxification 

mRNA level H b 
MT1E mRNA level C b, d 
MT1F mRNA level C b, d 
MT1X mRNA level C b, d 
MT2A rs28366003, mRNA level H b, c 
MT3 mRNA level C b, d 

Myeloperoxidase MPO 
antioxidative role 

rs2333227 H a 
Catalase CAT rs1001179 H a 

X-ray repair cross 
complementing 3 

XRCC3 

DNA repair 

rs861539 H a 

ERCC Excision Repair 2, 
TFIIH Core Complex 

Helicase Subunit 
ERCC2 

rs13181 H a 

mRNA level H b 
Purinic/Apyrimidinic 

Endodeoxyribonuclease 1 
APEX1 rs1130409 H a 

Fibrous sheath interacting 
protein 1 

FSIP1 oncoprotein rs10152640 H a 

Solute carrier family 39 
(Zinc transporter, member 

2) 
ZIP2 

Zn transport and 
homeostasis 

rs2234636 H a 

Tumor protein p53 TP53 cell cycle regulation rs1042522 H a 

Apolipoprotein E APOE lipid metabolism 
rs7412, rs429358 H b 

mRNA level A b 
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Brain derived 
neurotrophic factor 

BDNF  mRNA level C b 

Indolethylamine N-
methyltransferase 

INMT 

methylation of 
indoles (possible 
involvement in 

methylation of Se) 

mRNA level A b 

LEAD 

Aminolevulinate 
dehydratase 

ALAD 
heme biosynthesis 

(binds Pb) 

rs1805313, rs1800435, 
rs2761016, rs1139488, H a 

mRNA level H b 

Vitamin D receptor VDR 

ligand-inducible 
transcription factor 
(regulation Vitamin 

D synthesis) 

rs10735810, rs1544410, 
rs731236, rs757343, rs107358, 

s7975232   
H a, j 

Homeostatic iron regulator HFE 
regulate iron 
absorption 

rss1799945, rs1800562, H a 

Heme oxygenase-1 HMOX1 heme catabolism rs2071749, rs2071746, 
rs5995098 H j 

Angiotensinogen AGT 

maintaining blood 
pressure (role in 
hypertension and 

preeclampsia) 

rs699, rs5046 H j 

Transferrin TF Fe transport rs1049296 H a 

Cytochrome P450 family 1 
(subfamily A member 1) 

CYPA1 

drug metabolism 
and synthesis of 

cholesterol, steroids 
and other lipids 

rs1048943, rs1056827, rs10568 H b 

Methylenetetrahydrofolate 
reductase 

MTHFR 
one-carbon 
metabolism 

rs1801131, rs1801133 H b 

Metallothioneins (MTs) 

MT1A 

antioxidative role, 
homeostasis of Zn 

and Cu, metal 
detoxification 

rs11076161 H b 
mRNA level A b 

MT1E mRNA level H b 
MT1F mRNA level H b 
MT1G mRNA level H b 
MT1H mRNA level H b 
MT1X mRNA level H b 

MT2A 
rs28366003, rs10636 H a, b 

mRNA level H b 

Catalase CAT 
antioxidative role 

rs769217 H b 
mRNA level A b 

Superoxide dismutase 1 SOD1 mRNA level A b 
Transient receptor 

potential cation channel 
(subfamily V member 5) 

TRPV5 
transcellular 

transport of Ca2+ 
(bone resorption) 

rs4252424 A e 

Glutamate-cysteine ligase 
(catalytic (C) and  

modifier (M) subunit) 

GCLM glutathione 
synthesis 

rs41303970 H b 

GCLC rs17883901 H b 

Glutathione S-transferase 
(pi1, theta1) 

GSTP1 
metabolism of 
xenobiotics 

rs1695 H a,j 

GSTT1 
genetic deletion H b 

mRNA level H b 
Apolipoprotein E APOE lipid metabolism rs7412, rs429358, rs769446  H b, j 

DNA methyltransferase 1 DNMT1 
maintaining 

methylated cytosine 
pattern in genome 

mRNA level H b 

Dopamine receptor D2 DRD2 
regulation of 
dopaminergic 

system 
rs1800497 H a 

Brain derived 
neurotrophic factor 

BDNF 
promotes neuronal 

survival in the 
adult brain 

mRNA A b 

CADMIUM 

Metallothioneins (MT) MT1A 
antioxidative role, 
homeostasis of Zn 

rs11076161, rs8044719 H a, b 
mRNA level H b 
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MT1B and Cu, metal 
detoxification 

rs1599823 H b 
MT1E mRNA level C b 
MT1F mRNA level C b 
MT1G mRNA level C b 
MT1H mRNA level C b 
MT1X mRNA level C b 

MT2A 
rs28366003, rs10636 H a, b 

mRNA level H b 
MT3 mRNA level C b 
MT4 mRNA level A b 

Catalase CAT antioxidative role mRNA level A b 
Metal-regulatory 

transcriptional factor 1 
MTF1 

regulation of MT 
expression 

rs4653329 H b 

Transferrin receptors TFRC cellular Fe uptake 
(Fe homeostasis) 

rs3804141 H a 
mRNA level H a 

Solute carrier family 39 
(Zinc transporter member 

8 and 14) 

ZIP8 Zn transport and 
homeostasis 

rs10014145, rs233804 H b 

ZIP14 rs4872479, rs870215 H b 
Glutathione S-transferase 

Pi 
GSTP1 

metabolism of 
xenobiotics 

rs1695 H b 

matrix metalloproteinase 2 MMP-2 
degradation of 

extracellular matrix 
rs14070, rs7201 H b 

Apolipoprotein E APOE lipid metabolism mRNA level A b 
SELENIUM 

Selenoprotein (P, F , K) 

SELENOP 
antioxidative role, 

transport of Se 
rs3877899, rs7579 H b, f 

mRNA level C b 

SELENOF 
proposed role in 
protein folding 

rs561104 H b 

SELENOK 

ER-associated 
degradation of 

misfolded, 
glycosylated 

proteins 

rs9880056 H i 

Glutathione peroxidase (1, 
3, 4) 

GPX1 

antioxidative role 
 

rs1050450, H b 
mRNA level H b 

GPX3 mRNA level H c 

GPX4 
rs713041 H f 

mRNA level C b 
Catalase CAT mRNA level H b 

Superoxide dismutase SOD2 rs4880 H b 

Thioredoxin reductase (1 
and 2) 

