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Abstract 

Mercury (Hg) is one of the top ten chemicals of major public health concern. The general 
population is exposed to different levels of Hg through various sources; these usually include 
exposure to methyl-Hg (MeHg) from seafood intake and Hg0 vapour released from dental 
amalgams. In contrast to irreversible dysfunctions and anomalies observed in children who 
were prenatally exposed to high levels of Hg, possible health effects because of prenatal 
low-level Hg exposure are inconsistent and controversial. Reliable exposure assessment is 
challenged many times by the lack of Hg speciation and unsuitability of included exposure 
or susceptibility biomarkers. 

The objectives of this work were to show how Hg speciation in blood can contribute to 
associations between low-level Hg exposure and health effects, whether meconium can be 
a suitable biomarker of prenatal long-term Hg exposure, and to study Apolipoprotein E 
(ApoE) ε4 allele as a biomarker of susceptibility. Biological samples were collected from 
pregnant women and their newborns from Slovenia (N = 584) and Croatia (N = 234) that 
were life-long exposed to Hg mainly through seafood intake and dental amalgams. 

The observed results showed the importance of speciation when assessing Hg exposure 
and its adverse effects on the general population. Inter-individual differences in exposure 
to Hg0 or Hg(II) significantly contributed to the variations in proportions of MeHg, which 
makes measurements of total Hg (THg) an unreliable exposure biomarker. Results showed 
that the proportion of THg as MeHg in maternal blood and cord blood varied between 4%-
100% and 8%-100%, respectively.  

Hg speciation in meconium showed that Hg(II) presented the majority (82%-100%) of 
measured THg in the meconium and that high Hg(II) content primarily originates from 
placental transport of Hg0. Although MeHg from seafood was shown to be transported 
through the placental barrier, prenatal MeHg biotransformation to Hg(II) could not be 
confirmed nor excluded. Further studies are needed to confirm these observations. 

Statistically significant differences among ApoE ε4 carriers vs. non-carriers were 
observed. The results showed that mothers who were ε4 carriers had higher levels of plasma 
Se (ε4 carriers vs. non-carriers: 62.6 and 54.9 ng/mL, respectively). Moreover, children who 
were ε4 carriers had marginally significant higher cord blood THg levels in comparison with 
non-carriers, and a Hg-associated decrease in the cognitive score of children who were ε4 
carriers was observed. Hg-associated decrease in fine motor skills of children was genotype 
independent. Further studies are needed to establish the physiological role(s) of ApoE. 

In this dissertation the importance of Hg speciation was confirmed. We showed that 
Hg speciation provides clearer information about blood levels of different Hg species, which 
can reduce the possibility of misinterpretations when studying metabolism or associations 
between prenatal low-level Hg exposure and child development. Hg speciation in meconium 
revealed that meconium can be used as a biomarker of prenatal exposure. Higher plasma 
Se levels in mothers who were ApoE ε4 carriers could be connected to beneficial effects of 
ApoE during pregnancy and early life. On the other hand, there is certain evidence that 
children who are ε4 carriers can be more susceptible to negative effects of Hg, but further 
research is needed to confirm the latter.
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Povzetek 

Živo srebro (Hg) je ena izmed desetih kemikalij, ki najbolj ogrožajo človekovo zdravje. 
Splošna populacija je izpostavljena različnim koncentracijam Hg prek različnih virov, ki 
najpogosteje vključujejo izpostavitev metil-Hg (MeHg) prek uživanja morske hrane in 
izpostavitev hlapom Hg0, ki se sproščajo iz amalgamskih zalivk. Negativni učinki na otroke, 
ki so bili prenatalno izpostavljeni visokim koncentracijam Hg, so dobro poznani. Po drugi 
strani možni negativni učinki na razvoj otrok, kot posledica prenatalne izpostavitve nizkim 
koncentracijam, niso jasni. Ocena izpostavitve je velikokrat neustrezna zaradi pomanjkanja 
podatkov o ravni izpostavitve različnim Hg specijam ter zaradi neustrezne uporabe 
biomarkerjev izpostavitve in občutljivosti. 

Namen tega dela je ugotoviti, kako lahko speciacija Hg izboljša asociacije med nizko 
izpostavljenostjo Hg in njegovimi negativnimi učinki, ali je mekonij ustreznen biomarker 
prenatalne Hg izpostavitve, ter oceniti vlogo alela ε4 Apolipoproteina E (ApoE) kot 
biomarkerja občutljivosti. Biološke vzorce smo odvzeli otrokom iz Slovenije in Hrvaške ter 
njihovim materam, ki so bile dolgoročno izpostavljene nizkim koncentracijam Hg zaradi 
uživanja morske hrane in zaradi amalgamov. 

Rezultati so pokazali pomembnost Hg speciacije še posebno, kadar ocenjujemo možne 
negativne učinke Hg na zdravje pri splošni populaciji. Individualne razlike v izpostavitvi 
Hg0 ali Hg(II) lahko doprinesejo k variabilnosti v deležu MeHg, kar posledično pomeni, da 
so meritve celokupnega Hg (THg) lahko nezanesljiv biomarker izpostavitve. Rezultati so 
pokazali, da delež THg, prisoten kot MeHg, variira med 4 %–100 % v mamini krvi ter 8 
%–100 % v popkovni krvi. 

Rezultati speciacije v mekoniju so pokazali, da je Hg(II) predstavljal večino (82 %–100 
% ) izmerjenega THg. Visok delež Hg(II) je predvsem rezultat prenosa Hg0 prek placente. 
Čeprav je bil tudi MeHg iz morske hrane prenesen prek placente, biotransformacije MeHg 
do Hg(II) nismo potrdili.  

Rezultati so pokazali tudi statistično pomembne razlike med ApoE ε4 nosilci in ne-
nosilci. Matere, ki so imele vsaj en alel ε4, so imele v svoji plazmi višje vrednosti selena v 
primerjavi z ne-nosilkami (62,6 in 54,9 ng/mL). Otroci, ki so bili ε4 nosilci, so imeli mejno 
signifikantno višje vrednosti Hg v popkovni krvi. Prav tako smo opazili s Hg povezano 
znižanje kognitivnih sposobnosti otrok, ki so bili nosilci ε4. Negativna asociacija med fino 
motoriko in Hg je bila neodvisna od genotipa. 

V tej disertaciji je dokazana pomembnost Hg speciacije, saj lahko le z jasno opredelitvijo 
izpostavitve različnim Hg specijam zmanjšamo možnosti neustreznega vrednotenja asociacij 
med prenatalno izpostavitvijo nizkim vrednostim Hg in njegovimi negativnimi učinki na 
razvoj otrok. Speciacija Hg v mekoniju je pokazala, da je mekonij primeren biomarker 
prenatalne izpostavite MeHg in Hg0. Višje vrednosti selena pri materah, ki so nosilke ApoE 
ε4 alela, bi lahko povezali s pozitivnimi učinki apolipoproteina E. Sklepamo lahko, da so 
otroci, ki so nosilci ε4, bolj dovzetni za negativne učinke Hg na nevropsihološki razvoj 
otrok, vendar bomo za potrditev te hipoteze izvedli še dodatne študije.
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Chapter 1 

1 Introduction 

Mercury (Hg) is identified as one of the ten chemicals of major public health concern 
(WHO, 2016). It is present naturally in the environment, but human activities such as 
mining and fossil fuel combustion have led to widespread global Hg pollution (Driscoll, 
Mason, Chan, Jacob, & Pirrone, 2013). Physicochemical properties enable Hg to disperse 
into and remain in ecosystems for generations (UNEP/AMAP, 2013). Chemically, Hg exists 
in various forms that can be divided in three groups: elemental Hg (Hg0), inorganic mercury 
compounds, and organic mercury compounds (ATSDR, 1999).  

Elemental mercury is the only metal that is liquid at room temperature and it readily 
forms an amalgam with other metals. Hg0 has been used widely in the industry, to extract 
pure gold and silver, and for dental treatment. Inorganic Hg compounds exist in two 
oxidative states, Hg(I) and Hg(II), usually bound with oxygen, sulfur, or chlorine. Inorganic 
Hg compounds have been used in medical applications, in cosmetics, and as preservatives, 
but nowadays almost all of those applications have nearly disappeared (UNEP/AMAP, 
2013). In biological systems, particularly aquatic, Hg combines with carbon and the formed 
compounds are called organic mercury compounds (Du, Ma, Igarashi, & Wang, 2019). 
Although there are several different organic mercury compounds (alkyl-Hg), by far the 
most common found in the environment is monomethyl mercury (CH3Hg+, MeHg). MeHg 
bioaccumulates and biomagnifies through the food chain and the highest concentrations of 
MeHg are found in large predator fish and marine mammals (NRC, 2000c). 

It is known that Hg is a non-essential element for human health and as such has no 
known physiological role (Berlin, Zalups, & Fowler, 2015). Moreover, numerous 
investigations have reported the negative health effects after occupational or accidental 
exposures to high doses of Hg (ATSDR, 1999; Clarkson, 2002). On the other hand, the 
nonoccupationally exposed general population is life-long exposed to lower Hg levels in 
varying amounts and forms through different sources (EPA, 2015; WHO, 2016). Several 
researchers studied the relation between low level Hg exposure and its potential to cause 
negative effects, but mechanisms behind are not well understood and conclusions remain 
inconsistent (Karagas et al., 2012).  

During pregnancy particularly organic and elemental Hg present in maternal blood or 
plasma can pass the placental barrier (Kajiwara, Yasutake, Adachi, & Hirayama, 1996; 
Yoshida, 2002), which leads to prenatal Hg exposure. Such intrauterine Hg exposure during 
windows of vulnerability in early life (Grandjean & Herz, 2011) could produce damage on 
neurodevelopmental, immune, and reproduction systems (Rice & Barone, 2000) and can 
have an impact on human health later in life as reviewed by Ruggieri et al. and Karagas 
et al. (Karagas et al., 2012; Ruggieri, Majorani, Domanico, & Alimonti, 2017). Further 
studies are needed in order to protect human health and to establish reliable exposure 
limits under which there will be no adverse effects. The goal is to recognize, summarize, 
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and limit the shortcomings of existing studies and provide methods of reliable exposure 
assessment especially at the most susceptible parts of population (e.g. during pregnancy). 
This will be achieved when we will recognize all of the routes of Hg exposure, its 
toxicokinetics and toxicodynamics mechanisms, and other influencing factors that can 
modify a person’s risk profile on an individual level. The aim of this dissertation is to 
present a current approach for prenatal Hg exposure assessment and through published 
scientific articles provide some suggestions about possible improvements. 

1.1 Routes of Hg Exposure in the General Population 

The general population is exposed to Hg0 vapour released from dental amalgam fillings and 
from the atmosphere, although the contribution of the latter is minor. Exposure to Hg(II) 
can occur through the use of some skin-lightening creams and soaps, fungicides in latex 
paint and as disinfect of grain seeds, although the use of Hg in such products is prohibited 
in many countries (UNEP/AMAP, 2013). Exposure to organic Hg (mostly as monomethyl 
Hg, MeHg) is usually related to consumption of freshwater and marine fish and other 
seafood. Human exposure to other alkyl-Hg compounds is possible and usually includes 
exposure to ethyl-Hg (C2H5Hg+, EtHg), which is present in some vaccines as a preservative. 
In Table 1.1. major toxicokinetics and toxicodynamics characteristics are presented 
(adapted from Horvat, Snoj Tratnik, & Miklavčič, 2012), whereas Figure 1.1 presents those 
mechanisms in detail. 

 

Table 1.1: Main routes of Hg exposure in the general population (adapted from Horvat et 

al., 2012).

