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A B S T R A C T

Meconium is formed early in gestation and it is normally not excreted until after birth. Thus it may provide a
longer and cumulative record of exposure to mercury (Hg). The present study aims to speciate Hg in meconium
samples (N=488) from Slovenian and Croatian new-borns prenatally exposed to low levels of methyl-Hg
(MeHg) from maternal seafood intake and to Hg0 from maternal dental amalgam fillings. We had complete data
of total Hg (THg) and MeHg in meconium and THg in maternal hair (MH), while THg and MeHg in maternal
blood (MB) were available only for Croatian mothers. Personal data namely maternal seafood intake, age, pre-
pregnancy BMI, parity, smoking, estimated gestational age at birth, sex, and birth weight were available for the
majority of participants, except the number of dental amalgams which was in most cases missing for Croatian
mothers. The median THg concentration in meconium was 11.1 (range: 0.41–375.2) ng/g and inorganic Hg (Hg
(II)) presented 98.8% (range: 82%–100%, CV: 2%) of THg. We observed significant correlation between me-
conium and MH Hg levels, with the highest correlation between hair THg and meconium MeHg. Correlation
analysis including MB (available only for Croatian population) showed a significant positive correlation between
THg in meconium and THg in MB (Rs= 0.642). Additionally, MeHg from MB was correlated with MeHg in
meconium (Rs= 0.898), while the correlation between Hg(II) in MB and meconium was positive, but not sig-
nificant. Maternal seafood intake was significantly correlated with meconium MeHg (Rs= 0.498) and Hg(II)
(Rs= 0.201). Multiple linear regression (performed on the Slovenian population, N=143) confirmed a positive
association between meconium MeHg and seafood intake. Furthermore, meconium Hg(II) was positively asso-
ciated with the number of maternal dental amalgam fillings, but linear regression models did not confirm
correlation between seafood intake and meconium Hg(II) levels. We assume that Hg0 released from maternal
dental amalgam fillings and MeHg from seafood intake were both transported through the placental barrier and
portioned between different foetal compartments including meconium. Weak correlation between maternal
seafood intake and Hg(II) levels in meconium suggests that there is certain evidence of MeHg demethylation.
However, because this correlation was not confirmed by the multiple regression, MeHg demethylation during
prenatal life cannot be neither confirmed nor excluded. Further investigations at higher level of exposure are
needed to confirm this observations. We can conclude that meconium is a suitable biomarker for MeHg and Hg0

exposure during pregnancy. However, comparability of the results reported in meconium in different studies is
hindered by a lack of standardized sampling protocols, storage, and analysis.

1. Introduction

Meconium is formed early in gestation, presumably from the 13th
week of gestation, and it is normally not excreted until after birth,
usually in the first 72 h in amount of 20–70 g (Bearer, 2003; Concheiro
and Huestis, 2018). It is a dark viscous material that mostly consists of
eliminated mucosa epithelia, water, bile, bile acids, epithelium cells,

and other lipids swallowed with the amniotic fluid (Concheiro and
Huestis, 2018). The total weight of meconium increases exponentially
with gestational age; about 1 g of meconium accumulated in the foetal
gut during 23–26 weeks of gestation and about 5 g after 27–32 weeks.
According to recent data ~80% of meconium accumulates after 38
weeks of pregnancy (Bakdash et al., 2010; Concheiro and Huestis,
2018). Accordingly, meconium analysis provides an overview of the
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exposure primarily during the last trimester of pregnancy. In the case of
prenatal low-level and long-term exposure to various pollutants, me-
conium analysis was shown to be more sensitive compared with blood
as meconium is cumulative and repository matrix (Park and Lee, 2014).
Furthermore, meconium represents foetal tissue and is therefore a di-
rect measure of exposure, by contrast to maternal blood (MB) or hair
(MH), which provide only indirect estimations of exposure (Ostrea
et al., 2006).