TXNRD1 
rs7310505 H i 

mRNA level C b 
TXNRD2 rs9605030 rs9605031 H i 

Dimethylglycine 
dehydrogenase 

DMGDH 

one-carbon 
metabolism 

(metabolism of 
sulfur-containing 

amino acids, 
methionine, 

potentially also 
selenomethionine) 

rs921943, rs17823744 H b 

Indolethylamine N-
methyltransferase 

INMT 

methylation of 
indoles (possible 

involvement TMSe 
formation) 

rs6970396 H g 

Apolipoprotein E APOE lipid metabolism 
rs7412, rs429358 H h 

mRNA level H c 
a - (Broberg et al., 2015), b- (MDI Biological Laboratory & NC State University, 2019), c -(González-Martínez et al., 2018), d -(Falnog et 
al., 2012), e - (Liu et al., 2019), f - (Reszka et al., 2012), g -(Kuehnelt et al., 2015), h - (Trdin et al., 2019 submitted.), i –(Méplan et al., 
2012); j - (Ding et al., 2016) TMSe, trimethylselenonium ion 
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Regardless of the large existing data on gene-TE interactions, genetic factors are still 
not successfully implemented as susceptibility biomarkers in health risk assessment, which 
is due to the inconsistencies of results between existing studies (Broberg et al., 2015; Dick 
et al., 2015; Kelada et al., 2003). Low repeatability of gene-TE interactions can result from: 

 
- previously mentioned influence of biological sample type on TE levels (Section 1.3), 
- different exposure levels of studied populations,  
- differences in geographical distribution of SNPs frequencies, 
- different methodological approaches (targeted, non-targeted) in determination of 

genetic factors (SNPs, mRNA levels), and 
- differences in individual and/or populational physiology (non-genetic factors).  

Some causes are discussed in more detail below. 
 

1.4.1.1 Genetic factors and exposure levels 

As reviewed by Broberg et al., 2015 many gene-TE interactions observed at high exposure 
were not confirmed at lower exposure. Firstly, the range of TE levels could be too narrow 
and the methodological uncertainties too high to provide sufficient statistical power for 
identification of such associations (Ritz et al., 2017). Another point to consider is the actual 
magnitude of SNP’s effect on TE levels. Based on the existing studies (see Table 1.1) the 
influence of the majority of SNPs is non-detectable, still uncertain or it is likely to be small 
at relatively “normal” physiological and exposure conditions (Broberg et al., 2015; Dick et 
al., 2015; Kelada et al., 2003). Therefore, it might be that the effect of a SNP becomes 
crucial only at higher exposures while at lower exposures it is minimal and overwhelmed 
by the effect of other modifiers of TE kinetic/dynamics, particularly non-genetic 
physiological parameters (Broberg et al., 2015; Gardner et al., 2012; Xu et al., 2016). On 
the contrary, in some cases, higher exposure may saturate enzyme activity regardless of 
the SNP(s) presence and the potential influence of SNP(s) could be observed only at lower 
or moderate exposures. However, such phenomenon is not often observed (Broberg et al., 
2015). Additionally, SNPs’ influence at different TE exposures levels could also depend on 
the specificity of the candidate gene with respect to TE. Genes coding for enzymes with 
various roles that are not specific for TE are expected to show effect at higher levels, while 
the influences of genes that are TE-specific might be observed at lower exposures (e.g. 
AS3MT in relation to As methylation (Balakrishnan et al., 2018). 

1.4.1.2 Geographical distribution of SNPs frequencies 

Due to the studies investigating genetic variations of the whole genome on a worldwide 
scale (HapMap and 1000 Genome Project) – whose data is openly accessible in the “world’s 
largest database for nucleotide variations as a part of National Centre for Biotechnology 
Information (dbSNP, NCBI)” (National Centre for Biotechnology Information, 2005) – it 
becomes clear that the frequencies of individual SNPs vary between different ethnic groups 
and different parts of the world (Broberg et al., 2015; National Research Council, 2006). 
For example, variant allele frequencies of AS3MT SNPs haplotype in Argentina, Peru and 
Chile were found to be much higher than in other parts of the world, such as Europe (50 
– 70% vs. 12%) (Engström et al., 2011), and in case of the variant allele of ALAD SNP 
(ALAD2) higher frequencies were observed for Caucasian and lower for Asian and African 
populations (19% versus 2-10%) (Broberg et al., 2015). Consequently, associations between 
investigated SNPs and TEs can in respect to their presence, trend and magnitude vary 
between populations worldwide (Broberg et al., 2015; National Research Council, 2006). 
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Geographical variability in the frequency of SNPs in genes related to kinetics/dynamics 
of TE could reflect a specific genetic adaptation of populations to a historical excess or 
deficiency of TE in their local environment (i.e. natural selection) (White et al., 2015). 
Although the discovery of such cases is rare, recently genetic adaptation of AS3MT related 
to historically increased exposure to As in drinking water was proven for the above-
mentioned Andean populations of Argentina and Chile (Apata et al., 2017; Eichstaedt et 
al., 2015; C. M. Schlebusch et al., 2015) and genetic adaptation of selenoproteins related 
to deficient levels of selenium in China (White et al., 2015). With good knowledge of 
geographical abundance of TEs (e.g. Pb and Hg), TE kinetics/dynamics and population’s 
history and migrations, we can expect that in the future more of such case studies will 
emerge. Knowledge of the genetic structure of populations is therefore important for the 
appropriate interpretation of gene-environmental interaction studies and could play a 
crucial role in emergency investigations of the major unpredicted environmental 
contamination (accidental exposure) (Baye et.al., 2009). 

1.4.1.3 Targeted versus non-targeted approach 

Genetic factors and their associations are being studied by two different approaches:  
- traditional hypothesis-driven targeted candidate gene association studies, which 

focus on a small set of genes and SNP that have been selected based on their known 
or predicted role (approach used in the present dissertation), and 

- hypothesis-free non-targeted approach, which is via high-throughput technology 
analyzing hundreds of thousands of genes. 

 
Examples of the second approach are microarrays for transcriptomes and genome wide 
association studies (GWAS) analyzing hundreds of thousands of SNPs across the whole 
genome (Reid-Lombardo & Petersen, 2010; Ritz et al., 2017).  