 Hg specie 
Source of 
exposure 

Route of exposure 
Uptake 

(%) 
Target 
organ 

Half life 

Hg0 vapour dental amalgam inhalation 80 CNS, kidney 2 months 

Hg(II) cosmetics dermal absorption ? kidney 2 months 

MeHg seafood ingestion 95 CNS 50 days 

EtHg vaccines 
intramuscular 

injection 
100 CNS 7 days 

1.1.1 Toxicokinetics and toxicodynamics of Hg species 

Hg0 vapour is readily absorbed by the lungs (~80%) and diffused into the blood, while 
absorption through gastrointestinal tract and skin is minor (J. D. Park & Zheng, 2012). 
Hg0 vapour is to some extent dissolved in plasma, but the majority is oxidised to Hg(II) 
by catalase (Magos, Halbach, & Clarkson, 1978). Although the oxidation process occurs in 
a relatively short time, it is still long enough for dissolved Hg0 vapour to penetrate the 
blood-brain and placental barriers, which can lead to prenatal Hg exposure (Clarkson, 
Magos, & Greenwood, 1972; Yoshida, 2002). On the other hand, after ingestion only about 
15% of Hg(II) is absorbed in the gastrointestinal tract. Dermal absorption of Hg(II) is 
possible, but available data are insufficient for an evaluation of the uptake. The Hg(II) ion 
in blood is bound to albumin, globulin, and haemoglobin. In contrast to Hg0 vapour, Hg(II) 
crosses brain and placental barriers only to a certain extent (Ou et al., 2014). During 
chronic low-level exposure to Hg0 vapour and Hg(II), the kidney tissue is the main deposit 
site. The main excretory pathway of Hg0 vapor and Hg(II) are the urine and faeces, with 
a half-life of approximately 2 months (Horvat et al., 2012). 



1.2. Biomarkers of Hg Exposure 3 

Once consumed, MeHg is readily absorbed by the gastrointestinal tract (~95%). MeHg 
is rapidly distributed to all tissues and there it is normally complexed with water-soluble 
sulfhydryl-containing molecules (e.g. cysteine, glutathione). In blood, the majority of MeHg 
was found in red blood cells (Berglund et al., 2005; Horvat et al., 2012). Similarly as Hg0 
vapour also MeHg most likely crosses cell membranes by passive diffusion, whereas the 
methylmercury L-cystein complex (CH3-Hg-cysteine) is believed to be transported via 
amino acid transporters by mimicking L-methionine. Because of this molecular mimicry 
CH3-Hg-cysteine complex can be transported across the blood-brain-barrier and placental 
barrier (Bridges & Zalups, 2005; Kajiwara et al., 1996; Yin et al., 2009), thus presenting 
prenatal exposure. Once in the bile, MeHg can be reabsorbed through the enterohepatic 
cycling, but the majority is demethylated to Hg(II), which is also the main MeHg excretory 
pathway. This less toxic Hg specie (Hg(II)) is poorly absorbed across the intestine and 
excreted in feces (Clarkson & Magos, 2006). The exact mechanism of MeHg demethylation 
is not clear, but researchers suggested the role of selenium (Khan & Wang, 2010), free 
radicals (Nagano, Yasutake, & Miura, 2010), and/or microbiota (Caito et al., 2018; 
Rothenberg et al., 2017). Further studies are needed to establish the mechanisms of MeHg 
biotransformation. The mean half-life of MeHg in human blood is about 50 days. 

Human exposure to EtHg mainly arises from vaccination. In comparison with MeHg, 
half-life of EtHg is short (Table 1.1.) and once in the blood, EtHg is readily biotransformed 
and excreted via the gut (WHO, 2016).  

As summarized above and presented in Figure 1.1, the metabolism plays crucial role in 
the person’s internal dose and special care is required in order to accurately assess the level 
of exposure by including inter-individual variabilities possibly affecting Hg bioaccumulation 
and its biological effects. Human biomonitoring (HBM) is the most commonly used method 
to assess human exposure and possible health effects to different environmental 
contaminants. HBM is based on the use of biomarkers, which are measurements of 
exogenous compound(s) or its metabolite(s), measurable indicator(s) of change as a result 
of contaminant exposure or specific factors (genetic, non-genetic) that can modify the 
individuals’ susceptibility (NRC, 1987). 

1.2 Biomarkers of Hg Exposure 

Biomarkers of exposure are measurable exogenous compounds or its metabolites within 
biological matrix (blood, urine, hair, etc.). In the case of Hg, the selection of appropriate 
biomarker of exposure is not only closely related to the toxicokinetics and toxicodynamics 
mechanisms, but also to the type of exposure (acute, long-term), the levels of exposure, 
and the time-window (prenatal, children, adults). Although the general population is 
exposed to different Hg species in various amounts, epidemiological studies, as an effective 
method for HBM, often perform measurements of total Hg (THg, organic and inorganic Hg 
compounds) without Hg speciation (Branco, Caito, Farina, Teixeira, & Carvalho, 2017; 
Horvat et al., 2012). 

1.2.1 Biological samples used for Hg exposure assessment 

THg measurements in urine are used to assess the long-term exposure to Hg0 and Hg(II) 
and it is essential that the measured concentrations are normalized for dilution of the urine 
(e.g. normalization to creatinine or specific gravity) (Santonen, Aitio, Fowler, & Nordberg, 
2015). Determination of Hg in whole blood provides information about recent exposure (~3 
months) to organic and inorganic Hg. Assessment of MeHg exposure through measurements 
of THg in hair is based on binding of MeHg to sulfhydryl (-SH) groups of keratin in the 
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hair. It was shown that MeHg concentrations in blood are proportional to those found in 
hair (1:250) and that almost all Hg (>90%) in hair is in the form of MeHg. As hair grows 
approximately 1 cm per month, measurements of Hg in longer hair segments present long-
term Hg exposure. Higher exposure to Hg0 or Hg(II) makes measurement of hair THg for 
MeHg exposure assessment an unreliable biomarker (Horvat et al., 2012).  

Prenatal Hg exposure is often assessed through THg measurements in maternal scalp 
hair or maternal blood, but neither of them is suitable for the assessment of prenatal 
exposure in early weeks of gestation. However, it was shown that the best biomarker of 
prenatal Hg exposure is cord blood (Grandjean & Budtz-Jørgensen, 2007; Grandjean, 
Satoh, Murata, & Eto, 2010). Concentrations in cord blood are known to be 1.5 to 2-fold 
higher than those found in maternal blood (Stern & Smith, 2003; US EPA, 1997). The 
major problem with cord blood is its problematic sampling, which needs to be done with a 
well trained and experienced personnel. The sample is usually not separated to venous and 
arterial cord blood, but is rather sampled as “mixed cord blood”. Moreover, collected cord 
blood was shown to be frequently (reported between 10% and 20%) contaminated with 
maternal blood (Morin et al., 2017). As several physiological differences between cord blood 
and adult blood exist (e.g. the haemoglobin), with this approach individual differences can 
be lost and such a sample cannot be marked as representative. As foetal haemoglobin has 
a higher affinity for MeHg binding in comparison with the adult one and cord blood has 
higher haematocrit levels, maternal contamination of cord blood can provide lower 
exposure levels measured in cord blood (Kim et al., 2014). However, for non-essential 
elements that accumulate in erythrocytes, mixed cord blood is a suitable approximation of 
prenatal exposure, but adjustment of measured Hg levels for haemoglobin can improve the 
precision of exposure assessment. 

Along with all these, toenail and fingernail (Sakamoto et al., 2015), neonatal scalp hair 
(Lindow, Knight, Batty, & Haswell, 2003; Sikorski, Paszkowski, & Szprengier-Juszkiewicz, 
1986), and breast milk (Branco et al., 2017; LaKind et al., 2005; Snoj Tratnik, Falnoga, et 
al., 2019) are also considered appropriate biomarkers of Hg exposure, although they are 
not commonly used. Similarly as in the case of urine also in breast milk, the problem with 
reported concentrations is normalization for dilution as composition of the milk (e.g. water 
and fat content) varies through time to provide nutrients for the developing child (Martin, 
Ling, & Blackburn, 2016). 

1.2.2 Levels considered safe 

As prenatal life was shown to be sensitive for toxic effects of Hg (Grandjean & Herz, 2011), 
different thresholds of exposure considered safe are established. Although they were derived 
in order to prevent negative effects of prenatal Hg exposure, they use various exposure 
biomarkers and calculate the thresholds based on different statistical and pharmacokinetic 
models. Based on the observed results from the Faroe study (Grandjean et al., 1997), the 
National Research Council and US EPA established the only official reference dose of 0.1 
µgHg/kg body weight per day as an exposure considered safe for development of neonates. 
This corresponds to 5.8 µgHg/L in cord blood or ~1 µgHg/g in maternal hair (NRC, 2000c). 
However, updated calculations taking into account the imprecision of the exposure data, 
maternal hair Hg limit would correspond to 0.58 µg/g (Grandjean & Budtz-Jørgensen, 
2007). On the other hand, the THg threshold of 3.5 µg/L in maternal blood is considered 
relevant for preventing foetal neurotoxicity (Mahaffey, Clickner, & Bodurow, 2004; 
Mahaffey, Clickner, & Jeffries, 2009). Although many studies put a lot of effort into 
establishing relevant exposure limits under which there would be no observed health effects, 
this job is far from completed. As presented in Table 1.2., studies report various adverse 
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effects associated with different levels of Hg exposure, which are assessed in various 
exposure biomarkers. 
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Figure 1.1: Hg toxicokinetics and toxicodynamics mechanisms with biomarkers of 
exposure and main contributions of this dissertation.
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1.3 Examples from birth cohorts 

Birth cohorts were designed to monitor individuals’ exposure to selected contaminant 
through different life stages (prenatal, adolescence, adulthood, etc.) and associate 
established exposure to possible negative effects. In the case of Hg and its potential to 
cause neurotoxic effects, several different birth cohorts were established to study possible 
adverse effects after prenatal exposure to Hg. Some of the most important ones are 
summarised in Figure 1.2.  
 

 

Figure 1.2: Main birth cohorts assessing prenatal Hg exposure. 

 
MeHg neurotoxicity was extensively studied after observed evidence of irreversible 
dysfunctions and anomalies in children who were prenatally exposed to high levels of MeHg 
due to the environmental disaster in Minamata through maternal seafood consumption 
(Harada, 1995) and accidental poisoning with contaminated grain in Iraq (Bakir et al., 
1973). As negative health effects of MeHg were observed and consumption of highly 
contaminated food resulted in body burdens that greatly exceeded those found in the 
general population, researchers focused on maternal seafood intake from less contaminated 
areas and in utero MeHg exposure related to neurological development of children. The 
first epidemiological report on adverse effects observed in children related to maternal 
seafood intake was documented in New Zealand (Kjellström, Kennedy, Wallis, & Mantell, 
1986; Kjellström et al., 1989) and was confirmed later in the study from the Faroe Islands 
(Grandjean et al., 1997, 1992). The latter birth cohort along with the one conducted in 
Seychelles Islands (Myers et al., 1995) are the two major longitudinal cohort studies 
conducted to date in which children were continuously followed through adolescence to 
assess the relation between neuropsychological performance and current or past Hg 
exposure. The Faroe study observed that even low exposure to Hg during early 
development could cause neurobehavioral deficits later in life (Grandjean et al., 1997). 
However, in the Seychelles study, although exposed to comparable Hg levels as in the 
Faroe, adverse effects of Hg on child’s neuropsychological development were initially not 
observed (Myers et al., 1995), but only a more recent study on the same cohort reported 
an association between higher exposure to MeHg and adverse symptoms (van Wijngaarden 
et al., 2006). Since then, several birth cohorts from different countries were designed. They 
all share the same aim, which is to assess the level of exposure and to evaluate the impact 
of such low-level exposure on growth, health, and development of the child (Figure 1.2). 

Environment and Childhood Project (INMA, “INfancia y Medio Ambiente”) is a study 
conducted in different parts of Spain, which was created to study the relation between 
exposure to various pollutants (including Hg) during pregnancy and in early life and its 
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associations with a child’s growth and development. Researchers reported a Hg-associated 
decrease in psychomotor development among female infants (Llop et al., 2012) and a 
decrease in neuropsychological development (Llop et al., 2016). Additionally, they reported 
that prenatal Hg exposure may be associated with reduced placental and foetal growth 
(Murcia et al., 2016). 