Few studies have reported mercury (Hg) levels in meconium
(Gundacker et al., 2010; Jiang et al., 2014; Knezović et al., 2016; Ostrea
et al., 2002; Peng et al., 2015; Ramirez et al., 2003; Rothenberg et al.,
2019; Unuvar et al., 2007). Nonetheless, Hg concentrations in meco-
nium are known to generally be higher than those in MB (Ramirez
et al., 2000). Except the recent one (Rothenberg et al., 2019) none of
the studies so far performed Hg speciation. On a small sample size
(N= 14) Rothenberg et al. reported 99%–100% of meconium Hg being
in inorganic (Hg(II)) form (Rothenberg et al., 2019). Based on listed
studies we cannot conclude what are Hg kinetics and biotransformation
mechanisms in meconium during prenatal life. The general population
is usually exposed to low levels of different Hg species, including or-
ganic Hg from seafood intake (mostly as monomethyl-Hg, CH3Hg+,
MeHg), elemental Hg (Hg0) vapour from dental amalgam fillings, and,
potentially, inorganic Hg (Hg(II)) from cosmetics and food. Placental
transport of Hg0 vapour released from dental amalgam and inhaled
from the atmosphere has already been confirmed before (Clarkson
et al., 1972; Yoshida, 2002). Further, MeHg readily penetrates placental
and blood-brain barriers (Kajiwara et al., 1996) where it can enter
foetal circulation. However, the exact MeHg dynamics (including in-
dividual variations) remain unclear (Caito et al., 2018). At the same
time, it was long believed that Hg(II) is accumulated in the placenta and
therefore limits the amount of Hg reaching the foetus (Al-Saleh et al.,
2011). However, researchers showed that in rats, although having
slightly different Hg kinetics than humans, Hg(II) can also pass the
placental barrier in small amounts (Oliveira et al., 2015). Hg transport
from MB to foetal tissues is further supported by some studies that re-
ported positive correlations between meconium total Hg (THg) levels
with fish consumption during pregnancy (Jiang et al., 2010; Knezović
et al., 2016) or with dental amalgams (Gundacker et al., 2010); how-
ever, all studies do not concur on this point (Unuvar et al., 2007). Be-
cause meconium is not usually used in studies assessing prenatal Hg
exposure, little is known about the possible kinetic mechanisms of
different Hg species in meconium.

The present study aims to speciate Hg in meconium samples
(N= 488) from Slovenian and Croatian new-borns prenatally exposed
to low levels of MeHg from maternal seafood intake and to Hg0 from
maternal dental amalgam fillings. We used existing datasets which
contained information on participants' lifestyle and personal char-
acteristics and THg and MeHg concentrations in MH and MB (Miklavčič
et al., 2013, 2011; Trdin et al., 2019). In this study, we performed Hg
speciation in meconium and evaluated the associations between Hg
species in meconium with Hg concentrations in MH and MB as well as
with specific participants’ characteristics and habits that could con-
tribute to Hg levels in meconium.

2. Materials and methods

2.1. Study population and sampling

Our study population included healthy pregnant women and their
new-borns from Slovenia (the city of Ljubljana and its surroundings up
to 50 km) and from the Adriatic coastal region of Croatia (the city of
Rijeka and its county Primorsko-goranska). They were recruited in
2007–2009 as a part of the PHIME (Public Health Impact of Long-term
Low-level Mixed Element Exposure in Susceptible population Strata; EU
6th Framework Programme) birth cohort study. The study was con-
ducted in accordance with the Declaration of Helsinki; the Republic of

Slovenia National Medical Ethics Committee approved the protocol
(No. 98/05/06) for the Slovenian participants and the Ethics
Committee of University Hospital Centre Rijeka approved the protocol
(No. 2170-29-02/1-07-1) for the Croatian participants. All subjects gave
their informed consent.

Valent et al. (2013b) and Miklavčič et al. (2013) described the study
design, recruitment, sampling, and questionnaires in detail. MH sam-
ples were stored at room temperature in a zip-lock plastic bag and then
analysed without any cleaning. MB and meconium were stored in a
freezer at temperature below −24 °C. Unfortunately, not all women
who gave their informed consent answered precisely to all questions
from questionnaires and not all of them were sampled for listed ma-
trices. Therefore, the number of included participants in statistical
analysis varies throughout the text; precise number of included parti-
cipants have been provided in the tables and figures.

Pregnant women were recruited and sampled in the 3rd trimester
(28–41 weeks of gestation). MB was available only for the Croatian part
of the population, but maternal hair was available for both populations.
In most cases meconium was sampled on the day of birth. However,
there were cases where meconium was sampled in the first few days
(≤3 days) after birth. Unfortunately, the information when meconium
was sampled was not available for all of the collected samples.
However, in all cases meconium was sampled (5–10 g) from the diaper
and was frozen (below −24 °C) until analysis were carried out.