Based on the GWAS principle, such non-targeted approach was recently also introduced 
for the assessment of exposure to chemicals within populational-based association studies, 
which is referred to as an “exposome” approach. As defined by Wild in 2005, exposome 
“encompasses life-course environmental exposure (including lifestyle factors) from the 
prenatal period onwards” complementing the genome (Wild, 2005). In other words, 
exposome uses a variety of high-throughput methods – “omics” – in order to unravel the 
nature-nurture interactions (Miller & Jones, 2014). 
The traditional targeted approach, especially in gene-environment studies, gained some 
critics in respect to low replicability of its results with non-targeted approaches. 
Consequently, the need for a targeted approach has become questionable by some research 
groups (Border & Keller, 2017; Wilkening et al., 2009). However, as pointed out by 
Stingone et al. (2017), the exposome approach beside the lack of “bioinformatics and 
statistical methodologies to process, integrate, and analyze high-dimensional data and lack 
of cross-trained scientific investigators who can develop and implement these approaches”, 
struggles also with “the difficulty in differentiating normal physiological variations from 
environmentally induced changes in measures of biological response”. Therefore, the 
findings from such complex non-targeted analyses still need to be validated in targeted 
independent studies, which indicates that exposome approach represents a complement to, 
rather than a replacement for, traditional targeted analyses (Stingone et al., 2017). 

1.4.1.4 Non-genetic modifiers of TE levels and their associations 

The kinetics and dynamics of TEs and consequently their measured internal concentrations 
are, beside genetic factors, primarily influenced by various non-genetic factors that shape 
individual (population) (patho)physiology. Changes in such factors – age, BMI, gender, 
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psychological status (e.g. stress, depression), physical activity, changes related to “special” 
physiological states (e.g. pregnancy, childhood, lactation, elderly), diet (e.g. seafood 
intake), habits (e.g. smoking, alcohol consumption), co-exposures etc. – lead to 
physiological variability, which can modify studied interactions between TE and genetic 
factors and/or health-related variables (Aylward et al., 2014; Santonen et al., 2015).  

In the majority of association studies researchers are aware that simple comparisons 
between groups (e.g. Pb levels in carriers vs. non-carriers of ALAD SNP) could be 
confounded by above-mentioned non-genetic factors and that multivariable regression 
models using those factors as possible confounders should be applied (Broberg et al., 2015). 
The choice of confounders differs between researchers; some follow their knowledge and 
understanding of physiological mechanisms, while others follow findings from the literature 
in order to be more comparable. However, in both cases the availability of data presents 
limitation. Such data is most commonly obtained through questionnaires, which is a cost 
efficient approach that, however, comes with disadvantages such as (Coggon, 1995; WHO, 
1995): 
-  lack of standardization – content regarding specific exposure assessment may differ 
among various studies,  
- poor validity of the content due to bias introduced from: misunderstanding of the 
questions (when self-administered); inaccurate or incomplete recall in case of questions that 
rely on people’s memory or intentional false reporting in case of delicate questions (alcohol 
or drug use, smoking, psychological problems etc.). 
 
Therefore, ideally questionnaires should be accompanied by or substituted with measurable 
characteristics, reflecting individual physiology. Some examples are listed below: 
 
- Levels of other (non)essential TE. Status of essential trace elements is a good 
estimate of nutritional status and reflection of (patho)physiological changes. Elements as 
Zn, Se, Cu, Mn, and Fe are essential for the activity of various proteins/enzymes that are 
related to kinetics/dynamics of non-essential TE due to their roles as antioxidants, binding 
proteins, transporters etc., (Bornhorst et al., 2018; Prashanth et al., 2015). As recently 
reviewed by Rahman et al. (2019), Se and Zn are known to protect against toxicity of non-
essential TEs (Cd, Pb, As and Hg) via different complex mechanisms. Therefore, their 
dishomeostasis, which could be related to some diseases, can considerably increase risk for 
the metal(loids) adverse effects and potential progress into a disease (Rahman et al., 2019). 
Iron deficiency can increase the uptake of other metal(loids), such as Cd and Pb, due to 
their similar absorption pathways (Lee et al., 2014). Selenium in plasma can be a rough 
estimation of individual antioxidant capacity (Tinggi 2008), and due to its known 
interaction with some non-essential TE, such as As, can influence their metabolism and 
excretion (Zeng et al., 2005; George et al., 2013). Additionally, levels of other non-essential 
elements should be evaluated in order to evaluate possible confounding due to co-exposure. 
For example, in the assessment of Cd effect on renal function it is necessary to evaluate 
also the status of other nephrotoxic elements, such as As, Hg, and Pb (Barregard & Elinder, 
2015; Bernard, 2016; Hambach et al., 2013).  
Such approach is not common within association studies; however, we included it in the 
work of the present dissertation (see Section 3.1 – 3.3). 
 
- Levels of various hormones (estrogen, thyroid hormones etc.) are important as they 
can indirectly influence kinetics/dynamics of various TE (Engström et al., 2011; Lee & 
Kim, 2014). 
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- Vitamin D level is one of the indicators of adequate nutritional status. Its sufficient 
levels can improve the uptake of essential trace elements (e.g. Zn, Fe, and Cu), while higher 
levels increase uptake of some non-essential elements (e.g. Cd and Pb) (Schwalfenberg & 
Genuis, 2015).  
 
- Urinary or serum level of cotinine as a good indicator of smoking (Benowitz, 1996; 
Leon et al., 2002). Accurate information on individual’s smoking is in environmental 
association indispensable as a route of exposure to non-essential elements such as Cd and 
Pb. Moreover it is an inducer of oxidative stress and inflammation (Agarwal, 2005), which 
can influence expression and activity of various proteins/enzymes that are studied in 
relation to TE.  
 
The structure of multivariable regression models can considerably vary between association 
studies dealing with the same scientific question, which could lead to different outcome 
and interpretation of the models, contributing to the low repeatability of the results 
regardless of the use of targeted or untargeted approaches. 
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Chapter 2 

2 Aims and Hypothesis 

The aim of the present dissertation was to estimate the appropriateness of exposure and 
effect biomarkers and the influences of selected gene single nucleotide polymorphisms on 
the level of potentially toxic non-essential trace elements in blood and urine of susceptible 
general population with very low to moderate environmental or diet-related exposure. 
Assessed will be populations in pregnancy, lactation, childhood, and childbearing or mixed 
age, with dietary (seafood), environmental and geographical variability. In the first part 
the study will be focused on normalization difficulties of spot urine biomarker levels, related 
to the insufficient sensitivity of creatinine, used as a “gold standard” to normalize for the 
dilution effect from drinking and for the effect of individual’s kidney physiology. The second 
part will deal with gene-environment interactions by studying the impact of single 
nucleotide polymorphisms (SNP) in genes involved in the metabolism of essential and non-
essential TE (Cd, As, Pb and Se) and comparison of obtained SNP’s allele frequency 
distribution between studied population and those found in other populations (SNPs world 
database). In the last part, the relations between As exposure, As metabolites and selected 
gene expression will be assessed in cancer patients treated with arsenic trioxide (As2O3). 
 