The Avon Longitudinal Study of Parents and Children (ALSPAC) was conducted in 
the county of Avon in England. In the early 90’s they have recruited over 14,000 pregnant 
women and their families to follow the life of their newborns in order to recognize health 
and social issues. In this cohort researchers did not find adverse associations between 
maternal blood Hg levels and effects on child development (Golding et al., 2016), low birth 
weight or preterm birth (Taylor, Golding, & Emond, 2016). More importantly, the 
associations between maternal Hg levels and child development were present in beneficial 
direction (Golding et al., 2016). 

The Mediterranean project of Public Health Impact of Long-term, Low-level Mixed 
Element Exposure in Susceptible Population Strata (PHIME) (Miklavčič et al., 2011; 
Valent et al., 2013) was conducted in Slovenia, Croatia, Italy, and Greece. The birth cohort 
was designed because of a renewed interest in toxic metals, due to a growing awareness 
that the exposure in the general population in Europe and elsewhere is at levels with a 
potential to cause toxic effects in susceptible individuals. In this dissertation, the research 
work was conducted on the samples collected within two countries (Slovenia and Croatia) 
included in the Mediterranean PHIME project. A recent publication including 
Mediterranean countries of Italy, Slovenia, Croatia, and Greece reported overall positive 
association between maternal Hg levels and a child’s language composite score (Barbone 
et al., 2019). The study including only participants from Croatia reported an association 
between cord blood Hg levels and a decrease in fine motor skills (Prpić et al., 2017) and 
maternal hair Hg levels with a decreased size of a newborn’s cerebellum (Cace et al., 2011).  

As seen from the abovementioned examples (summarized in Table 1.2.), listed in review 
articles (Karagas et al., 2012; Taylor, Golding, & Emond, 2014), and emphasized by NRC 
(NRC, 2000a) in the chapter entitled “Comparison of studies for use in risk assessment” it 
is clear that further studies need to identify reasons for such inconsistencies. This is 
essential in order to provide clear conclusions about prenatal Hg exposure and levels 
considered safe to prevent possible negative health effects later in life. There are some 
opportunities for improvement and they will be presented next. 
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Table 1.2: Examples from the literature assessing prenatal low-level Hg exposure and its 
adverse effects (adapted from Ruggieri et al., 2017). 

Birth 
cohort 
studies 

Biological 
samples 

Average 
exposure 

level 
Observed associations Reference 

N
ew

 

Z
ea

la
n
d
 

Maternal 
hair 

>6 µg/g 
Decreased 

psychological and 
scholastic performance 

Kjellström et al., 
1986; 1989) 

F
ar

oe
 

Is
la

n
d
s Maternal 

hair, 
cord blood 

4.3 µg/g 
23 µg/L 

Hg-related 
neuropsychological 

dysfunctions 

(Grandjean et al., 
1997) 

th
e 

S
ey

ch
el

le
s 

Maternal 
hair 

6.9 µg/g 

No direct association 
between exposure and 
neurodevelopmental 

outcomes 

(Myers et al., 2003; 
van Wijngaarden et 

al., 2017) 

IN
M

A
 

Cord blood 

8.4 µg/L 

Decrease in 
psychomotor 

development among 
female infants 

(Llop et al., 2012) 

8.8 µg/L 
Decrease in 

neuropsychological 
development 

(Llop et al., 2016) 

8.2 µg/L 
Reduced placental 
weight and foetal 

growth 
(Murcia et al., 2016) 

A
L
S
P

A
C

 

Maternal 
blood 

0.17-12.8 
µg/L 

 

No adverse effects on 
child development 
between 6 and 42 

months 

(Golding et al., 2016) 

1.83 µg/L 

No association with 
anthropometric 

variables, low birth 
weight or preterm 

birth 

(Taylor et al., 2016) 

M
ed

it
er

ra
n
ea

n
 

P
H

IM
E

 

Maternal 
hair 

704 ng/g 

Overall positive 
association with 

language composite 
score 

(Barbone et al., 
2019) 

Cord blood 2.98 ng/g 
Decrease in fine motor 

skills 
(Prpić et al., 2017) 

Maternal 
hair 

>1 µg/g 
Decreased size of 

newborn’s cerebellum 
(Cace et al., 2011) 

1.4 Opportunities for Improvement 

The abovelisted studies have many strengths. To mention only a few of them, the large 
sample size (e.g. the study from Faroe started with ~2350 participants; INMA started with 
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~3700 participants; ALSPAC with ~14,000 participants), therefore the studied populations 
can be marked as representative. Furthermore the participants from the original birth 
cohorts are being followed-up to see how their exposure to Hg varies through different life 
stages and how past and present exposure could be associated with negative effects later 
in life. The researchers included many factors that could have a synergistic effect (e.g. lead, 
bisphenol A) on the studied relation or could act beneficially (selenium status, levels of 
long chain polyunsaturated fatty acids, etc.).  

On the other hand, there are also some drawbacks. Limits of the three birth cohorts 
from New Zealand, the Seychelles, and the Faroe Islands are thoroughly discussed by NRC 
(NRC, 2000a), but have many shared limitations with other studies listed in Table 1.2. 
For example, a possible source of misinterpretations are unstandardized methods for the 
assessment of Hg exposure and its possible negative effects. Studies use various exposure 
biomarkers (maternal hair, blood, cord blood, etc.), apply different neuropsychological tests 
and test children at different ages. Moreover, an individual’s genetic susceptibility is often 
not included and statistical analyses take into account different subjectively selected factors 
(e.g. gender, nutritional status, and sociodemographic data). 

Besides that, these studies hardly investigate the importance of measurement 
uncertainty or inter-laboratory measurement variability, as it was shown that the sample 
size is greatly influenced by the latter (Snoj Tratnik, Mazej, & Horvat, 2019). The next 
drawback is that studies were focused mainly on Hg exposure from seafood intake, therefore 
mainly on MeHg, although the source of exposure is not negligible (e.g. one time 
consumption of whale meat vs. frequent consumption of fish). Moreover, exposure to Hg0 
is most commonly connected to occupational exposure in communities involved in gold 
mining (Gibb & O’Leary, 2014), although also the general population is exposed to Hg0 
vapour released from dental amalgams. Birth cohorts that would study the adverse effects 
in children after exposure to Hg0 or Hg(II) are not available (Figure 1.1), although all Hg 
species can negatively modify physiological processes especially at the time of rapid growth 
(e.g. prenatal life) (Rice & Barone, 2000). One of the drawbacks is also that none of the 
listed and only a few non-listed (Wells et al., 2017) studies performed analytical techniques 
of Hg speciation. In the case of general population, Hg exposure includes exposure to Hg 
species from various sources (seafood intake, dental amalgams, cosmetics, etc.) at different 
levels (fish eating groups, the number of dental amalgams, etc.), therefore inter-individual 
variability should be considered. It is clear that combined influence of these factors is 
difficult to predict, therefore all opportunities for improvement should be considered. 

1.4.1 The importance of Hg speciation at MeHg exposure 

Although the majority of MeHg in blood is found in erythrocytes and Hg(II) is the major 
Hg specie found in plasma, measurements of THg in blood compartments are a useful 
approximation of exposure, but can vary considerably at an individual level (Carneiro 
Hornos, Grotto, & Barbosa Jr, 2014). This was shown especially in cases of low to moderate 
exposure to MeHg from seafood consumption (e.g. the general population), where 
proportions of Hg as MeHg in blood varied considerably (Sakamoto et al., 2016; Wells et 
al., 2016). Although individual variations in proportions of THg as MeHg in biological 
samples were shown in the past (Berglund et al., 2005), few studies have performed Hg 
speciation analysis1 in relevant exposure biomarkers (Basu et al., 2018; Gundacker et al., 
2010; Sakamoto et al., 2016; Wells et al., 2016). 

THg concentration is often used as a proxy measure of MeHg exposure based on the 
assumption, that MeHg constitutes a substantial (~ 90%) proportion of THg in blood (Basu 
                                                                                                                                                                                                         

1 Speciation analysis as referred to IUPAC is “Analytical activities of identifying and/or measuring 

the quantities of one or more individual chemical species in a sample” (Templeton et al., 2000). 



1.4. Opportunities for Improvement 11 

et al., 2018; Berglund et al., 2005; Hong, Kim, & Lee, 2012; Horvat et al., 2012). Moreover, 
Hg speciation in cord blood was marked as unnecessary, because Hg found in cord blood is 
mainly in its methylated form for which placenta does not constitute a barrier (Kim et al., 
2014). However, this approach can result in overestimation of MeHg exposure especially in 
cases of low-to-moderate levels of exposure to MeHg from seafood consumption, although 
possible adverse effects in such low-level exposure are questionable. In such cases, inter-
individual differences in exposure to Hg0 or Hg(II) might significantly contribute to 
variations in MeHg proportions (Wells et al., 2017, 2016). This was shown in our paper 
(Trdin, Snoj Tratnik, et al., 2019) (Section 3.1), where proportion of THg as MeHg in 
maternal blood and cord blood varied between 4%-100% and 8%-100%, respectively. The 
importance of Hg speciation was further confirmed as we showed that measurements of 
MeHg provide clearer information about blood levels of different Hg species, which can 
reduce the misinterpretations when studying Hg metabolism and possible negative effects 
of Hg on children neurodevelopment. 

Although the importance of Hg speciation was shown through published scientific 
papers as described above, many researchers still prefer not to perform Hg speciation. On 
the other hand, there are different methods available for Hg speciation. The example is a 
study by Berglund et al. where measurements of THg and IHg were performed, whereas 
OHg (total organic, presumably in the form of MeHg) was calculated (Berglund et al., 
2005). Although in human blood the majority of OHg is presumably present in the MeHg 
form, other organic Hg compounds (such as EtHg) could also be present. In comparison 
with MeHg, the problem of Hg(II) measurements are interferences, which are hard to 
overcome (Liang, Bloom, & Horvat, 1994). This is especially important with measurements 
near the detection limit, as are those low-levels of Hg(II) present in human blood. The 
approach with Hg(II) measurements (Berglund et al., 2005) is a reliable exposure 
assessment for biomonitoring purposes, but in the case of establishing toxic health effects 
or evaluating Hg metabolism, it could act as an additional source of uncertainty. 
Furthermore, in the case of measurements of total organic (OHg) mercury with ion 
exchange techniques, obtained results can be higher, compared to other methods, especially 
in the case of high Hg(II) content in the sample (Horvat, 1989). There are at least two 
reasons behind. The first is that the isolation of OHg and IHg in this technique is non-
specific and could be a result of formation neutral Hg complex, which passes through an 
ion exchanger. The second reason could be detection of Hg(II), which is bound to other 
biological complexes (e.g. the proteins) that may pass the ion exchanger, and is later 
detected as OHg (Horvat, 1989). However, methodologies to accurately speciate Hg in 
human samples are available and cost-effective, and no longer represent a barrier for 
improved study protocols. Direct measurements of MeHg (Liang, Horvat, & Bloom, 1994) 
in combination with THg measurements and Hg(II) calculations were shown to be a precise 
estimation of exposure to different Hg species and this approach is encouraged in 
epidemiological studies assessing health effects of Hg (Trdin, Snoj Tratnik, et al., 2019). 

However, Hg speciation will only be cost-effective when also other factors that can have 
an impact on Hg levels in a human body (e.g. seafood intake, number of dental amalgams) 
will be collected precisely and all other sources of uncertainties (sampling, sample transport 
and storage, the number of freezing and thawing cycles, detailed questionnaires about 
possible sources of exposure) are reduced. 

1.4.2 Meconium 

To study Hg toxicokinetics mechanisms during pregnancy and to assess health outcomes 
in children, the use of biomarkers presenting the widest period of exposure is essential. As 
mentioned earlier, Hg measurements in whole blood present short-term exposure and 
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additionally, Hg in blood is in constant dynamic state of metabolism, tissue distribution, 
and elimination (Ostrea Jr. et al., 2002). On the other hand, it was shown that longer 
(~9cm) hair segments (Myers et al., 1995; NRC, 2000c), if such length is available, and 
meconium are ideal for investigation of foetal long-term exposure to neurotoxicants during 
pregnancy (Ortega Garcia, Carrizo Gallardo, Ferris i Tortajada, Garcia, & Grimalt, 2006; 
Ostrea Jr. et al., 2002). In the case of prenatal low-level and long-term exposure to various 
pollutants, meconium analysis was shown to be more sensitive compared with blood as 
meconium is a cumulative and repository matrix (B. Y. Park & Lee, 2014). Furthermore, 
meconium represents foetal tissue and is therefore a direct measure of exposure, by contrast 
to maternal blood or hair, which provide only indirect estimations of exposure (Ostrea Jr., 
Bielawski, & Posecion Jr., 2006).  