2.2. Data collected with questionnaires

During 3rd trimester women filled out short questionnaire for as-
sessment of their individual characteristics. Approximately one month
after delivery, women filled out the long questionnaire which provided
more detailed information about the socio-demographic and health
status of the whole family, smoking habits, food intake frequency,
number of dental amalgams, etc. Women reported smoking before or
during pregnancy, and we generated the new variable of ‘ever-smokers’
to include all smokers regardless of the period of smoking. Seafood
intake during pregnancy was estimated from the long questionnaire.
This questionnaire included seven questions on seafood that addressed
the frequency of consumption of 150-g servings of fish, crustaceans, and
molluscs and tuna, mackerel, or sardines in oil. We converted and
combined all listed categories to estimate daily seafood intake
(Miklavčič et al., 2013; Trdin et al., 2019; Valent et al., 2013a). To
assess the number of dental amalgams, women were divided into four
classes (< 3 amalgams, 3–5 amalgams, 6–9 amalgams, 10 + amal-
gams). Information on dental amalgam fillings was incomplete, espe-
cially for the Croatian part of the population. Women also reported the
number of births with gestational age of at least 24 weeks regardless of
whether the babies were born alive or stillborn. According to their
answer, we divided them into two groups: nulliparous and parous
women.

2.3. Mercury measurements methods

All analyses of THg and MeHg in biological samples were performed
at the Jožef Stefan Institute, Ljubljana, Slovenia. Total mercury in MH,
MB, and meconium of Croatian population was determined using a
Direct Mercury Analyser (DMA; Milestone, USA). The method is de-
scribed in detail elsewhere (EPA Method 7473, 1998; Miklavčič et al.,
2011). Meconium samples of the Slovenian population were digested
with the addition of 2mL of a mixture of 65% HNO3 + 70% HClO4

(1:1, v/v) and 5mL of 96% H2SO4. Samples were heated to 220 °C for
20min. For determining THg in the digested samples, a semi-automated
Mercury Analyser based on cold vapour atomic absorption spectro-
metry (CVAAS, Model Hg-201; Sanso Seisakusho Co. Ltd., Japan) was
used. The method is described in detail elsewhere (Akagi, 1997). All
measurements were performed under strict quality control procedures
and gave comparable results (Miklavčič et al., 2011; Trdin et al., 2019).
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To check the accuracy of the meconium measurement method, we
used the NIST SRM 2781 Domestic sludge. The assigned value
(3.68 ± 0.14 μg/g) was in good agreement with the determined value
(3.62 ± 0.08 μg/g, k= 2; n= 12).

Unfortunately, in some cases there was not enough sample to per-
form both measurements for THg and MeHg. Therefore, MeHg in me-
conium was measured in samples that were available. For this purpose,
the samples were first homogenised and then ~0.2 g was weighed into
glass tubes. Then, 10mL of 4M HNO3 was added and the mixture was
heated at 72 °C for 24 h (Hammerschmidt et al., 2013). After cooling,
the digested samples were diluted to 30mL with MQ water. An aliquot
of the digested sample was transferred to measuring glass vials, and
neutralised with 0.7mL of 13M KOH and the pH was adjusted to 4.6
with the addition of 1mL of citrate buffer. Then, 50 μL of ethylating
reagent (1% NaBEt4 in 1% KOH) (Liang et al., 1994) was added to the
measuring vials. The vials were capped and placed into the Tekran
2700 automated system with an auto sampler. Ethylated MeHg as
ethylmethylmercury was purged onto a Tenax trap and thermally des-
orbed (180 °C) onto an isothermal gas chromatography (GC) column.
Hg species were converted to Hg0 by pyrolysis at 600 °C and measured
by cold vapour atomic fluorescence detector (CVAFS, Tekran Instru-
ments Corporation, Canada). To check the accuracy of MeHg mea-
surements, we analysed lyophilised whole human blood PT-WB1 ob-
tained from a non-exposed population as a reference material. MeHg in
PT-WB1 was determined in the PHIME project through interlaboratory
comparisons. The assigned value (5.8 ± 0.5 μg/kg) was in good
agreement with the determined value (5.76 ± 0.25 μg/kg, k= 2;
n=12).

Total Hg and MeHg concentrations were determined on a wet
weight basis because we observed some MeHg degradation during
lyophilisation. The average H2O content calculated on a subsample
(N=10) was 75.8 ± 2%. Inorganic mercury levels (presumably the
majority was in the form of Hg(II)) were calculated by subtracting
MeHg from THg.

The estimated measured uncertainty for Hg determination in me-
conium was 9.8% (k= 2) for THg measurements, 11.4% (k=2) for
MeHg measurements, and 15.0% (k=2) for Hg(II) levels. The limits of
detection (LODs) calculated as three times the standard deviation of the
blank sample were 0.11 ng/g for THg and 0.02 ng/g for MeHg mea-
surements. The limits of quantifications (LOQs) calculated as ten times
the standard deviation of the blank sample were 0.36 ng/g for THg and
0.05 ng/g for MeHg.