Hypothesis: 

 
1. For Slovenian and Croatian population, with very low to moderate exposure to 

non-essential trace elements, we expect weak associations between biomarkers of exposure, 
effect and/or susceptibility and notable impact of methodological uncertainty (questionable 
sample normalization, shared physiological pathways), basic personal characteristics, 
physiological status and life style. 

 
2. Allele frequencies of studied SNPs studied in both population will be similar to each 

other and to those in other European populations and different from those in Asian or 
African populations. 

 
3. Arsenic treatment of cancer patients will affect blood expression of various genes 

and expression will differ between patients. 
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Chapter 3 

3 Scientific Publications 

The present dissertation consists of four publications: two published, one under review and 
one in preparation. They are presented correspondingly to the general hypotheses of the 
dissertation. The first hypothesis is covered by the first three manuscripts dealing with the 
appropriateness of exposure biomarkers and their associations with biomarkers of effect or 
with genetic variability related to cadmium (3.1), arsenic (3.2) or lead (3.3). The second 
hypothesis is covered by the second and third manuscript (3.2 and 3.3) as in both allele 
frequencies of SNPs are given in genes related to arsenic AS3MT, MTHFR, AQP4, AQP9, 
SELENOP, INMT, MT2A) and Pb (ALAD) metabolism, respectively. AS3MT is coding a 
key enzyme in As methylation; MTHFR is coding an enzyme involved in one-carbon 
metabolism; AQPs are coding selective membrane channels involved in As transitions; 
SELENOP and INMT are coding enzymes involved in Se transport and urine excretion in 
the form of trimethylselenonium ion (TMSe), respectively; MTs are coding for proteins 
involved in homeostasis of Cu and Zn and detoxification of non-essential metals; ALAD is 
coding for enzyme involved in heme biosynthesis, which can be inhibited by Pb. The third 
hypothesis about the individual variability in pharmacological As exposure related to gene 
expression is presented by the fourth manuscript (Section 3.4). 
Manuscripts are accompanied by five working reports, which are added as appendixes 
(App. A.1-A.5). They are supplementing detailed data, which are otherwise only mentioned 
inside manuscripts, and data important for the given hypotheses and not published yet. 

The above-mentioned studies were performed on three general populations and on a 
case of five cancer patients; basic information on their size, geographical distribution, 
physiological state, and methodology is summarized in Figure 3.1. 
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Figure 3.1: Basic information on studies of the present dissertation. 
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3.1 Manuscript 1: Low Cadmium Exposure in Males and 
Lactating Females – Estimation of Biomarkers 

Published: Stajnko A., Falnoga I., Tratnik J. S., Mazej D., Jagodic M., Krsnik M., Kobal 
A.B., Prezelj M., Kononenko L., Horvat M. (2017). Environmental Research, 152, 109–119 
 
Association studies of non-essential trace elements and biomarkers of effect are well 
established for occupational or high exposures and commonly used in health risk 
assessment. On the contrary, at low exposure levels (< 1 µgCd/L for blood and urine) the 
interpretation of such associations is challenging due to strong and undistinguished 
influences of methodological uncertainties and physiological variabilities (Bernard, 2016). 
For instance, creatinine normalization of spot urine levels of trace elements or of biomarkers 
of effects is introducing many biases due to low methodological sensitivity and high 
physiological variability of creatinine and because trace elements can use the same 
transporters as biomarkers of effects. Hence, such associations are not casual but 
physiological.  

In the present manuscript, conducted on a Slovenian population from the National 
human biomonitoring program (2007 – 2015), we estimated the appropriateness of 
biomarkers at low exposure levels – regarding the choice of biological matrix – on a case of 
blood versus spot urine cadmium in relation to selected urine renal function biomarkers 
(tubular: α-1 microglobulin – A1M, N-acetyl-β-glucosaminidase – NAG; glomerular: 
albumin – Alb, and immunoglobulin G – IgG). Such associations are commonly used for 
the estimation of renal dysfunction related to Cd exposure. In our work, we assessed them 
on 548 men and 533 lactating women separately. Associations were tested for possible 
confounding effects related to physiological underlying factors (age, BMI, smoking, 
nutritional status of Se, co-exposure to Pb, Hg and As) and methodological (urine 
normalization) underlying factors. In order to test the influence of the latter, we assessed 
all the associations using un-normalized, creatinine normalized and specific gravity 
normalized urine data. As reported by Hoet et al. (2015) for some trace elements (e.g. As, 
Hg, Pb) specific gravity is recommended as a better alternative to creatinine, while for 
others (e.g. Cd, Cu) none of the methods seem suitable – as observed also in the present 
manuscript. 

 
At low Cd exposure:  
i) We emphasized the awareness of the questionable assessment of association between 

low Cd levels and renal function biomarkers determined in spot urine, due to the 
introduced uncertainties from: urine normalization especially by creatinine (low 
sensitivity of method, excretion influenced by physiological parameters), and similar 
excretion pathways of biomarkers of exposure and biomarkers of effects.  

ii) Consequently, Cd in blood was pointed out as a better biomarker at low Cd levels, 
regardless of the hemoglobin status (the influence of hemoglobin status is presented 
in App. A.1. Table 1).  

iii) The usefulness of A1M, NAG, Alb and IgG as biomarkers of renal function is at their 
normal (low) physiological levels questionable, as they can also have a normal 
physiological role and thus respond to various factors unrelated to renal function. As 
shown on the case of A1M, which was recently reported to have an antioxidative role 
at physiological levels, its urine levels were significantly influenced by various factors 
– such as smoking, lead exposure and selenium status – pointing to its versatile 
biological function.  
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We mainly attributed the observed differences between groups of men and women to the 
gender issue, although they could also be a result of women’s physiological and behavioral 
changes due to their lactation status (Moya et al., 2014). Moreover, because such changes 
vary during the process of lactation, we later additionally tested the studied associations 
for women for possible influence of sampling time, which is documented in the working 
report (App. A.1: Table 2). Sampling time (number of days after delivery) did not affect 
associations. 

In the manuscript, we also pointed out the possible importance of individual genetic 
background on Cd levels variability and on its studied associations. Unfortunately, DNA 
material was not available for the population of the present manuscript. However, we 
checked the hypothesis in a Slovenian-Croatian pregnant and non-pregnant women; among 
SNPs in various MT genes and genes of MTF1, DMT1, LRP2, and LRP8, only one was 
found negatively associated with urine Cd levels (rs10636 of MT2A); results are 
documented as working report (App. A.2). In the same population we studied the influence 
of genetic background on the levels of As and its metabolites as presented in the next 
subchapter (Manuscript 2, Section 3.2). 