Until now only a few studies have measured Hg levels in meconium (Gundacker et al., 
2010; Jiang, Hsi, Fan, & Chien, 2014; Knezović, Trgo, & Sultović, 2016; Ostrea Jr. et al., 
2002; Peng et al., 2015; Ramirez et al., 2003; Rothenberg, Wagner, Hamidi, Alekseyenko, 
& Azcarate-Peril, 2019; Unuvar et al., 2007) and only the recent one performed Hg 
speciation on a very limited sample size (N = 14) (Rothenberg et al., 2019). The study by 
Rothenberg et al. reported ~100% of measured THg being in Hg(II) form, but the origin of 
inorganic Hg was not identified. As all herein discussed Hg species (particularly Hg0 and 
MeHg, while Hg(II) less readily) can pass the placental barrier, the toxicokinetics 
mechanisms behind should be evaluated in order to see whether meconium is a suitable 
biomarker of prenatal MeHg exposure. From this point of view, our study (Trdin, Falnoga, 
et al., 2019) (Section 3.2) was the first one to perform Hg speciation in meconium on a 
large sample size (N = 488). Our results showed that Hg(II) presented the majority (82%-
100%) of measured THg in the meconium and that high Hg(II) content primarily originates 
from placental transport of Hg0 and after oxidation partitioning of Hg(II) in foetal tissues, 
body fluids, and meconium. Moreover, MeHg levels found in meconium were associated 
with maternal seafood intake, therefore we assumed that MeHg is transported to the foetal 
side and is accumulated there. However, as MeHg demethylation to Hg(II) is a crucial step 
in elimination of MeHg from the adult body, based on our results prenatal MeHg 
biotransformation could not be confirmed nor excluded. With this study we were able to 
conclude that meconium is a suitable biomarker for assessing prenatal exposure to MeHg 
and Hg0 under the condition that Hg speciation analysis is performed (Trdin, Falnoga, et 
al., 2019). 

Although sampling of meconium is non-invasive and simple, methods used so far are 
not standardized, therefore the results obtained in different studies are not entirely 
comparable. Each study has its own sampling protocol – collection was done in the first 
few hours or even days after birth. As concentrations are believed to be correlated with 
the time of meconium collection (Ortega Garcia et al., 2006), this should be taken into 
account. Furthermore, in most cases meconium is collected from a diaper, which makes it 
impossible to compare the water content between the samples. Additionally, some studies 
lyophilized the meconium samples before the Hg measurements, which makes the 
comparability of results even more challenging.  

It is worth mentioning that meconium was shown to be a promising new biomarker of 
prenatal exposure, but all of the measurements are made under the assumption that a fetus 
does not have independent mechanisms for metabolizing MeHg and any mechanism of 
elimination occurs on the maternal side or inside the placental tissue (Ruggieri et al., 2017). 
However, this assumption needs to be confirmed with future studies. 
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1.5 Biomarkers of Susceptibility 

When studying possible negative health effects because of low-level Hg exposure special 
care must be taken to avoid misinterpretations. As mentioned above, Hg toxicity can vary 
considerably at an individual level because of exposure to different levels of various Hg 
species in different time frames. Additionally, it was shown that individuals’ toxicokinetics 
mechanisms differ under comparable Hg exposure levels. It is clear that complex 
interactions between genetic and environmental factors determine a high degree of 
variability in individual response to a given exposure (Basu, Goodrich, & Head, 2014). 
Moreover, an expert committee of the U.S. National Research Council concluded that up 
to 25% of neurodevelopmental disorders would be the result of the interaction between 
exposure and individual susceptibility genes (NRC, 2000b).  

Recently studies established the relation between Hg exposure and genetic 
polymorphisms that could help identify populations or individuals that are more vulnerable 
(Llop, Ballester, & Broberg, 2015). Most frequently studied were single nucleotide 
polymorphisms (SNPs) in genes linked to Hg toxicokinetics and neurotoxicity (Andreoli & 
Sprovieri, 2017; Julvez, Smith, Ring, & Grandjean, 2019). Although many studies reported 
associations between Hg and specific SNPs, there are many examples of inconsistencies, as 
reviewed by Llop et al. (Llop et al., 2015). 

1.5.1 Hg and single nucleotide polymorphisms 

Most of the literature studied the role of genes in the glutathione system, as glutathione 
(GSH) was proposed to be the main peptide involved in Hg metabolism. Inorganic and 
organic Hg bind to GSH possibly through the reaction with glutathione S transferase (GST) 
(Custodio, Harari, Gerhardsson, Skerfving, & Broberg, 2005). Stable conjugates GSH-Hg 
are eliminated through faeces and urine (Ballatori, 2002; Ballatori & Clarkson, 1985). For 
these reasons polymorphisms in GSH-synthesizing or GSH-conjugating enzymes are 
believed to be involved in different retention of Hg in body (Broberg, Engstorm, & Ammer, 
2014). For example, study among students in Austria found statistically significant higher 
levels of hair Hg in students with a deletion in genes of GST isoform T1 and M1 (GSTT1 
and GSTM1); they concluded that the deletion is a risk factor for increased susceptibility 
to mercury exposure (Gundacker et al., 2007). 

Other systems included in Hg transport and elimination are metallothioneins (MTs), 
the ATP-binding cassette transporters (ABC transporters), organic anion transporters 
(OATs), and L-amino acid transporters (LATs) (Bridges & Zalups, 2005). For example, 
study including two Mediterranean birth cohorts (PHIME and INMA) assessing SNPs in 
ABC transporter proteins, which are involved in active transport of various compounds 
across membranes, found that polymorphisms in ABC transporters appear to play a role 
in accumulation of MeHg during early development (Llop et al., 2014). 

As antagonism between Hg and Se is well established (Falnoga & Tušek-Žnidarič, 2007; 
Khan & Wang, 2009) and Se is believed to affect the toxicokinetics of MeHg (Kim et al., 
2014), polymorphisms affecting Se levels or expression of selenoproteins are among the 
genes of interest (Zoidis, Seremelis, Kontopoulos, & Danezis, 2018). Selenoprotein P1 
(SEPP1) is a selenoprotein containing multiple selenocysteine residues and has been 
implicated to function as a Se transport protein and as an antioxidant (Burk & Hill, 2005; 
Hill & Burk, 2001). For example, a study on adult dentist professionals reported that 
SEPP1 genotype was associated with urine and hair Hg levels (Goodrich et al., 2011). They 
assume that higher levels of Hg in urine and hair are found because the specific genotype 
is linked to greater SEPP1 expression and higher ability of SEPP1 to bind mercury (Meplan 
et al., 2007).  
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On the other hand, studies also report possible interactions between Hg exposure and 
specific genes with potential roles in neurotoxicity (Llop et al., 2015). For example, studies 
address the association between Hg and brain-derived neurotrophic factor (BDNF), which 
is required for the survival of neurons in the brain. Similarly, Paraoxanase 1 (PON1) 
inhibits oxidation of lipoproteins through hydrolysis of lipid peroxides. Such oxidative 
damage can be induced by MeHg (Hernández et al., 2009). In the ALSPAC UK birth 
cohort children with BDNF and PON1 minor allele showed stronger MeHg adverse effects 
(Julvez et al., 2013). Among other SNPs that could affect neurotoxicity of Hg (Llop et al., 
2015), Apolipoprotein E was proposed to play a central role in neurotoxicity and 
neurodevelopment. As ApoE was included in our studies, its possible role(s) from different 
perspectives will be summarized next. 

1.5.2 Apolipoprotein E 

Apolipoprotein E (ApoE, gene ApoE) is plasma glycoprotein of 299 aminoacids with 
relative molecular mass 34-kDa, and plasma concentration 40-70 µg/mL. The most 
common site of synthesis is hepatic synthesis (>75%), followed by synthesis in the brain, 
in the macrophages, and other human tissues (lung, spleen, ovaries, and adrenal gland) 
(Huang & Mahley, 2014a). Although ApoE plays a central role in lipid metabolism, in the 
central nervous system ApoE has an important role in neurological phenomena, including 
neuronal plasticity, neurite outgrowth, synaptogenesis, and neuronal repair (Liu, Kuhel, 
Shen, Hui, & Woods, 2012; Mutter, Naumann, Sadaghiani, Schneider, & Walach, 2004). 
Other non-lipid related functions that have been attributed to ApoE include effects on 
immune response, inflammation, and oxidation. This multifunctional protein affects human 
physiology and pathophysiology at multiple levels (Getz & Reardon, 2009).  

ApoE protein is encoded by ApoE gene that is located on chromosome 19q13.2 and has 
four exons and three introns. ApoE has three major protein isoforms ApoE2, ApoE3, which 
are encoded by alleles ε2, ε3, ε4, respectively. As presented in Table 1.3. (Giau, Bagyinszky, 
An, & Kim, 2015; Nyholt, Yu, & Visscher, 2009), the ε2, ε3, ε4 system is defined by two 
SNPs in ApoE coding region of exon 4. The first SNP (rs429358) is related to the nucleotide 
change T to C (c.334T>C), which results in change cysteine for arginine (p.Cys112Arg). 
The second SNP (rs7412) is related to the nucleotide change C to T (c.472C>T), which 
results in change arginine for cysteine (p.Arg158Cys). According to described SNPs there 
are six possible ApoE genotypes ε2/ε2, ε2/ε3, ε3/ε3, ε3/ε4, ε2/ε4, and ε4/ε4.  

 

Table 1.3: Apolipoprotein E polymorphisms and associated protein isoforms with allele 
frequencies (Giau et al., 2015; Nyholt et al., 2009). 

 

Isoform 
position 112 
c.334T>C 
rs429358 

position 158 
c.472C>T 

rs7412 
allele 

allele  
frequencies  

(%) 

ApoE2 
Cys 

-TGC- 
Cys 

-TGC- 
ε2 0-14 

ApoE3 
Cys 

-TGC- 
Arg 

-CGC- 
ε3 49-90 

ApoE4 
Arg 

-CGC- 
Arg 

-CGC- 
ε4 5-37 

 
According to SNPs presented in Table 1.3., ApoE2 has two cysteines (Cys), ApoE3 
contains one Cys and one arginine (Arg), and ApoE4 contains two Arg, which differently 
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affect peripheral lipid and brain neuronal homeostasis (Huang & Mahley, 2014a). ApoE ε4 
is recognized as a major risk factor for Alzheimer’s Disease, increasing the occurrence and 
lowering the age of onset (Huang & Mahley, 2014a), because ApoE4 isoform was found to 
be associated with a lower clearance capacity and degradation of ß-amyloid from the brain 
(Giau et al., 2015). It is believed that ApoE ε4 is a global activator of innate immune 
function, therefore it has a survival value in populations exposed to high levels of infectious 
diseases, which can be detrimental when faced with diseases of advanced age (Vitek, Brown, 
& Colton, 2009). Moreover, ε4 allele was shown to be associated with higher serum 
cholesterol levels (de Chaves & Narayanaswami, 2008; Petrovič, Zorc, & Peterlin, 2000), 
vitamin D (Huebbe et al., 2011), bone Ca (Egert, Rimbach, & Huebbe, 2012), and a higher 
progesterone level in women. These parameters can be beneficial in early life and for a 
higher fertility in women (Jasienska et al., 2015). ApoE ε4 was found to be associated also 
with improved perinatal health and survival outcomes (Eisenberg, Kuzawa, & Hayes, 
2010). The divergent effects (beneficial early in life, detrimental in post reproductive 
period) suggests ApoE is a candidate for antagonistic pleiotropy (Smith, Ashford, & 
Perffeti, 2019; Tuminello & Han, 2011). Additionally, in vitro experiments showed that 
ApoE can bind certain metal ions, especially divalent (e.g. Cu, Zn) (Miyata & Smith, 
1996). However, because of the structural differences between isoforms there are also 
differences in binding capacity between them. Two SNPs in the coding region (Table 1.3) 
are responsible for incorporation of two different amino acids. Because Cys contains one 
sulfhydryl group (-SH) with high affinity to bind Hg, and Arg contains none, variants of 
ApoE with Cys in their structure (ApoE2 and ApoE3) were hypothesized to bind metals 
(including Hg) more efficiently in comparison with ApoE4. 