2.4. Statistical analysis

Principal component analysis (PCA) was performed to summarise
the main patterns of variations between Hg in meconium, seafood in-
take, and number of dental amalgams as active variables and personal
characteristics and habits as supplementary variables (Spearman rank
correlation with Varimax rotation; N= 100). PCA was performed using
the XLSTAT statistical package.

Further statistical analysis were performed using STATA 12 soft-
ware. The distribution of measured Hg species in samples was checked
using the Shapiro-Wilk test. Hg concentrations in all measured samples
were not normally distributed. Therefore, median values were used to
describe the original data. For comparison between populations, we
used the Mann Whitney U; chi-square (χ2); ANOVA; and Kruskal-Wallis
tests, depending on the variable used.

In the next step, Spearman correlations between meconium Hg
species and Hg in MB was performed only for Croatian population,
while other correlations (meconium Hg levels and MH Hg, dental
amalgams, seafood intake, BMI, age, gestational age, birth weight) in-
cluded both populations. To confirm observed Spearman's correlations
we performed multiple linear regression on Slovenian population, as
they had complete information on dental amalgams and seafood intake.
Before performing multiple linear regression analysis, the HgTa
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concentrations in meconium were log-transformed. Models were de-
signed to study associations between meconium Hg species and possible
covariates. Models were adjusted for selected personal characteristics
and habits (seafood intake, number of dental amalgam fillings, smoking
status, pre-pregnancy body mass index (BMI), maternal age, parity,
gestational age, child's sex, and birth weight) and were included to
provide the highest R2. They were designed to cover and include all
possible variables that could have an impact on meconium Hg levels.
The level of significance (p) was set at 0.05.

3. Results and discussion

Our studied population included pregnant women and their new-
borns from central Slovenia (N=287 pairs) and coastal Croatia
(N= 201 pairs). The average age of mothers at delivery was 30.4 years,
their pre-pregnancy BMI was 23.7 kg/m2, and for 47% of them having
their first pregnancy. Approximately 3% of women self-reported never
eating any kind of seafood. We identified 38% of women as ‘ever-
smokers’. New-borns’ average gestational age was 39 weeks and their
average birth weight was 3.5 kg, and 52% of them were boys. Table 1
lists all collected demographic data, including p value to determine the
difference between both populations.

In this issue we have presented the Hg speciation results in MB and
cord blood from the same population (Trdin et al., 2019). Table 2 lists
the results of Hg measurements in meconium. Median THg concentra-
tions in meconium (reported in wet weight) are on average higher than
those reported previously in MB and cord blood of the same partici-
pants, namely 2.04 and 1.84 ng/g, respectively (Miklavčič et al., 2013).
Median THg concentrations measured in meconium from our study are
higher compared to those found in Manila, the Philippines, USA, and
Austria, and lower than those reported in Tagum, the Philippines,
Taiwan, and Turkey (Table 2). The study from Tagum, Philippines
(Ramirez et al., 2000) reported much higher levels of meconium Hg in
comparison with study from Manila, Philippines (Ostrea et al., 2002). It
could be that results differ because the Tagum study included partici-
pants from artisanal gold mining and processing community. In con-
trast, study from Manila included randomly selected newborns from
different hospitals, which were included to present socioeconomic

cross-section of hospitals in Manila.
On the other hand, our data showed wider range of exposure with

higher maximum values (Table 2). Only one study from Istanbul re-
ported much higher Hg levels with average value of 9.4 μg/g (Unuvar
et al., 2007). We did not observe a statistically significant difference
between Slovenian and Croatian population in meconium THg levels
(p= 0.601) or Hg(II) levels (p= 0.437), however, there was a statis-
tically significant difference between populations in meconium MeHg
(p < 0.001) and % Hg(II) (p < 0.001) levels. The MeHg level in the
Croatian population is higher because pregnant women from Croatia
ate seafood more frequently than did Slovenian women (Table 1). Le-
vels of meconium THg were significantly correlated with meconium
MeHg (Rs= 0.345, p < 0.001) and Hg(II) (Rs= 0.999, p < 0.001),
and also correlation between meconium MeHg and Hg(II) was sig-
nificant (Rs= 0.329, p < 0.001).