Findings of the manuscript, related to urine biomarkers normalization, represented a 
good foundation for our next study conducted on the same population, in which reference 
values for various TE were determined in urine based on both creatinine and SG 
normalization (Snoj Tratnik et al., 2019). 

 
I contributed to the present manuscript with the measurement of specific gravity in 

urine samples, statistical analyses, preparation of the tables and writing of the manuscript. 
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3.2 Manuscript 2: Arsenic Metabolites; Selenium; and 
AS3MT, MTHFR, AQP4, AQP9, SELENOP, INMT, 
and MT2A Polymorphisms in Croatian-Slovenian 
Population from PHIME-CROME Study 

Published: Stajnko A., Šlejkovec Z., Mazej D., France-Štiglic A., Sešek-Briški A., Prpić I., 
Špirić Z., Horvat M., Falnoga I. (2019) Environmental Research, 170, 301–319 
 
Relationships between inorganic arsenic metabolism, genetic polymorphisms and status of 
selenium have been frequently studied in populations with high environmental As exposure 
levels (Broberg et al., 2015), while at low exposures such gene-environment associations 
are scarce and for some genes non-existing.  

In the manuscript, we tested possible influences of 15 single nucleotide polymorphisms 
(SNPs) of 7 genes on As methylation efficiency (estimated by urine As metabolites) in a 
Croatian-Slovenian population with low inorganic As exposure (recruited between 2007-
2017 within PHIME and CROME study). Beside previously studied SNPs of AS3MT, 
MTHFR, INMT and MT2A, we also tested SNPs of AQP4, AQP9 and SELENOP, which 
can all be related to As methylation. Relations of SNPs of the latter three genes are to the 
best of our knowledge assessed for the first time. We also constructed AS3MT SNPs’ 
haplotype and tested it for its previously reported beneficial role in As methylation 
(Broberg et al., 2015). Additionally, we followed Se levels and SNPs influences on its urine 
excretion, due to known interrelated metabolism of Se and As (George et al., 2013).  

Study population was stratified into a subgroup of pregnant women (n =136), non-
pregnant women (n =176) and their children (n =176), which enabled the estimation of 
As methylation efficiency, Se status and gene-environment interactions at three different 
physiological states. Interactions within each group were also tested for possible 
confounding factors such as BMI, age, gender of fetus, gender, parity, blood As, nutritional 
status of Se, ever-smoking, which were specific within each studied group.  

Furthermore, we presented allele frequency distribution of studied SNPs obtained in 
our study population. For AS3MT, frequencies of SNPs minor alleles and of their 
constructed haplotype were also compared with those reported for other worldwide 
populations. For other genes, studied in the present manuscript (and in dissertation as a 
whole), similar comparisons were elaborated and collected in a working report (App. A.3). 

At low iAs exposure we: 
i) confirmed the influence of physiological status (pregnancy, non-pregnancy, and 

childhood) on As methylation efficiency, on As and Se levels, and on gene-
environmental interactions; 

ii) confirmed the “protective” role of AS3MT SNPs/haplotype on As methylation; 
iii) identified possible role(s) of some genes and their SNPs in the As metabolism (SNPs 

of INMT, AQP9, AQP4, and MT2A) and Se metabolism (SNPs of INMT and 
AQP9); 

iv) found obtained AS3MT SNPs/haplotype allele frequencies to be similar with those 
reported for European countries, higher from those reported for Africa and lower 
from populations with historically elevated As exposures (Argentina, Bangladesh, 
and Chile). 

In the present manuscript the confounding by the seafood-borne DMA was expected to 
be insignificant, as DMA levels in fish were expected to be negligible due to observations 
from our previous study on As speciation in fish (rays) from the Northern Adriatic Sea 
(Šlejkovec et al., 2014).  
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My contribution to the present manuscript consisted of participation in study subjects’ 
samplings in the CROME part of the project, participation in DNA extractions, genotyping 
of the majority of included SNPs, statistical analyses, preparation of tables and figures, 
and writing of the manuscript. 
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3.3  Manuscript 3: Human Biomonitoring Study at Three 
Uranium Legacy Sites in Kyrgyzstan 

Under review: Stajnko A., Tuhvatshin R., Suranova G., Mazej D., Šlejkovec Z., Falnoga 
I., Krušič Ž., Lespukh E., Stegnar P. (2019), Science of the Total Environment 

δ-Aminolevulinate dehydratase (ALAD) – enzyme involved in heme synthesis – is the 
main binding protein of Pb in blood and tissues. Various studies reported the influence of 
ALAD genetic variations on enzyme’s activity and consequently variability in blood Pb 
levels (Broberg et al., 2015). As such, SNPs rs1805313 and rs1800435 were previously 
associated with Pb levels; the former in genome-wide association study conducted on 
occupationally unexposed population (Warrington et al., 2015) and the latter in studies on 
occupationally exposed populations (Broberg et al., 2015). Both ALAD SNPs with the 
addition of rs818708 were tested in Slovenian-Croatian women – after the published study 
of As levels affected by SNPs of genes related to As metabolism (Manuscript 2, Section 
3.2) – in relation with low Pb exposures (GM, ≤12 ng/g in blood) as presented in App. 
A.4. Similarly, as observed in the second manuscript (Section 3.2), the influence of 
physiological changes (e.g. pregnancy) and other non-genetic factors (e.g. status of essential 
elements and smoking) were stronger than genetic factors at such low exposure.  

Accordingly, in the present manuscript we tested the above-mentioned ALAD SNPs in 
Kyrgyzstan population with moderate Pb exposure (GM, 21.0 ng/g in blood). Population 
consisted of residents from three uranium legacy sampling sites in Kyrgyzstan, namely 
Kadji Sai (n =46), Mailuu-Suu (n=24) and Sumsar (n =53), correspondingly representing 
three individual study groups in the manuscript. Beside blood Pb, we determined also 
blood levels of Cd, Hg, As, U, Se, Cu, Mn, and Fe, and compared them for differences 
between the study groups. Associations between above-mentioned SNPs and blood Pb were 
tested on a whole population and according to different stratifications (age, gender, and 
region). We also tested for possible confounding by age, gender, region, status of essential 
trace elements and co-exposure to non-essential elements.  

For all studied ALAD SNPs we presented minor allele frequencies determined for 
Kyrgyzstan population and compared them with those of other worldwide populations. 
Regardless of the small sample size we compared frequencies also between the Kyrgyzstan 
study groups.  