During prenatal life, the developing child depends on nutrients provided by the mother. 
In this context, human placenta is essential for foetal health and development and although 
placenta is mainly of foetal origin, the environment provided by the mother during 
pregnancy is often not considered. According to Gundacker et al., ‘the maternal genotype 
determines the placental environment, while the foetal genotype determines the capacity 
of the placenta to cope with this environment’ (Gundacker, Neesen, Straka, Ellinger, & 
Dolzing, H. Hengestschläger, 2000). As ApoE variants are believed to have a different 
binding capacity, we studied ApoE polymorphisms more from a physiological point of view, 
how its polymorphisms could modify the concentrations of different trace elements in 
selected biological matrices (Section 3.3). We observed that mothers carrying at least one 
ε4 allele had statistically significant higher levels of THg and MeHg in blood, hair, and 
cord blood; As in urine and cord blood; and Se in maternal blood and plasma (Trdin et al., 
2020). However, after observed results were adjusted for covariates, the positive association 
between ε4 carriers persisted only for plasma Se (ε4 carriers vs. non-carriers: 62.6 and 54.9 
ng/mL, respectively). In our study higher levels of Hg (and other elements e.g. Pb, Cu, Zn, 
etc.) in biological samples were not confirmed. 

On the other hand, because ApoE has a major role in metabolism of cholesterol, which 
is crucial for neurite growth and synaptogenesis, researchers hypothesized its involvement 
in neurodevelopment (Wright et al., 2003). Several studies reported that the ε4 allele is 
associated with neurodevelopmental advantage in children that had an unfavorable 
exposure or nutrient deficiency (Oriá et al., 2005; Wright et al., 2003). Recently Smith et 
al. reviewed the published literature and concluded that children having at least one ε4 
allele may have a positive differential impact on fitness during different life stages (Smith 
et al., 2019). One of the first studies that aimed to establish the relation between ApoE 
polymorphisms and prenatal exposure to Hg on neurodevelopment and child behavior 
concluded that negative associations of MeHg with neurodevelopment are positively 
cofounded by ApoE and that children who were ε4 carriers may be more susceptible (Ng 
et al., 2013, 2015). They hypothesized that higher levels of cord blood THg in ε4 carriers 
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are found because only ApoE4 has no cysteine (Table 1.2.), a thiol containing amino acid 
that would contribute to MeHg elimination. Therefore, ε4 carriers might be at a greater 
risk of Hg-induced neurological disease development (Godfrey, Wojcik, & Krone, 2003; Ng 
et al., 2013). Our study (Snoj Tratnik et al., 2017) (Section 3.4) is consistent with the 
observation from Ng et al., although Hg exposure in our population is much lower (mean 
cord blood levels 2.05 ng/g vs. 12.2 µg/L). We showed that children who were ε4 carriers 
had marginally significant higher THg levels in their mixed cord blood in comparison with 
non-carriers, and we observed a Hg-associated decrease in the cognitive score of children 
who were ε4 carriers. Moreover, genotype independent Hg-associated decrease in fine motor 
skills was observed, which was confirmed in the same population from different points of 
view as mentioned above (Barbone et al., 2019; Prpić et al., 2017). However, all observed 
associations were found inside normal levels of neurodevelopmental scores. 

1.6 Factors to Consider when Assessing Hg Exposure 

It is clear that in the general population seafood intake and number of dental amalgams 
have the largest contribution to the levels of Hg found in human body. As described above, 
individuals’ genetic makeup can affect toxicokinetics mechanisms under comparable levels 
of exposure. However, there are other individuals’ characteristics and habits that may 
prevent or promote Hg toxicity. Various factors can modify Hg toxicokinetics mechanisms 
or can affect Hg accumulation. Additionally, those factors should be considered as they can 
have impact an on our interpretation of the observed exposure. 

1.6.1 The general population 

The diet represents one of the most important sources of Hg exposure. Moreover, European 
Food Safety Agency (EFSA) recommended that with 1-4 fish servings per week the benefits 
will outweigh the risks related to MeHg exposure (EFSA Scientific Committee, 2015). In 
this context, nutritional status has an important but complex impact on human health and 
individual’s nutritional status can modify aspects of Hg toxicity (Walker, 2005). The Long-
Chain Polyunsaturated Fatty Acids (LCPUFAs), which are most commonly ingested with 
seafood, have a crucial role in pre- and post-natal brain development, both during the 
period of growth and in the organization processes of this organ, such as cell migration  
and  differentiation, neurogenesis, synaptogenesis and maturation of neuronal pathways 
(Borsonelo & Galduróz, 2008). Moreover, a cognitive decline was shown to be postponed 
in elderly, which had a moderate intake of PUFAs (van Gelder, Tijhuis, Kalmijn, & 
Kromhout, 2007). 

Selenium (Se) was shown to be involved in Hg toxicity at many levels, especially as Se 
has a crucial role in preventing oxidative stress, which on the other hand, can be Hg-
induced. Selenium is a part of selenoproteins (thioredoxin system; glutathione system, 
Selenoprotein P, K, T; etc.), which bind Hg with high affinity and can mediate the Hg 
absorption, redistribution, or biotransformation as reviewed by Spiller (Spiller, 2018). 
Moreover, the formation of stable insoluble Hg-Se complexes was also reported as protective 
effects of Se (Falnoga & Tušek-Žnidarič, 2007; Khan & Wang, 2009). 

The microbiome is increasingly recognized as a critical component in human 
development, health, and disease. Its relevance toxicokinetics and toxicodynamics involve 
challenges to current concepts related to absorption, metabolism, gene-environment 
interactions, and pathways of response. Moreover, the gut microbiome possesses many, if 
not all, of the genes present in the human genome that encode enzymes that influence the 
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toxicity of Hg (Silbergeld, 2017). For those reasons, the role of microbiome should be 
studied and included in future studies. 

Dietary correlates assessed within US NHANES (National health and Nutrition 
Examination Survey data) showed that wine was the only food category significantly 
associated with MeHg concentration among non-seafood consumers; additional research on 
wine as a potential source of MeHg exposure is recommended (Wells, 2019).  

Studies reported that a persons’ body mass index could be associated with Hg levels in 
a human body (Rothenberg, Korrick, & Fayad, 2015). Although the exact mechanism is 
not known, the negative association between BMI and blood Hg concentrations could be a 
result of BMI-related differences in MeHg uptake, metabolism or excretion. It could be that 
changes in GSH or other hepatic enzymes alter the enterohepatic cycling of MeHg, thereby 
affecting blood Hg concentrations (Cave et al., 2010). On the other hand, stromal vascular 
cells in adipose tissue may be a reservoir of MeHg; as stromal cells increase in size with 
increasing BMI, they could affect the MeHg distribution in the human body (Rothenberg 
et al., 2015). 

It was shown that Hg levels are positively associated with age (Caldwell, Mortensen, 
Jones, Caudill, & Osterloh, 2009), although the mechanisms behind are not totally clear. 
It is unlikely that this is related only to diet; it could be that the reason behind is Hg 
bioaccumulation. However, observed associations are not always consistent (Kozikowska et 
al., 2013; Vahter et al., 2000). Moreover, it was reported that Hg is present in cigarettes 
(Suzuki, Shishido, & Urushiyama, 1976) and some studies reported that smoking status 
could affect Hg levels found in blood (Bernhard, Rossmann, & Wick, 2005). 

1.6.2 Pregnancy and newborns 

During pregnancy, several physiological and anatomical changes occur in woman’s body 
that are essential for the normal development of the child. They are related to changes in 
the cardiovascular system, body water metabolism, respiratory and endocrine systems, and 
metabolism of glucose, lipids, and proteins (Soma-Pillay, Nelson-Piercy, Tolppanen, & 
Mebazaa, 2016). Some of them need to be taken into account in order to assess the level 
of Hg exposure accurately.  

Haematological changes are related to the increase in the plasma volume. The 50 % 
plasma increase is not followed by an increase in red blood cell mass, therefore the 
concentration of haemoglobin and haematocrit is decreased (Soma-Pillay et al., 2016). As 
the majority of MeHg is found in red blood cells, the MeHg concentration measured in 
whole blood was reported to decrease during pregnancy (Berglund et al., 2005). 
Normalization for haemoglobin or haematocrit would limit this shortcoming. 

Parity is the number of times women gave birth to a foetus with a gestational age of 
at least 24 weeks or more regardless of whether the babies were born alive or stillborn. A 
negative association between parity and cord blood Hg was reported (Vahter et al., 2000) 
and the same was observed in our study (Trdin, Snoj Tratnik, et al., 2019). This could be 
related to the fact that with parity the placental function is increased (Prior, Mullins, 
Bennet, & Kumar, 2014), which could include higher ability of the placenta to detoxify 
(accumulate or eliminate) potentially toxic metals, such as Hg. 

Gender-related differences in Hg toxicokinetics and toxicodynamics, the influence of 
specific hormones (e.g. estrogens and thyroid hormones) on child development, and 
neurotoxicity was observed from different points of view (Gochfeld, 2007; Llop, Lopez-
Espinosa, Rebagliato, & Ballester, 2013; Tatsuta et al., 2017).  
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Chapter 2 

2 Aims and Hypothesis 

The effects of chronic prenatal exposure to low-levels of Hg on child development remain 
controversial with inconsistent conclusions. In this dissertation, we evaluated how Hg 
speciation in maternal blood and cord blood contribute to associations between exposure 
and health effects, assessed whether meconium can be used as a biomarker of prenatal long-
term Hg exposure, and studied Apolipoprotein E genotype as a susceptibility biomarker. 

The general population is life-long exposed to low levels of different Hg species in 
varying amounts and from various sources. Most commonly epidemiological studies use 
THg measurements in blood to assess MeHg exposure, which is based on the assumption 
that the majority of measured THg is in the form of MeHg. This approach can lead to 
overestimation of MeHg exposure and consequently to misinterpretations when studying 
the effects of MeHg on child development. In such cases, inter-individual differences in 
exposure to inorganic Hg from dental amalgams and other sources might significantly 
contribute to variations in MeHg proportions. We expected that Hg speciation is especially 
important for the assessment of Hg related toxicity at low levels of exposure. Detailed 
information on Hg exposure is essential at an individual level, when studying Hg 
toxicokinetics, and possible negative effects on child development. 

To study Hg toxicokinetics mechanisms during pregnancy and to assess health outcomes 
in children, the use of biomarkers presenting the widest period of exposure is essential. 
Meconium represents a foetal excretory product and is therefore a direct measure of long-
term exposure, by contrast to maternal blood or scalp hair, which provide only indirect 
estimations of exposure. Our aim was to speciate Hg in meconium samples in order to 
evaluate the adequacy of meconium as a biomarker. Furthermore, based on the conducted 
speciation analysis in meconium, we expect that toxicokinetics or metabolic mechanisms 
occur during prenatal Hg exposure. Our study is the first one to perform Hg speciation in 
meconium on such a large sample size which enabled us to study the maternal 
characteristics and habits that can contribute to prenatal Hg exposure. 