As observed from Table 2, Hg(II) presented the majority
(82%–100%) of measured THg in meconium. To the best of our
knowledge, this is the first study to perform Hg speciation in meconium
with such a large sample size. Median values of meconium Hg are ~2-
fold higher compared to study from USA. Additionally, our results
showed wider range of exposure to all Hg species (Table 2). The latter is
presumably related to the fact that they performed Hg speciation on a
very limited sample size (N=14) and median THg concentrations
found in blood of participating women were also lower, compared with
ours (0.48 vs. 2.04 ng/g) (Rothenberg et al., 2019; Trdin et al., 2019).

Intestinal MeHg demethylation and biotransformation to inorganic
Hg are clearly important steps in MeHg excretion from the adult body
(Caito et al., 2018; Rowland et al., 1977), but in some cases higher
proportions of MeHg in faeces indicated that MeHg can also be trapped
in faeces until defecation (Rand et al., 2016). In comparison with
MeHg, Hg(II) in faeces has lower (re)absorption capacity (~95% vs.
~7%) and the major part of excreted Hg(II) is retained in faeces until
defecation (Horvat et al., 2012). According to literature data, we hy-
pothesised that MeHg demethylation makes the highest contribution to
Hg(II) content not only in faeces (Ou et al., 2014) but also in meconium
(Rothenberg et al., 2019), although intestinal demethylation mechan-
isms are not fully characterised (Rothenberg et al., 2017). For com-
parison, Hg(II) content in human stool samples varies from 68% to >

Table 2
Results of total Hg (THg), methyl-Hg (MeHg as Hg), and inorganic Hg (Hg(II)) in ng/g wet weight; and percentage of Hg(II) (%) in the samples of meconium from our
study; and Hg concentrations in meconium as reported in the selected literature. Median values, range, and number observed are shown below.

Our study Literature

Meconium Hg Slovenia Croatia All Philippines, Manilaa USAb Austriac Philippines, Tagumd Taiwane Turkeyf

THg [ng/g] Median 11.5 10.1 11.1 3.17 3.9 4.0 48.6 82.6 9.4 (μg/g)
Range 0.41–375.2 1.18–359.8 0.41–375.2 0.43–71.6 0.64–11.0 0.4–128 20–200 0–66.5
N 287 201 488 426 14 36 36 545 143
CV (%) 170 165 169

MeHg
[ng/g]

Median 0.07 0.19 0.10 0.0078
Range 0.005–1.39 0.005–3.13 0.005–3.13 <MDL-0.078
N 204 145 349 17
CV (%) 139 124 147

Hg(II)
[ng/g]

Median 10.6 9.98 10.4 3.9
Range 0.40–375.2 1.63–359.7 0.40–375.2 0.64–11.0
N 204 145 349 14
CV (%) 195 179 189

%Hg(II)
[%]

Median 99.2 98.1 98.8 100
Range 81.9–100 88.2–100 81.9–100 99–100
N 204 145 349 14
CV (%) 2.2 1.9 2.1

All-combined Slovenian and Croatian population; CV-coefficient of variation.
a Ostrea et al., 2002, in ng/ml.
b Rothenberg et al. (2019).
c Gundacker et al. (2010).
d Ramirez et al. (2000).
e Jiang et al. (2014).
f Unuvar et al. (2007), in μg/g.
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95% of THg (Rand et al., 2016). In addition to MeHg demethylation,
high Hg(II) content also results from Hg0 oxidation released from dental
amalgam fillings and inhaled from the atmosphere which is oxidised by
catalase in blood and other tissues (Clarkson, 1997) and from accu-
mulation of Hg(II) from food, cosmetics and other sources (Ou et al.,
2014). According to all possible sources of Hg(II) it is difficult to find a
reliable estimation of contribution for each one.

PCA was performed to test the most probable origin of meconium
Hg, the factors that could contribute to high Hg(II) content in meco-
nium, and how our data is correlated. Fig. 1a shows results of PCA
between main (active) variables (marked in red), namely, meconium
THg, maternal seafood intake, and number of dental amalgams, and
covariate (supplementary) variables (marked in blue), namely, ma-
ternal smoking status, maternal age, pre-pregnancy BMI, parity, ge-
stational age, sex, birth weight). The first PCA covered 74.69% of
variability (N= 100). In the second PCA (Fig. 1b) we included Hg
speciation in meconium, and therefore the active variables include
meconium Hg(II) and MeHg, maternal seafood intake, and number of
dental amalgams and the supplementary variables are the same as in
Fig. 1a. The second PCA covered 67.79% of variability (N=100).
Based on the results in Fig. 1a, we can assume that meconium THg
levels are correlated with both, maternal seafood intake and number of
dental amalgams. Furthermore, Fig. 1b shows that MeHg in meconium
was highly related with maternal seafood intake. By contrast, Hg(II) in
meconium was more related to number of dental amalgam fillings than
to seafood intake. However, the correlation between meconium Hg(II)
and amalgams is not as strong as that between meconium MeHg and
seafood intake. The reason can be that not all Hg(II) is accumulated in
meconium, a part is circulating between foetal swallowing of amniotic
fluid and foetal urine excretion (Gilbert and Brace, 1989; Stigter et al.,
2011).