In the manuscript, we: 

i) identified significantly different blood levels for most trace elements between study 
groups indicating different environmental conditions at three industrial areas, 

ii) found elevated Pb exposure in Sumsar and Mailuu Suu study groups according to 
literature levels for environmentally unexposed populations;  

iii) confirmed the influence of two ALAD SNPs (rs1805313 and rs1800435) on blood Pb 
levels and their potential role as susceptibility biomarkers; 

iv) observed significant geographical distribution of ALAD SNPs (rs1805313 and 
rs1800435) within Kyrgyzstan, which should be further confirmed on a larger 
population. 
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My contribution to the present manuscript was helping with the DNA isolations, preparing 
samples for multielemental analysis, performing all statistical analyses, preparing tables 
and figures and in writing related to the assessment of gene-environment interaction. 
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3.4 Manuscript 4: As Urine Metabolites, AS3MT Haplotype 
and AS3MT Expression in Cancer Patients Treated with 
As2O3: a Case Study 

In preparation: Stajnko A., Zupan J., Podgornik H., Šlejkovec Z., Jagodic M., Černelč P., 
Marc J., Falnoga I. (2019) 
 
Arsenic trioxide (As2O3) is a promising drug for treatment of acute promyelocytic leukemia 
(APL). The efficiency and outcome of the treatment can considerably depend on the 
patient’s As methylation capacity. The assessment of As urine metabolite patterns (AsIII, 
AsV, MMA and DMA) of various patients clearly showed variability in the rate of As 
methylation between them (Šlejkovec et al., 2016). Such variabilities between patients 
result due to the influence of various factors such as: genetic variations, nutritional status, 
antioxidative status, age, BMI, medication etc. Moreover, As2O3 – through interaction with 
-SH and -SeH groups – influences the performance of various physiological pathways, for 
example the activity of enzymes or proteins involved in oxidative stress or As metabolism. 
Such influences vary from patient to patient, leading to their different responses to the 
treatment.  

In the present manuscript, we investigated relations between “protective”AS3MT SNPs 
haplotype, AS3MT mRNA expression and urine arsenic metabolites in patients with acute 
promyelocytic leukemia (APL) treated with As2O3. As such, we followed urine As 
metabolites (AsIII, AsV, MMA and DMA) and presence or absence of “protective”AS3MT 
SNPs haplotype – as constructed in Manuscript 2 of the dissertation (see Section 3.2) – for 
five APL patients, while AS3MT mRNA levels were assessed for four APL patients and 14 
controls. For two patients we also followed As in serum. 

In the manuscript, we observed: 
i) clear variations in As methylation efficiency between patients,  
ii) more efficient As methylation among carriers of “protective” AS3MT haplotype,  
iii) AS3MT mRNA levels were influenced by AS3MT haplotype, treatment and probably 

by other factors such as BMI and Se status. 
iv) that “protective” AS3MT haplotype could be a good predictor for therapeutic 

efficiency in patients treated with As2O3. 
We have simultaneously studied relations between As2O3 treatment and several other 

genes’ expression in APL patient, such as SELENOP1, GPX1,3 and 4, TXNRD1 and 2, 
CAT, AQP9 and MTs – in one or two APL patients. Results for one patient have been 
partially presented at Selenium conference 2013 (Falnoga et al., 2013) and recently re-
analyzed and combined with new patient and new genes data which are summarized in the 
Working report presented in App. A.5; in general As2O3 treatment reduced mRNA levels 
of the studied genes in both patients. Combined genetic influence of various genes or their 
haplotypes on gene expression and As metabolites in APL patients is our future challenge.   

In the present manuscript, my work consisted of AS3MT genotyping, gene expression 
analyses, statistical analysis, preparation of tables and figures and writing of the 
manuscript.  
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Chapter 4 

4 Conclusions 

The focus of the present PhD dissertation lied on the human association studies of TE with 
biomarkers of exposure, kidney function and susceptibility/adaptability at low exposure 
levels. Such associations are well investigated and established at occupational and high 
environmental exposures while at lower environmental and/or diet-related exposures they 
are questionable and poorly assessed – especially in the presence of “specific” physiological 
states such as pregnancy, lactation, childhood. In this matter we estimated the 
appropriateness of studied associations of urine and blood Cd levels with renal function 
biomarkers. With association studies of As (As urine metabolites), Pb, Cd and Se levels 
with selected gene polymorphisms we estimated the importance of genetic background and 
identified a few SNPs as possible susceptibility or adaptability biomarkers. The main 
studied populations were Slovenian men and lactating women in their childbearing years 
(1st Slovenian HBM), Slovenian and Croatian pregnant/non-pregnant women and children 
(PHIME-CROME project) – both with very low to moderate diet/environmental exposure. 
Additionally we investigated two experimental cases: Kyrgyzstani population with 
moderate environmental exposure and cancer patients with pharmacological As exposure. 
The main conclusions from four manuscripts, their supportive materials (see Section 3.1 – 
3.4) and five working reports (App. A.1 – A.5) are pointed out below, following the 
hypotheses of the dissertation.  
 
1. Associations studied in Slovenian-Croatian population with low environmental 
exposure, concentrated on Cd (HBM survey) and As and Pb (PHIME-CROME), were – 
as hypothesized – in general weak, in some cases absent and considerably influenced by 
methodological uncertainty and physiological variability. Physiological variability resulted 
from non-genetic changes related to “special” physiological states (pregnancy, lactation 
and childhood), gender, age, or from normal changes in individual’s diet (seafood intake) 
and habits (smoking). 
 

Normalization and spot urine biomarkers 
- We confirmed that the normalization of spot urine biomarkers for inter-individual 
variations in diuresis, especially by creatinine, is inappropriate at low levels of exposure. 
As the difference in the measurement sensitivity of creatinine and those of trace elements 
is too high (e.g. LOD: 2 µgCrea/mL versus 0.03 ngCd/mL) the normalization is introducing 
methodological uncertainty into association studies, resulting in conflicting and 
inconsistent results, as observed in our study on Cd. In such cases, TE determined in blood 
(plasma) represent a better biomarker of exposure. However, when studying urine 
metabolites of TE (e.g. As) we can use their proportions to avoid normalization. 
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Cd and urine renal function biomarkers  
- We observed associations between Cd and four urine renal function biomarkers, 
commonly used biomarkers of Cd effect, namely, A1M, Alb, IgG and NAG. They were all 
far below critical values, and assessed at low Cd exposure (GM <0.3 ng/mL for blood and 
urine). We strongly believe that associations were driven by the normal physiological 
changes in kidney function rather than by the pathological processes related to Cd 
exposure. Such conclusion was based on the observed positive associations of all four 
studied renal function biomarkers with urine Cd and their absence with blood Cd. Both, 
protein bound – Cd (mainly as Cd-metallothioneins) and renal functional biomarkers use 
similar excretion pathways and are consequently affected in the same way by the kidney 
function, leading to their co-excretion and observed positive associations in urine. Such 
results could be, as also pointed out by other research groups, misinterpreted as causal. 
 