ApoE isoforms were hypothesized to behave differently in relation to metal kinetics 
(especially Hg and Pb). In order to identify susceptible parts of population, ApoE genetic 
polymorphisms were included to see how ApoE genotypes can modify the concentrations 
of different elements in maternal blood. We studied the relation between maternal ApoE 
genotypes and concentrations of selected trace elements (Hg, Se, Pb, Cd, As, Zn) in 
maternal blood, as environment provided by the mother during pregnancy is often not 
included in exposure and effect assessment. Moreover, ApoE genotypes were hypothesized 
to be differently involved in prenatal neurodevelopment. For these reasons, maternal 
and/or newborn’s ApoE genotypes were also studied in relation to neurodevelopment and 
Hg levels in mixed cord blood. 
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2.1 Research Goals and Hypothesis 

Goals of the dissertation are: 
 

i. To define the exposure to different Hg species (MeHg, Hg(II)) in a population of 
mothers and their newborns from Slovenia and Croatia. 

ii. To compare associations between Hg species in maternal blood and mixed cord 
blood with children’s neurodevelopmental outcomes. 

iii. To study meconium as a biomarker of prenatal long-term Hg exposure and discuss 
possible mechanisms of Hg biotransformations during pregnancy. 

iv. To evaluate how specific ApoE genetic polymorphisms are associated with levels of 
selected elements (Hg, Se, Pb, Cd, As, Zn). 

v. To assess the relation between prenatal Hg exposure, ApoE genetic polymorphisms, 
and child’s neurodevelopment. 

 
Hypotheses of the doctoral dissertation are: 
 

i. The majority of blood total Hg will be present in organic form (MeHg), particularly 
in Croatian participants, because they come from the coastal part (Rijeka with 
surroundings) and according to the questionnaires eat fish more frequently than 
Slovenians. 

ii. Total Hg measurements alone are currently the most commonly used approach to 
evaluate exposure to Hg. We expect that blood methyl-Hg measurements in 
combination with THg levels will provide clearer information about exposure to 
different Hg species, which is especially important at an individual level when 
studying associations between prenatal Hg exposure and child development. 

iii. Among foetal bioindicators, meconium is covering 2nd and 3rd trimester of the 
pregnancy, while blood samples obtained at delivery are covering only the last 
trimester. Therefore, Hg determination and Hg speciation of meconium samples will 
help to estimate long-term foetal exposure to Hg and explain Hg biotransformation 
processes during pregnancy (maternal and foetal). Possible sources of Hg in 
meconium are different and are presumably connected to some demethylation 
processes of MeHg and/or oxidation of Hg0, both resulting in continuous 
accumulation of Hg(II). 

iv. According to literature suggestions, the presence of ApoE ε4 allele will be associated 
with higher levels of Hg in maternal and mixed cord blood, which could have a 
synergistic modifying effect on a child’s neurodevelopment. 
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Chapter 3 

3 Scientific Publications 

Publications included in this dissertation are listed in such a manner that their consecutive 
appearances follow the general dissertation content. The candidate’s contributions to an 
individual scientific article are described before each article. In the dissertation, 
publications appear in the following order: 
 
Trdin, A., Snoj Tratnik, J., Mazej, D., Fajon, V., Krsnik, M., Osredkar, J., Prpić, I., Špirić, 
Z., Petrović, O., Marc, J., Neubauer, D., Kodrič, J., Kobal, A.B., Barbone, F., Falnoga, I., 
Horvat, M. (2019). Mercury speciation in prenatal exposure in Slovenian and Croatian 
population – PHIME study. Environmental research, 177. 
https://doi.org/10.1016/j.envres.2019.108627 
 
Trdin, A., Falnoga, I., Fajon, V., Živković, I., Snoj Tratnik, J., Prpić, I., Špirić, Z., Horvat, 
M. (2019). Mercury speciation in meconium and associated factors. Environmental 
research, 179. https://doi.org/10.1016/j.envres.2019.108724 
 
Trdin, A., Snoj Tratnik, J., Stajnko, A., Mazej, D., Sešek Briški, A., Kastelec, D., Prpić, 
I., Petrović, O., Špirić, Z., Marc, J., Horvat, M., Falnoga, I. (2020). Trace elements and 
APOE polymorphisms in pregnant women and their newborns. Accepted for publication: 
Environment International. 
 
Snoj Tratnik, J., Falnoga, I., Trdin, A., Mazej, D., Fajon, V., Miklavčič, A., Kobal, A.B., 
Osredkar, J., Sešek Briški, A., Krsnik, M., Neubauer, D., Kodrič, J., Stropnik S., Gosar, 
D., Lešnik Musek, P., Marc, J., Jurkovič Mlakar, S., Petrović, O., Vlašić-Cicvarić, I., Prpić, 
I., Milardović, A., Radić-Nišević, J., Vuković, D., Fišić, E., Špirić, Z., Horvat, M. (2017). 
Prenatal mercury exposure, neurodevelopment and apolipoprotein E genetic 
polymorphism. Environmental research, 152, 375-385. 
https://doi.org/10.1016/j.envres.2016.08.035 
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3.1 Mercury Speciation in Prenatal Exposure in Slovenian 

and Croatian Population – PHIME Study 

 
Trdin, A., Snoj Tratnik, J., Mazej, D., Fajon, V., Krsnik, M., Osredkar, J., Prpić, I., Špirić, 
Z., Petrović, O., Marc, J., Neubauer, D., Kodrič, J., Kobal, A.B., Barbone, F., Falnoga, I., 
Horvat, M. (2019). Environmental Research, 177. 
https://doi.org/10.1016/j.envres.2019.108627 

 
Possible negative effects after prenatal exposure to low levels of Hg are not fully 

understood. Moreover, different studies have controversial conclusions. Most of the 
published epidemiologic studies assess Hg exposure through measurements of blood THg 
rather than performing Hg speciation, which can increase the possibility of 
misinterpretations. In this paper, the authors evaluated the importance of Hg speciation in 
prenatal low-level exposure. Analyses were conducted on samples drawn from a 
Mediterranean population included in an epidemiological study PHIME to associate low-
level prenatal Hg exposure and neurodevelopmental performance of newborns at 18 months 
of age. The studied population were pregnant women with their newborns from Slovenia 
(N = 584) and Croatia (N = 234), who were chronically exposed to low-to-moderate levels 
of Hg through seafood consumption and/or amalgam fillings. 

Maternal blood and scalp hair were sampled during the 3rd trimester of pregnancy, while 
mixed cord blood was sampled at delivery. Socio-demographic data, personal characteristics 
and habits were collected from questionnaires. The exposure to Hg was assessed through 
measurements of THg and MeHg in maternal hair, blood, and mixed cord blood. Levels of 
Hg(II) were calculated by subtracting MeHg from THg. Neurodevelopmental performance 
of newborns was assessed by using standardized Bayley-III and Apolipoprotein E 
polymorphisms were used from the existing PHIME cohort dataset. 

The authors presented levels of exposure to different Hg species. Median THg 
concentration in maternal blood (collected only in Croatian population, N = 225) was 2.04 
(0.55-20.5) ng/g. Cord blood median THg concentrations were 1.55 (0.16-14.1) ng/g and 
2.94 (0.33-32.3) ng/g for participants from Slovenia (N = 435) and Croatia (N = 210), 
respectively. It was shown that the proportion of THg as MeHg in maternal and cord blood 
varied between 4% and 100% (CV = 32%) and between 8% and 100% (CV = 20%), 
respectively. With lower THg concentrations, the variability of MeHg proportion increased. 
The authors presented maternal ApoE genotype dependent negative association between 
cord blood MeHg levels and cognitive performance of children (inside normal levels). 
Decreases in fine motor skills (inside normal levels) were genotype independent and were 
associated with Hg(II) and MeHg. Multivariate statistical analysis showed that Hg 
speciation provides additional and more precise information on exposure and effect 
assessment. Based on the presented results the authors concluded that direct measurements 
of MeHg are especially important at an individual level and provide detailed information 
when other influencing factors are collected/measured precisely and all sources of 
uncertainties (such as sampling, sample transport and storage, and detailed questionnaires) 
are reduced. 

The candidate’s contribution to this paper included direct measurements of MeHg in 
the samples of maternal blood and cord blood, ApoE genotyping for mothers and children, 
and statistical analysis. She drew figures and tables, and prepared the manuscript in 
cooperation with co-authors. 
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3.2 Mercury Speciation in Meconium and Associated 

Factors 

 
Trdin, A., Falnoga, I., Fajon, V., Živković, I., Snoj Tratnik, J., Prpić, I., Špirić, Z., Horvat, 
M. (2019). Environmental Research, 179. https://doi.org/10.1016/j.envres.2019.108724 

 
In the case of prenatal low-level and long-term exposure to pollutants, meconium analysis 
was shown to be more sensitive compared with blood, as meconium is a cumulative and 
repository matrix. Moreover, meconium is a foetal excretory product and therefore presents 
a direct measure of long-term prenatal exposure in comparison with maternal blood or hair, 
which are indirect measures of exposure. Few epidemiological studies have used meconium 
as a biomarker of prenatal Hg exposure. Additionally, Hg toxicokinetics and metabolic 
mechanisms during prenatal life are not fully understood. With Hg speciation in meconium, 
the authors aimed to assess possible Hg exposure sources and prenatal toxicokinetics or 
biotransformation mechanisms. Analyses were conducted on the same population as blood 
Hg speciation was performed previously (described in Section 3.1).  

Maternal blood and hair were sampled during the 3rd trimester and meconium was 
sampled in the first few days after birth. Sociodemographic data, personal characteristics 
and habits, and other possible Hg exposure sources (maternal seafood intake, number of 
dental amalgams) were assessed with questionnaires. Maternal blood was collected only in 
Croatian women, whereas maternal hair and meconium were available for both populations. 
Statistical analysis included both populations, except for linear regressions modelling, 
where only the Slovenian population was included, because only in this case the subset 
database consisted of complete information about possible sources of Hg exposure (seafood 
intake, dental amalgams). 

The authors presented the levels of different Hg species in meconium. It was shown 
that this is the first study that performed Hg speciation on a large sample size (N = 488). 
Median THg concentration in meconium was 11.1 (0.41-375.2) ng/g and Hg(II) presented 
from 82%-100% of measured THg. MeHg from maternal blood was correlated with MeHg 
in meconium, whereas Hg(II) from maternal blood was not significantly correlated with 
Hg(II) in meconium. The authors observed a significant correlation between Hg levels in 
meconium and Hg levels in maternal hair, with the highest correlation between hair THg 
and meconium MeHg. Maternal seafood intake was significantly correlated with meconium 
MeHg and Hg(II), but this was not confirmed with linear regression. Maternal seafood 
intake was positively associated only with meconium MeHg levels, but not with Hg(II). 
The number of dental amalgams were positively associated with meconium Hg(II).  

Although MeHg demethylation is a crucial step in the excretion of MeHg from an adult 
body, based on the presented results, the authors could neither confirm nor exclude the 
hypothesis of intestinal MeHg demethylation during prenatal life. They assume it is more 
likely that MeHg transported through placental barrier is distributed into foetal tissues 
and only a small part is excreted in meconium, without any biotransformation. They 
suggested that high Hg(II) content in the meconium results from the transport of Hg0 
vapour from maternal dental amalgam fillings through the placental barrier. The authors 
concluded that meconium is a suitable biomarker of prenatal MeHg and Hg0 exposure, 
under the condition that Hg speciation analysis in performed. 

The candidate’s contribution to this paper included measurements of THg and MeHg 
in the samples of meconium, and statistical analysis. She summarized the figures and tables, 
and prepared the manuscript in collaboration with other co-authors.
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3.3 Trace Elements and APOE Polymorphisms in Pregnant 

Women and Their Newborns 

 
Trdin, A., Snoj Tratnik, J., Stajnko, A., Mazej, D., Sešek Briški, A., Kastelec, D., Prpić, 
I., Petrović, O., Špirić, Z., Marc, J., Horvat, M., Falnoga, I. (2020). Environment 
International, accepted for publication.  
 
In order to determine the relation between prenatal exposure to various contaminants and 
the possible health effects later in life, it is essential that we include all the factors that 
could modify this link, positively or negatively. The environment provided by the mother 
during pregnancy is often not included in epidemiological studies assessing the child’s 
neurodevelopment, although maternal blood is the only source of nutrients but also 
potentially toxic compounds. ApoE genotypes were hypothesized to behave differently in 
relation to metal kinetics (especially Hg and Pb) and particularly to oxidative species (e.g. 
H2O2), which can also be a product of metal exposure. ε4 carriers are believed to bind and 
eliminate reactive oxygen species and Hg less efficiently. Therefore, in this paper, maternal 
and child’s ApoE polymorphisms were studied in relation to levels of selected elements (Hg, 
Pb, Cd, As, Se, Mn, Cu, Zn) in maternal blood, cord blood, maternal milk, and urine. 