Beside the PCA we further examined the Spearman correlation
coefficients, which are presented in Table 3. Results of Spearman's
correlation analysis are consistent with correlations observed from PCA.
We found a significant correlation between seafood intake and Hg
species in meconium, with the highest correlation in case of meconium
MeHg levels (Rs= 0.498). Maternal seafood intake was also sig-
nificantly correlated with meconium Hg(II) levels (Rs= 0.201). Fur-
thermore, number of dental amalgam fillings were weakly correlated
with THg (Rs= 0.175) and Hg(II) (Rs= 0.145) in meconium but not

with MeHg (negative, nonsignificant correlation). Correlations between
Hg species in meconium and maternal blood were additionally per-
formed as rough estimations, because we sampled MB at only one point
during pregnancy, but meconium starts to form at the beginning of the
2nd trimester and MB was available only for Croatian population.
However, all Hg that can be passed to the foetal side originates from
maternal blood (plasma). The correlation between MeHg in MB and
meconium was high and significant (Rs= 0.898); however Hg(II) levels
in MB and meconium were not significantly correlated. These results
are consistent with the recently published study (Rothenberg et al.,
2019). Moreover, Table 3 showed correlation between meconium and
MH Hg levels, as the latter, like meconium, indicates, a long-term ex-
posure (Horvat et al., 2012). The highest correlation was observed
between THg in hair and MeHg in meconium (Rs= 0.829). Despite the
discrepancy regarding the time of sampling as described above, the
observed correlations obviously reflect constant dietary habits of the
mothers during the pregnancy period.

To confirm the correlations shown in Table 3, we performed mul-
tiple linear regression analyses (Table 4). In linear regression modelling
we did not adjust for MB. The major reason for exclusion of blood is to
avoid misinterpretations, as blood was taken only once in the 3rd tri-
mester; further, we did not have the exact time of the collection of
meconium after birth, and in literature it was shown that Hg con-
centrations measured in meconium depend on the time of its collection
(Ortega Garcia et al., 2006). Furthermore, blood was available only for
the Croatian population, which also had a lot of missing values for
dental amalgams. Therefore, we decided to include only the Slovenian
population in the regression modelling (N=143) and to include only
those variables (e.g. seafood intake, dental amalgam), which present
exposure to Hg and presumably did not change throughout the preg-
nancy or could modify Hg kinetics mechanisms (BMI, age, smoking
status, parity, etc.).

As shown in Table 4, meconium THg and Hg(II) levels were posi-
tively associated with the number of dental amalgams. Furthermore,
meconium MeHg levels were associated with maternal seafood intake.
The meconium ratio between Hg(II) and MeHg levels suggested that
this ratio is negatively associated with maternal seafood intake and
positively associated with the number of dental amalgams. Girls had
statistically higher levels of MeHg in meconium (0.24 vs. 0.20 ng/g);
however, this difference is probably not physiologically important. By

Fig. 1. PCA between active variables (marked in red), namely, (a) seafood intake, number of dental amalgams, and meconium THg levels; as well as (b) seafood
intake, number of dental amalgams, meconium Hg(II), and meconium MeHg; and supplementary variables (marked in blue), namely, maternal smoking status,
maternal age, pre-pregnancy BMI, parity, gestational age, sex, and birth weight for the Slovenian population. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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combining the results from Tables 3 and 4, we can suggest, that both
MeHg from seafood (Kajiwara et al., 1996) and Hg0 vapour from dental
amalgams (Clarkson et al., 1972) were transported through the pla-
cental barrier and accumulated in meconium.