- Non-causal associations between Cd and renal function biomarkers were further 
supported by the observed influence of other physiological factors unrelated to kidney 
function. For example, the presence of current or past smoking, beside expected increase 
in blood Cd, also increased A1M levels and modified Cd-A1M associations. This points to 
the response of A1M to oxidative stress and inflammation related to smoking, and supports 
its proposed anti-oxidative and anti-inflammatory role. Moreover, also NAG associations 
with blood Cd – observed among women – were most probably a reflection of post-
pregnancy and/or lactation status (increased oxidative stress). Accordingly, the usefulness 
of studied proteins as biomarkers of renal function and biomarkers of Cd renal effects is at 
their normal (low) physiological levels questionable and calls for the identification of more 
specific biomarkers of kidney function.  
 

SNP-TE interactions 
- SNP-TE interactions studied in Slovenian-Croatian women population with low 
environmental ( iAs in water≤<1 µg/L) or diet exposure (GMs: blood and urine Cd  < 0.5 
ng/ml, urine iAs < 3.3 ng/ml, blood Pb≤< 12 ng/ml) showed that non-genetic physiological 
variability probably has a bigger impact on TE levels genetic factors. Associations were 
clearly influenced by the pregnancy status, which either overwhelmed or enhanced the 
SNPs effect in comparison with the non-pregnant status. Nevertheless, significant 
influences of: “protective”AS3MT haplotype, SNP of INMT, AQP9 and 4, ALAD and 
SELENOP and two SNPs of MT2A gene, on selected TE levels were identified as 
summarized in Table 2.  
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Table 4.1: Genes with SNPs significantly or marginally associated with selected TE 
(Cd, As, Pb and Se) levels in urine or blood of Slovenian-Croatian pregnant and/or non-
pregnant women. 

 Cd 
(urine) 

As, As 
metabolites 

(urine) 

Pb 
(blood) 

Se 
(urine) 

NP P NP P NP P NP P 
»protective« 
AS3MT hap*   + -   - - 
INMT 
rs6970396   + -   + - 
AQP9 
rs2414539   + -   + - 
AQP4 
rs9951307   - +   - - 
SELENOP 
rs7579   + -   - - 
MT2A 
rs28366003 - - + +   - - 
MT2A 
 rs10636 - +       
ALAD 
rs1805313     +' -   

NP – non-pregnant; P – pregnant; +, significant influence of SNP (p < 0.05), +’ marginally significant influence of SNP (p ≤ 0.1), – non-
significant influence of SNP (p > 0.1), blank, interaction was not assessed. *, Protective” AS3MT haplotype sequence: variant alleles of 
SNPs in 5’-3’order, based on their position in the gene: rs7085104 (G), rs3740400 (G), rs3740393 (C), rs3740390 (T), rs10748835 (A), 
rs1046778 (C). 

  
- AS3MT haplotype associations with very low iAs levels were to our knowledge 
studied for the first time in the present work. We confirmed “protective” role of AS3MT 
haplotype: carriers showed higher DMA % and SMI – both indicating higher As 
methylation efficiency – when compared to non-carriers.  
 
- AQPs are known to facilitate As transition, but their SNPs’ have not yet been 
associated with As levels. We observed significant impact of AQP9 (rs2414539) and AQP4 
(rs9951307) on urine As metabolite concentrations and methylation efficiency. Both may 
be used as susceptibility or adaptability biomarkers, if the observed associations are 
confirmed in populations/individuals with higher environmental, occupational or 
therapeutic As exposures. 
 
- Moreover, AQP9 (rs2414539) and INMT (rs6970396) SNPs were both significantly 
associated with higher urine excretion of both As and Se. Such concurrent influence of both 
SNPs could be explained by the use of same transport pathways by As and Se, but should 
be further investigated also for their possible co-excretion related to As-Se complexes. 
 
- We have confirmed genetic influences on blood Pb variability. ALAD (rs1805313) 
was weakly negatively associated with blood Pb of Slovenian non-pregnant women (GM ≤ 
12 ngPb/ml) and when tested in population of Kyrgyzstan with higher blood Pb (GM 21 
ngPb/g), the effect was stronger. Moreover, on a subgroup of Kyrgyzstan with even higher 
Pb levels (GM 27 ngPb/g, Pb contaminated Sumsar region) the additional influence of 
rs1800435 SNP was observed, showing the same trend.  
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- In association studies, we tested and used several confounding factors (modifiers) 
such as generally used age, BMI, gender, etc., but also less common ones like the status of 
essential trace elements. Status of Se in blood or plasma was identified as a significant 
modifying factor in all above-mentioned association studies. In a study on ALAD-Pb 
interactions in Kyrgyzstan population, we used a set of essential elements Se, Mn, Fe, and 
Cu in blood as confounders, and the modifying effect was observed for the first three. 
Status of essential TE represents a measurable reflection of the physiological variability, 
because their levels can be influenced by individual’s health condition, diet, age, gender, 
physical activity, life style (e.g. smoking, alcohol) etc. Accordingly, and additionally due 
to the known interactions between essential and non-essential TE, the inclusion of essential 
TE rather than questionnaire’s data could better explain the variability and improve the 
strength of statistical association models.  
 