The Croatian participants were recruited within the PHIME project. This subgroup 
was selected because it contained the entire dataset of selected elements measured in 
maternal blood, milk, urine, and mixed cord blood. Apolipoprotein E genotypes were 
determined using TaqMan® pre-designed SNP genotyping assay for rs429358 and rs7412. 
According to their genotype, mothers and newborns were divided into two groups, ε4 
carriers (genotypes APOE ε3/ ε4 and ε4/ ε4) and ε4-non carriers (genotypes APOE ε2/ ε2, 
ε2/ ε3, ε3/ ε3). 

According to the determined genotypes, ε4 was present in 16.7% and 20.1% of included 
mothers and newborns, respectively. Furthermore, in mothers, who were ε4 carriers, the 
authors found statistically significant higher levels of blood MeHg, As, and Se; plasma Se; 
urine As; hair THg; cord blood MeHg, As, and Zn. However, only in the case of maternal 
plasma Se the difference between ε4 carriers and non-carriers was confirmed with multiple 
linear regression. The authors reported geometrical means of maternal plasma Se being 
62.6 ng/mL in ε4 carriers in comparison with 54.9 ng/mL in ε4 non-carriers (p < 0.001). 
All multiple linear regression models were adjusted for possible covariates that could affect 
levels of selected elements; these included maternal age, BMI, smoking status, seafood 
intake, and parity. The covariates for cord blood were extended with estimated gestational 
age, birth weight, gender of newborns, and newborn’s genotype. 

The authors suggested that higher levels of maternal plasma Se in ε4 carriers could be 
linked to the beneficial effects of ε4 during pregnancy. However, literature suggestions of 
possible ε4 allele associations with Hg levels in biological samples were not confirmed in 
this study. Further studies are needed to fully understand the physiology of maternal 
ApoE, which would enable a detailed interpretation of the observed associations between 
maternal plasma Se and ApoE. 

The candidate performed ApoE genotyping, and helped with data preparation and 
statistical analysis.  
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3.4 Prenatal Mercury Exposure, Neurodevelopment and 

Apolipoprotein E Genetic Polymorphism 

 
Snoj Tratnik, J., Falnoga, I., Trdin, A., Mazej, D., Fajon, V., Miklavčič, A., Kobal, A.B., 
Osredkar, J., Sešek Briški, A., Krsnik, M., Neubauer, D., Kodrič, J., Stropnik S., Gosar, 
D., Lešnik Musek, P., Marc, J., Jurkovič Mlakar, S., Petrović, O., Vlašić-Cicvarić, I., Prpič, 
I., Milardović, A., Radić-Nišević, J., Vuković, D., Fišić, E., Špirić, Z., Horvat, M. (2017). 
Environmental research, 152, 375-385. https://doi.org/10.1016/j.envres.2016.08.035 
 
Apolipoprotein E genetic polymorphisms were most commonly studied in relation to 
neurodegenerative diseases (e.g. Alzheimer’s disease) and lipid metabolism. On the other 
hand, ApoE is believed to be involved in processes associated with neurodevelopment. As 
recent studies (Ng et al., 2015; 2013) reported negative association between mixed cord 
blood Hg levels with child development and ApoE genotypes were hypothesized to modify 
this association, the authors aimed to evaluate prenatal Hg exposure and child’s 
neurodevelopment (assessed with Bayley-III), taking into account genetic polymorphism of 
ApoE and other relevant confounders.  

The study population were children from Slovenia and Croatia (N = 601 and N = 243, 
respectively), who were included in the PHIME study. The prenatal exposure to Hg was 
assessed through measurements of THg in maternal hair and mixed cord blood. 
Apolipoprotein E genotypes were determined using TaqMan® pre-designed SNP 
genotyping assay for rs429358 and rs7412. As described in Section 3.3., newborns were 
divided into two groups, ε4 carriers and ε4-non-carriers. Children neurodevelopment was 
assessed using Bayley Scales of Infant and Toddler development third edition (Bayley-III). 
Cognitive, language, motor (fine and gross) were administered according to the 
standardised procedure. 

The authors reported 72% of children being ε4-non-carriers. The obtained results 
showed that children having at least one ε4 allele had marginally significant higher levels 
of mixed cord blood THg (1.98 ng/g vs. 2.37 ng/g, p = 0.079). However, after considering 
possible covariates (maternal age, child’s gender, birth weight, maternal educational level, 
smoking status) the authors observed a Hg-related decrease in cognitive score in children 
carrying at least one ApoE ε4 allele. The Hg related decrease in fine motor skills was 
genotype independent. Anyway, all observed results were inside normal levels. 

However, as Hg exposure was assessed through THg measurements in maternal hair 
and mixed cord blood, the results did not make clear what is the contribution of different 
Hg species to negative association between Hg and neurodevelopment. Maternal blood 
levels were not included as the results were available only for Croatian mothers. The 
authors recognized the sample size as the main limitation of the study. Moreover, multiple 
linear regression models were in some cases statistically non-significant, therefore the 
results should be interpreted carefully. 

The candidate performed ApoE genotyping, determined the genotypes, divided children 
into two groups of ε4 carriers vs. ε4 non-carriers and contributed to the preparation of the 
manuscript.  
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Chapter 4 

4 Discussion and Summary 

This dissertation contributes to the scientific knowledge about the assessment of prenatal 
Hg exposure, highlights the limits of the current approach and recognizes the opportunities 
for its improvement. Despite its global relevance, there has been limited synthesis of the 
available literature on the possible negative health effects because of prenatal Hg exposure 
in the general population. Reliable exposure assessment in this low-level and long-term 
exposure to various Hg species is many times challenged by selected Hg measurement 
methods and suitability of included exposure or susceptibility biomarkers.  

The studied population from Slovenia and Croatia (N = 584 and N = 234, respectively) 
were pregnant women with their newborns exposed to MeHg from seafood consumption 
and Hg0 vapour released from dental amalgams. On average, MeHg in maternal blood from 
Croatia presented 86% of measured THg, which is in general consistent with the 
assumption of most of the epidemiological studies that MeHg presents the majority of 
measured THg in blood (Basu et al., 2018; Berglund et al., 2005; Horvat et al., 2012). 
Moreover, MeHg in cord blood collected in Slovenian and Croatian participants presented 
98% of THg. Participants from Croatia had higher levels of THg in maternal hair (604 
ng/g vs. 298 ng/g) and cord blood (2.94 ng/g vs. 1.55 ng/g) in comparison with the 
Slovenian population, which is related to the fact that women from Croatia ate fish more 
frequently (0.45 meals per day vs. 0.28 meals per day). However, only about 10 % of the 
studied population exceeded the thresholds of 1 µg/g in hair (NRC, 2000c) and 5.8 µg/L 
in cord blood (Rice, 2004; US EPA, 1997), which is currently the exposure considered safe 
for prenatal development. Moreover, 23% of women from Croatia had blood THg ≥ 3.5 
µg/L, which is the threshold considered relevant for preventing foetal neurotoxicity 
(Mahaffey et al., 2004, 2009). With this study (Chapter 3.1) we confirmed the first 
hypothesis that on average the majority of measured THg will be present in its organic 
(MeHg) form. However, we showed important individual differences in proportions of THg 
as MeHg (%MeHg). The proportion of %MeHg in maternal blood varied between 4%-100% 
and that in cord blood it varied between 8%-100%. Additionally, at lower THg 
concentrations the variability of %MeHg was higher. The direct measurements of MeHg 
showed better prediction values when studying associations between the child's cognitive 
score and cord blood MeHg levels in comparison with THg cord blood levels. With this we 
confirmed the second hypothesis that Hg speciation provides more detailed information 
about exposure to different Hg species, which was shown to be especially important at an 
individual level, when studying associations between prenatal Hg exposure and its effects 
on child development. 

Analytical techniques are rapidly developing and in recent years, measurements near 
limits of detection are achievable not only with measurements of THg, but also with 
measurements of MeHg. Methodologies to accurately speciate Hg in human samples are 
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available and cost-effective, and no longer represent a barrier for improved study protocols. 
Measurements of THg were shown to be appropriate for biomonitoring purposes, but when 
assessing the relation between Hg exposure and possible adverse effect(s) later in life, they 
can act as an additional source of uncertainty and as such contribute to misinterpretations. 
It was shown that the proportion of THg as MeHg can vary considerably at an individual 
level, especially at lower levels of exposure. Moreover, it is clear that different Hg species 
have different toxicokinetics profiles and target organs therefore they are hardly treated as 
comparable (Clarkson, 2002; Wells et al., 2017). 

Assessment of Hg in whole blood provides information about Hg exposure for the past 
~3 months. Moreover, Hg in blood is in a constant dynamic state of metabolism, 
distribution, and elimination. For these reasons, measurements of Hg in maternal blood or 
cord blood are not appropriate for the assessment of Hg exposure during early months of 
gestation. Measurements of Hg in maternal hair are frequently used for the indirect long-
term exposure assessment, although the relation between Hg levels in maternal hair, as a 
mechanism of Hg elimination, and amount of Hg that presented the foetal exposure is 
questionable (Ruggieri et al., 2017). In this context, meconium represents a foetal excretory 
product and is therefore a direct measure of exposure. Meconium starts to form in the 
beginning of the 2nd trimester and the majority accumulates after 38 weeks of pregnancy 
(Concheiro & Huestis, 2018). This means that meconium analysis would provide the 
cumulative exposure primarily during the last trimester of pregnancy, but could also give 
insights to earlier exposures. Our study (Chapter 3.2) was the first one to perform Hg 
speciation on such a large sample size (N = 488). As expected, THg levels found in 
meconium (11.1 ng/g) are on average higher than those found in blood or cord blood and 
that the majority of THg is in its inorganic Hg(II) form (82%-100%). Consistently, 
multielemental analysis of selected samples (N = 20) showed that levels of Se are higher 
in meconium (range: 227 – 738 ng/g) than those measured in maternal or cord blood. On 
the other hand, levels of As (range: 0.35 – 5.45 ng/g) and Cd (range: 0.10 – 0.60 ng/g) 
were comparable between different biological samples (maternal blood, cord blood, 
meconium) whereas levels of Pb (range: 0.90 – 9.85 ng/g) were the lowest in meconium. 

All Hg species, to which general population is exposed to, can pass the placental barrier 
and have the potential to be accumulated in meconium, therefore their toxicokinetics and 
biotransformation mechanisms should be established. Our results showed that both, MeHg 
from seafood and Hg0 released from dental amalgams, were transported to the foetal side. 
Association showed that Hg0 vapor released from dental amalgams was transported through 
the placental barrier and later accumulated in meconium. However, it was impossible to 
estimate whether oxidation of Hg0 to Hg(II) occurred in maternal or foetal tissues. This 
partially confirms our third hypothesis, as we identified that meconium is a promising new 
biomarker of prenatal Hg exposure. However, high Hg(II) content in meconium was related 
to Hg0 oxidation and accumulation of Hg(II), whereas MeHg demethylation to Hg(II), as 
an effective mechanism of MeHg elimination from the adult body, could neither be 
confirmed nor excluded during prenatal life, because some of the possible mechanisms (e.g. 
the role of microbiome, selenium or ROS) were impossible to test or prove.  

Certain bacteria, which are also found in intestinal flora, can cleave the C-Hg bond 
(Rand et al., 2016; Rowland, Davies, & Evans, 1980). Moreover, in mammals MeHg 
demethylation can occur in organs such as the liver and brain (Friberg & Mottet, 1989; 
Shapiro & Chan, 2008; Vahter et al., 1995). Besides the role of microbiome, in vitro and 
animal experiments have shown that demethylation occurs as a result of the interaction of 
MeHg with reactive oxygen species (ROS) (Nagano et al., 2010; Shapiro & Chan, 2008; 
Vahter et al., 1995) or possibly with selenium (Khan & Wang, 2010). Although prenatal 
life was shown to be influenced with microbiome (Schoenmakers, Steegers-Theunissen, & 
Faas, 2019), it is hard to determine which microbial composition is detrimental or optimal 



   95 

and what is the exact function of the microbiome at each location. In contrast, during 
pregnancy the formation of ROS is an unavoidable consequence of rapid aerobic 
metabolism (Watson, Skepper, Jauniaux, & Burton, 1998) and levels of selenium, essential 
element for human health, are particularly well maintained (Rayman, 2012). During 
gestation, blood-brain-barrier is immature (Goasdoué, Miller, Colditz, & Björkman, 2017) 
thus allowing more exchange (influx and efflux) of various compounds. Therefore, brain 
MeHg demethylation including the role of different levels of ROS and/or selenium should 
be considered in future studies. 