Regression modelling showed that meconium MeHg was highly
associated with maternal seafood intake; however, statistically sig-
nificant correlation (Table 3) between seafood intake and meconium Hg
(II) was not confirmed in linear regression modeling (Table 4). There-
fore, MeHg demethylation process could not be entirely confirmed nor
excluded. As multiple regression (Table 4) was performed only on
Slovenian population, where seafood intake is lower compared with
Croatian participants (Table 1), it is possible, that at higher levels of
exposure the results of statistical analysis would be different. However,
results from Rothenberg et al. (2019) which observed no correlation
between fish servings and meconium Hg(II) during late gestation could
be consistent with our study. On the other hand, the lack of an asso-
ciation in the study of Rothenberg et al. could be explained by their
limited sample size (N= 14) or with low seafood intake. Although
MeHg demethylation in the environment and biota is well established
(Du et al., 2019), and gut demethylation of MeHg in adults was con-
firmed as an essential step in reducing its bioavailability (Li et al., 2018;
Rand et al., 2016), based on our data, we cannot confirm nor exclude
the hypothesis of intestinal MeHg demethylation during prenatal life. If
MeHg demethylation occurs we expect that seafood intake, as a major
source of MeHg in MB, would be positively associated with Hg(II) in
meconium. This agrees with an in vitro study indicating that human
neonate and infant cannot demethylate MeHg in the gut (Rowland
et al., 1983). Furthermore, MeHg demethylation was shown to be in-
itiated postnatally (Byczkowski and Lipscomb, 2001). It is assumed that
with increased maternal seafood intake the MeHg concentration in
maternal plasma increases, resulting in increased placental transport of
MeHg (Kajiwara et al., 1996; Kuhnert et al., 1981). As we found rela-
tively low MeHg concentrations in meconium, we hypothesise that the
major part of MeHg is distributed throughout foetal tissues and partially
returned in maternal blood system, and that only a small part is ex-
creted to the meconium. Once inside the meconium, MeHg is probably
there accumulated without any biotransformation, given that intestinal
functions are not initiated during the prenatal period and that the
processes of bile excretion, gut absorption, and gut demethylation are
usually assumed to be inactive for physiologically based pharmacoki-
netic modelling (Ou et al., 2018). Clearly, further studies are needed, to
confirm this observations and to establish mechanisms at higher levels
of exposure.

If we focus on the statistical model with meconium Hg(II) levels
(Table 4), the results showed weak, but significant association between
Hg(II) in meconium and the mother's number of dental amalgam fill-
ings. Similarly, Rothenberg et al. reported significant positive correla-
tion between meconium THg and maternal amalgam fillings
(Rothenberg et al., 2019). Consistently, Gundacker et al. reported po-
sitive association between both THg in meconium and Hg(II) levels in
placenta and the number of dental amalgam fillings (Gundacker et al.,
2010). Two mechanisms may be responsible for such association. The
first is the Hg0 transport through the placental barrier (Clarkson et al.,
1972; Yoshida, 2002) and oxidation of Hg0 to Hg(II) on the foetal side
(Takahashi et al., 2003) and the second is Hg0 oxidation in MB (Magos
et al., 1978) and Hg(II) transport through the placenta (Oliveira et al.,
2015; Ou et al., 2014).

Hg0 vapour is readily absorbed by the lungs and diffused into the
blood (Park and Zheng, 2012). Hg0 is, to some extent, dissolved in
blood; a minor part is bound to haemoglobin; and the majority is oxi-
dised to Hg(II) by catalase (Magos et al., 1978). Although the oxidation
process occurs in a relatively short time, it is still long enough for lipid-
soluble Hg0 to penetrate the blood-brain and placental barriers (Park
and Zheng, 2012). The exact mechanism and location of Hg0 oxidation
is currently unknown; however, it was shown that as in maternal tissues
foetal tissues could also convert Hg0 to Hg(II). An animal studyTa
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indicated that the distribution of Hg0 and oxidation to Hg(II) is de-
termined by tissue-specific factors such as perfusion rate and the con-
centration of Hg-binding ligands (Morgan et al., 2002). Literature on Hg
speciation in human placenta and amniotic fluid is limited. To compare
levels of Hg species in different biological matrices we took data from
Hg speciation in maternal blood from the same population (Trdin et al.,
2019) and data on Hg speciation in placental tissue performed on
Slovenian population (central Slovenia) (Horvat et al., 1991). Un-
fortunately, Suzuki et al. did not report on Hg levels in maternal blood,
but to the best of our knowledge, this is the only study which performed
Hg speciation in amniotic fluid (Suzuki et al., 1977). However, Table 5
shows that the Hg(II) content is relatively low only in MB. By contrast,
in placenta and amniotic fluid, Hg(II) presents more than half of mea-
sured THg, and in meconium, the majority of THg is in Hg(II) form.
From these data, we assumed that Hg0 oxidation occurs in the placenta
or amniotic fluid (Bogdanović Pristov et al., 2009). During gestation,
the placenta increases in mass and perfusion to provide nutrients and
gases to the foetus, and consequently, the amount of Hg0 reaching the
foetus is increased. At this time the formation of reactive oxygen species
is an unavoidable consequence of aerobic metabolism and accordingly,
the activity of enzymes required for antioxidant defence (superoxide
dismutase, catalase, and peroxidase) increases (Watson et al., 1998).
Therefore, we can assume that although the influx of Hg0 is increased,
the activity of catalase, a major factor required for Hg0 oxidation, is also
increased. This would lead to rapid oxidation of Hg0 to Hg(II) and the
majority of Hg(II) is probably complexed in placenta (Kuhnert et al.,
1981). The placenta has key factors, glutathione (Mover and Ar, 1997),
metallothioneins (Itoh et al., 1996), and selenium (Khan and Wang,
2009) that all have high affinity for Hg(II), and they may limit the
amount of Hg(II) reaching the foetus. As shown recently, some of Hg(II)
can also pass through placenta (Ou et al., 2014). However, due to high
perfusion some Hg0 is transported through the placental barrier and can
also be oxidised in amniotic fluid or in foetal tissues. This is supported
by a study on pregnant rats that showed that Hg0 from dental amalgams
was accumulated in the placenta but some part also crossed the pla-
centa and was oxidised in the foetal liver (Takahashi et al., 2003).
However, Hg(II) present in amniotic fluid could be from foetal urine
and swallowed by the foetus combined with other nutrients
(Underwood et al., 2005). If Hg0 is transported and oxidised in foetal
liver, we assume, that some part of Hg(II) is also transported to the
meconium. Once in the meconium Hg(II) is unlikely to re-cross the
membranes and is probably accumulated in the meconium until defe-
cation after birth.