2. The present dissertation provides data on allele frequency distribution of 35 SNPs 
in 20 genes (AS3MT, MTHFR, AQP4, AQP9, INMT, SELENOP, MT1A, MT1B, MT1E, 
MT1F, MT1G, MT1X, MT2A, MT3 MT4, MTF1, DMT1, LRP2, LRP8, and ALAD) and 
of “protective” AS3MT haplotype for the Slovenian-Croatian population (PHIME-
CROME) and 3 SNPs in ALAD gene for the Kyrgyzstan population. Their frequencies 
were compared with European and other worldwide populations: 
  
- For the Slovenian-Croatian population minor allele frequencies of the majority of 
studied SNPs were – as expected – similar to those reported for European populations and 
significantly different from those of Asian (east and/or south) and especially African 
populations. Anyway, they differed from those in European population for 7 SNPs: 

ALAD rs18005313 (35 vs. 28 %) 

MT3 rs28754593 (35 vs. 29 %) 

LRP8 rs3820198 (35 vs. 28 %) 

MT1X rs2301234 (45 vs. 32 %) 

AQP9 rs2414539 (17 vs. 9 %)  

DMT1 rs224589 (22 vs. 31 %) 

MTHFR rs1801133 (35 vs 46 %) 

 
- In case of “protective” AS3MT haplotype we observed a clear frequency difference 
between the Slovenian-Croatian population with historically low iAs exposure and 
populations genetically adapted to historically high iAs exposure such as: San Antonio de 
los Cobres, Argentina (SAC), specific regions of Chile and Peru (10% vs 70%, 48-68% and 
51%, respectively) (Apata et al., 2017; Engström et al., 2011; Schlebusch et al., 2013). 
 
- Among all SNPs, three (ALAD rs1805313, rs818708, and rs1800435) were 
determined in the Slovenian-Croatian population and the population of Kyrgyzstan 
(Central Asia). Interestingly, minor allele frequencies of all three SNPs were similar for 
both populations. Within the Kyrgyzstan population, two ALAD SNPs (rs1805313 and 
rs1800435) considerably varied among three studied areas (Kadji Sai, Mailuu-Suu and 
Sumsar). However, observed differences should be confirmed by a higher number of 
participants per region in order to draw some conclusion on the possible role of different 
geology and environmental pollution of studied areas in Kyrgyzstan. We expect that similar 
differences could be found for Slovenia after genotyping the HBM population from 12 
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geographical regions including metal polluted hot spots (Mežica valley with former Pb mine 
and smelting). 
 
3. In As2O3-treated cancer patients arsenic therapy influenced the expression of 
various genes of selenoproteins involved in oxidative stress and/or As binding (TXNRD1 
TXNRD2, CAT, SELENOP, GPX1, GPX3 and GPX4) and genes involved in As transport 
and methylation such as AQP9 and AS3MT, respectively. For AS3MT – as a main gene 
of As methylation – we also confirmed relations between As2O3 treatment, urine As 
metabolites patterns and the presence or absence of ”protective” AS3MT haplotype. 
 
- Methylation efficiency (DMA % and SMI) was higher with the presence of 
“protective” AS3MT haplotype. 
 
- The number of patients and samples, and quantity of samples were too small to get 
‘strong’ results for AS3MT mRNA expression. Results were not clear enough for reliable 
estimation of influence of AS3MT haplotype on its mRNA levels. Anyway, a clear difference 
in patients’ basal mRNA levels, regardless of the presence of AS3MT haplotype, suggests 
influence of other factors on AS3MT expression. 
 
- Genotyping of “protective” AS3MT haplotype in relation to urine As metabolites 
might be a good predictor for therapeutic efficiency in patients treated with As2O3. 

 
 
The findings of the present dissertation represent a good foundation for our future gene-
environmental studies:  
 
- All SNPs/TE interactions from the present dissertation will be retested on the 
population from the 1st Slovenian HBM survey. 
 
- Moreover, ALAD SNPs could represent additional information about possible 
higher or lower vulnerability to Pb exposure, however more studies are needed in order to 
overcome the observed inconsistencies between studies; as such it is planned to be retested 
in population with higher Pb levels from the Mežica region. 
 
- In relation to As exposure we will test SNPs of other AQPs (e.g. AQP3 and AQP7) 
which are proposed to be related with As uptake and cellular influx and efflux pathways 
(Mukhopadhyay et al., 2014). 
 
- We will attempt to apply the haplotype approach in relation to TE also in the case 
of ALAD and AQPs. 
 
- Enzymes/proteins involved in the TE kinetics/dynamics, which are encoded by 
various genes, have overlapping metabolic pathways. Therefore, we will investigate the 
presence of combined effect of SNPs in two or more genes (gene-gene interactions); in 
particular: combination of AS3MT, AQP9 and INMT in relation to As; AQP9 and INMT 
in relation to Se; and combination of various MT genes in relation to different TE; 
 
- We will try to identify and assess AS3MT SNPs with possible negative effect on As 
metabolism and test them as possible susceptibility biomarkers for APL patients treated 
with As2O3.  
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Appendix A 

Appendix A Working Reports 

A.1 Hemoglobin and Post-delivery Time Had no 
Confounding Effect on Cd Associations with Renal 
Function Biomarkers (First National HBM Survey) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



136 Appendix A. Working Reports 



A.1. Hemoglobin and Post-delivery Time Had no Confounding Effect on Cd Associations with 
Renal Function Biomarkers (First National HBM Survey) 137 



138 Appendix A. Working Reports 



A.1. Hemoglobin and Post-delivery Time Had no Confounding Effect on Cd Associations with 
Renal Function Biomarkers (First National HBM Survey) 139 



140 Appendix A. Working Reports 



A.1. Hemoglobin and Post-delivery Time Had no Confounding Effect on Cd Associations with 
Renal Function Biomarkers (First National HBM Survey) 141 

 



142 Appendix A. Working Reports 

A.2  MTs, MTF1, DMT1, LRP2 and LRP8 Polymorphisms 
and Cd levels in Slovenian-Croatian Population 
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A.3 Allele Frequency Distribution of Selected SNPs in the 
Slovenian-Croatian Population in Comparison with 
Other Worldwide Populations 
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A.4 ALAD SNPs Frequency Distribution and its Impact on 
Pb Levels in Slovenian-Croatian Population (PHIME-
CROME Study) 

 



A.4. ALAD SNPs Frequency Distribution and its Impact on Pb Levels in Slovenian-Croatian 
Population (PHIME-CROME Study) 153 



154 Appendix A. Working Reports 



A.4. ALAD SNPs Frequency Distribution and its Impact on Pb Levels in Slovenian-Croatian 
Population (PHIME-CROME Study) 155 



156 Appendix A. Working Reports 



A.4. ALAD SNPs Frequency Distribution and its Impact on Pb Levels in Slovenian-Croatian 
Population (PHIME-CROME Study) 157 



158 Appendix A. Working Reports 



A.4. ALAD SNPs Frequency Distribution and its Impact on Pb Levels in Slovenian-Croatian 
Population (PHIME-CROME Study) 159 

 



160 Appendix A. Working Reports 

A.5 SELENOP, GPX1, GPX3, GPX4 TXNRD1, TXNRD2, 
CAT and AQP9 Expression in Two As2O3 Treated APL 
Patients 
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