Although sampling of the meconium is easy and non-invasive, methods of its collection 
are far from standardized. In most cases, meconium is excreted in the first 72 hours after 
birth and sampled from diaper (Concheiro & Huestis, 2018). Concentrations in meconium 
were shown to be correlated with the time of its excretion after birth (Ortega Garcia et al., 
2006); therefore, this information should be taken into account when assessing levels of 
exposure. Moreover, sampling from diaper makes it impossible to compare the water 
content and is in some way pointless to lyophilize the samples before the measurements, 
since the majority of water (and dissolved trace elements) was probably absorbed in the 
diaper. For these reasons, it could be useful to sample meconium directly in plastic 
containers. Additionally, to follow the dynamics of Hg levels found in meconium precisely, 
sampling of excreted meconium at different points inside 72 hours could be interesting. 
Correlation between meconium Hg concentrations excreted during different time frames 
with Hg levels found in maternal blood, preferably sampled several times during pregnancy, 
could explain prenatal Hg toxicokinetics and biotransformation mechanisms in detail. 

It is clear that complex interactions between genetic and environmental factors 
determine a high degree of variability in an individual response to a given exposure. 
Regarding in vitro experiments (Miyata & Smith, 1996) protein isoforms of Apolipoprotein 
E were hypothesized to act differently in relation to metal kinetics (Miyata & Smith, 1996) 
and to be involved in neurodevelopment (Huang & Mahley, 2014b). During prenatal life, 
the developing child depends on nutrients provided by the mother. In this context, human 
placenta is essential for foetal health and development and although placenta is of maternal 
and foetal origin, the environment provided by the mother during pregnancy is often not 
considered. In this context, maternal ApoE polymorphisms were included to study how 
they could affect the levels of selected elements in maternal blood, cord blood, maternal 
urine, and milk (Chapter 3.3). In vitro studies showed that structural differences between 
isoforms are the reason for their different metals and ROS binding capacity. Variants of 
ApoE with Cys in their structure (ApoE2 and ApoE3, encoded with alleles ε2 and ε3, 
respectively) were hypothesized to bind metals more efficiently in comparison with ApoE4 
(encoded with ε4 allele), which would contribute to lower capacity of ε4 carriers to bind 
Hg and locally protect specific cells (particularly in the brain) against its toxic effects. 
After we took into account other covariates that could contribute to levels of Hg found in 
maternal blood or cord blood (seafood intake, age, parity, smoking, pre-pregnancy BMI, 
child’s gender, gestational age, birth weight), we did not find statistically significant 
association between Hg levels in any of the studied biological matrices and ApoE genetic 
polymorphisms. The observed higher levels of Hg in maternal blood in ApoE ε4 carriers 
were not confirmed by regression analysis. Surprisingly, the distribution difference between 
ε4 carriers and non-carriers persisted only for plasma Se levels, geometrical means of plasma 
Se being 62.6 ng/mL in ε4 carriers in comparison with 54.9 ng/mL in ε4 non-carriers (p < 
0.001). Selenium was found to have a beneficial effect on reproduction, pregnancy-related 
diseases like pre-eclampsia, miscarriage, preterm birth, thyroid autoimmunity, and 
neonatal diseases accompanied with oxidative stress (Rayman, 2012). Therefore, the 
superior Se status observed in healthy pregnant women carrying at least one ε4 allele could 
be linked to beneficial effects of ApoE. 
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As ApoE isoforms are believed to be differentially involved in metal kinetics in 
neurobiology, we evaluated the association between prenatal Hg exposure and the 
neurodevelopment of the child, taking into account the ApoE genetic polymorphisms 
(Chapter 3.4). In this evaluation children who were ε4 allele carriers had marginally 
statistically significant higher levels of Hg in cord blood (1.98 ng/g vs. 2.37 ng/g). After 
taking into account covariates (mother’s age, child’s gender, birth weight, educational level 
of the mother, smoking) we observed a Hg-associated decrease in cognitive score (inside 
normal levels) of children having at least one ε4 allele. Additionally, Hg-associated 
decreases in fine motor scores were genotype independent. With this, our last hypothesis 
was only partially confirmed and needs further research. 

The inconsistent conclusions related to the last two papers (Chapter 3.3 and Chapter 
3.4) could point to several roles of ApoE in different life stages. Clearly, homeostasis 
mechanisms are different in prenatal life (development) or during pregnancy, as the latter 
is the time of rapid changes in metabolism, oxidative stress, and other physiological and 
anatomical changes. On the other hand, we could speculate that the child’s genotype plays 
a central role in the newborn’s neurodevelopment and metabolism of Hg and the maternal 
genotype provides the basic environment, in which the baby develops and has access to 
the needed nutrients. However, as seen from methods used in both studies, the covariates 
included in the evaluation of the role of ApoE are different and were subjectively selected 
based on different points of view. Moreover, child’s neurodevelopment was associated with 
Hg measurements assessed in mixed cord blood, which can be an additional source of 
uncertainty. Moreover, with mixed cord blood the real prenatal exposure is concealed and 
also contamination with maternal blood cannot be excluded. The reliable interpretation of 
the presented results will be possible when the physiology of ApoE will be studied in detail. 
As mentioned throughout the introduction, many inconsistencies and controversial 
conclusions exist in relation to prenatal Hg exposure and its possible negative effects later 
in life. Moreover, the assessment of neurodevelopmental outcomes in children aged 18 
months is far from a controlled laboratory technique, although the psychologists are well 
trained and the Bayley-III test is standardized. However, the influence of maternal and 
parental intelligence and mental health are usually not included in such studies, but can 
clearly be considered as one of the most important factors (Barbone et al., 2019). 

Studies addressing the issue of Hg-related adverse effects provided numerous valuable 
information, but at this point available data should be summarized to recognize the issues 
and uncertainties related to prenatal Hg exposure. Firstly, researchers could comment on 
the selection of used analytical techniques. Toxicokinetics mechanisms differ between Hg 
species, and although all can be toxic for human health, the mechanisms behind and target 
organs are often not comparable. As Hg speciation methods are available and cost-effective, 
they could be performed on all epidemiological studies addressing the health effects of Hg. 
Speciation analysis is especially encouraged when assessing the exposure in a general 
population, as the contribution of different Hg species to the total Hg levels found in their 
body can vary considerably at an individual level. Secondly, critical evaluation of available 
biomarkers should be done. Researchers assessing Hg exposure must be aware of the 
limitations of each biomarker. Although maternal hair and blood are the easiest to collect, 
they present an indirect measure of exposure. In the case of pregnancy, where 
haematological changes are known to occur, normalization for hematocrit would enable a 
more accurate comparison of the measured concentrations. As foetal and maternal 
haemoglobin have a different binding capacity for Hg and cord blood has higher 
haematocrit levels (which also differ according to gestational age), adjustment for 
haematocrit or haemoglobin could be useful also in the case of cord blood. Separation to 
venous and arterial cord blood is encouraged, as only with this approach we will assess the 
amount of Hg, which is passing from the mother to the child or the amount of Hg that was 
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metabolized in foetal tissues and is returning back to the maternal side. Thirdly, meconium 
as a novel long-term exposure biomarker should be discussed. Further studies should 
evaluate the mechanisms of intestinal prenatal MeHg demethylation and the involvement 
of microbiome, selenium, and reactive oxygen species. Studies could assess the relation 
between Hg species found in meconium and the child’s neurodevelopment. A closer look 
into microbiome with its ~ 3 million genes possibly involved in Hg metabolism could give 
new insights into Hg toxicokinetics. Fourthly, genetic susceptibility biomarkers could 
answer to some of the complex interactions between external and internal exposure. 
However, the physiological role of the selected genetic factors and their role(s) in Hg 
toxicokinetics or toxicodynamics should be clear. Finally yet importantly, all individual 
characteristics and habits (e.g. seafood intake, number of dental amalgams, nutritional 
status, co-exposure to other potentially toxic substances, smoking, age, gender, etc.), and 
maternal and parental intelligence should be included in the evaluation of this sensitive 
topic.  

These steps could be the starting point of standardized protocol for the assessment of 
prenatal Hg exposure and are encouraged to be used in further epidemiological studies. Re-
evaluation of the observed results with considering all of the listed shortcomings will be 
done in our future studies. Only precise Hg measurements in relevant biological matrices 
including all possible influencing factors will enable the establishment of thresholds that 
will undoubtedly be safe for human health. 
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Chapter 5 

5 Conclusions 

The first two goals of the dissertation were to define the exposure to different Hg species 
(MeHg, Hg(II)) in a population of mothers and their newborns from Slovenia and Croatia 
and to compare associations between different blood Hg species with the children’s 
neurodevelopmental outcomes. The hypotheses related to those goals were that the 
majority of total Hg will be present in organic form (MeHg) and that blood methyl-Hg 
measurements in combination with THg levels will provide clearer information about the 
exposure to different Hg species.  

The studied population of pregnant women from Slovenia and Croatia were exposed to 
low-to-moderate levels of Hg especially through seafood intake and dental amalgam fillings. 
The majority of THg in maternal blood and cord blood was present in its organic MeHg 
form, but substantial individual variations in proportion of THg as MeHg were observed, 
especially at lower levels of exposure. Hg speciation provided better prediction values when 
studying associations between the child's cognitive score and cord blood MeHg levels in 
comparison with cord blood THg levels. Hg speciation analysis should be included in future 
studies, especially for the assessment of health effects after prenatal Hg exposure and when 
studying Hg toxicokinetics mechanisms. 

The next goal was to study meconium as a biomarker of prenatal long-term Hg exposure 
and discuss possible mechanisms of Hg biotransformation during pregnancy with 
hypothesis that Hg speciation in meconium will help to estimate long-term foetal exposure 
to Hg and explain Hg biotransformation processes during pregnancy.  

Meconium showed to be a promising new biomarker of prenatal long-term Hg exposure. 
Hg levels found in meconium were higher compared to those found in maternal blood or 
cord blood and the majority of Hg measured in meconium was in its inorganic Hg(II) form. 
Both MeHg and Hg0 vapor are transported through the placental barrier and are later 
accumulated in meconium. However, the hypothesis of prenatal intestinal MeHg 
demethylation could be neither confirmed nor excluded; further studies are needed to 
establish Hg biotransformation. Oxidation of Hg0 to Hg(II) and accumulation of the latter 
in meconium seems to have a major contribution of high Hg(II) content found in meconium. 

The last two goals were related to ApoE genetic polymorphisms how their 
polymorphisms are associated with selected elements, and, on the other hand, what is the 
relation between prenatal Hg exposure, child’s neurodevelopment, and ApoE genetic 
polymorphisms. The hypothesis was that the presence of ApoE ε4 allele would be associated 
with higher levels of Hg in maternal and cord blood, which could have a synergistic 
modifying effect on a child’s neurodevelopment. 

Women from Croatia, who were ApoE ε4 carriers, had higher levels of plasma Se in 
comparison with non-carriers. Higher levels of Se found in ApoE ε4 carriers could be linked 
to ApoE beneficial effects in early life. However, the hypothesis of higher levels of Hg in 
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maternal blood in ApoE ε4 carriers was not confirmed, whereas newborns, who were ApoE 
ε4 carriers had marginally significant higher levels of cord blood Hg, in case of combined 
Slovenian and Croatian population. We identified a negative association between Hg and 
the cognitive performance of children who were ε4 carriers, while the decrease in fine motor 
skills was genotype independent. Further studies are needed to study the physiological role 
of ApoE in Hg and Se kinetics, and its involvement in neurodevelopment.
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