The main drawback of our study is the lack of precise data on dental
amalgam fillings (as one of the important sources of Hg(II) in meco-
nium) for the Croatian population, meaning that we were unable to
include both populations in linear regression models. Further, MB was
not available for the Slovenian participants. Additionally, we did not
have the exact date and hour of meconium collection after birth; this is
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Table 5
Average contents (with range and number observed) of inorganic Hg (%Hg(II))
content in different biological matrices as reported in literature and herein. For
MB and meconium are presented median values, and for placenta and amniotic
fluid arithmetic means.

MBa placentab amniotic fluidc meconiumd

central amnion chorion

% Hg(II) 14.1 79 65 75 75 98.8
0–95.7 43–95 38–90 52–94 65–88 81.9–100
225 17 17 17 57 349

a Trdin et al. (2019).
b Horvat et al., 1991.
c Suzuki et al. (1977).
d Present study.
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problematic, as it was shown, that Hg concentrations depend on the
time of meconium collection (Ortega Garcia et al., 2006). To precisely
follow the Hg kinetics in meconium and investigate occurrence of de-
methylation process, it would be reasonable to sample MB several times
during gestation.

4. Conclusions

This is the first study to perform Hg speciation in meconium on such
large sample size. Our results showed that Hg(II) presented the majority
(82%–100%) of measured THg in the meconium. To identify possible
sources of Hg species in meconium we examined the correlations be-
tween Hg in meconium with Hg species in MH, MB, and personal
characteristic obtained from the questionnaires. We observed sig-
nificant correlation between meconium and MH Hg levels, as the latter,
like meconium, indicates a long-term exposure. Furthermore, from the
observed associations, we can suggest that high Hg(II) content in the
meconium results from the transport of Hg0 vapour from maternal
dental amalgam fillings through the placental barrier and the sub-
sequent partitioning of Hg(II) in foetal tissues, body fluids, and meco-
nium. Correlation between maternal seafood intake and Hg(II) levels in
meconium was not confirmed with linear regression, therefore there is
certain evidence of MeHg demethylation, but in our study it is unlikely
that MeHg biotransformation would significantly contribute to high Hg
(II) content found in meconium.

Observed associations between meconium MeHg and seafood in-
take, and meconium Hg(II) and dental amalgams were significant only
when meconium Hg species were taken into account in contrast to
meconium THg measurements. Based on our data we can conclude that
meconium is a suitable biomarker to assess prenatal Hg exposure to
MeHg and Hg0 under the condition that Hg speciation analysis is per-
formed. With this approach, we will characterize the levels of prenatal
Hg exposure from different sources. Sampling of meconium is non-in-
vasive and simple, however, methods used so far are not standardized,
therefore the results obtained in different studies are not entirely
comparable. Further studies are also needed to test the hypothesis of
MeHg demethylation, which would limit the use of meconium as bio-
marker of prenatal MeHg exposure.
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