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A B S T R A C T

We investigated the relationship between lipid binding glycoprotein apolipoprotein E (apoE; gene APOE)
polymorphisms (ε4 allele carriers versus no carriers = ε4+/ε4−) and trace elements (TEs) (e.g., (methyl)
mercury, arsenic, lead, cadmium, selenium, manganese, copper, and zinc) in mothers (N = 223) and their new-
borns (N = 213) exposed to potentially toxic metal(loid)s from seafood consumption. The apoE isoform encoded
by the ε4 allele is believed to have beneficial effects in early life but represents a risk factor for age-associated
diseases. Under certain conditions ε4 carriers are more susceptible to oxidative stress and metal(loid) toxicity.
DNA from Croatian pregnant women (N = 223, third trimester) and their new-borns (N = 176), was genotyped
for APOE by TaqMan® SNP assay – rs429358 and rs7412. Seafood intake data and TE levels in maternal urine,
milk, hair, peripheral venous blood, mixed cord blood, and new-borns’ urine were available from previous
studies. We compared TEs between ε4+ and ε4− carriers using Mann-Whitney U tests and applied multiple
linear regression models to analyse the TE’s dependence on the presence of allele ε4 (genotypes ε3/ε4, ε4/ε4) in
combination with other explanatory variables. We identified 17% (n = 37) and 20% (n = 35) ε4 allele carriers
in mothers and new-borns, respectively. The Mann-Whitney U test showed that mothers with the ε4 allele had
significantly higher mean levels of (methyl)mercury in peripheral venous blood, cord blood, and hair; arsenic in
urine and cord blood; and selenium in peripheral venous blood and plasma. However, taking confounders into
account, only the maternal plasma selenium remained statistically significant in the linear regression models (ε4
carriers vs non-carriers: 62.6 vs 54.9 ng/mL, p < 0.001). Literature suggestions of possible ε4 allele impact on
Hg levels were not observed, while superior selenium status observed in healthy pregnant women carrying allele
ε4 could be linked to the proposed APOE ε4 beneficial effects early in life.

1. Introduction

Apolipoprotein E (apoE, gene APOE) is a pleiotropic lipid binding
plasma (and cellular) glycoprotein that plays a central role in general
and neuronal lipid metabolism by directing lipid transfer, uptake, and
excretion (Giau et al., 2015; Huang and Mahley, 2014). Some studies
also point to its antioxidative, metal-binding, and immunomodulatory/
anti-inflammatory roles (Egert et al., 2012; Jofre-Monseny et al., 2008;

Vitek et al., 2009). It has three major isoforms — apoE2, apoE3, and
apoΕ4 — encoded by the alleles ε2, ε3, and ε4, respectively. In general,
the alleles frequencies are from 0 to 14% for ε2, 49–90% for ε3 and
5–37% for ε4 (Giau et al., 2015). Protein isoforms differ in one amino
acid at two positions (apoE2: 112cys, 158cys; apoE3: 112cys, 158arg;
and apoE4: 112arg, 158arg) and differently affect peripheral lipid and
brain neuronal homeostasis (Huang and Mahley, 2014). The apoΕ4
isoform is believed to have several age-related disadvantages over
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apoE3 and apoΕ2, mostly attributed to its comparatively lower anti-
oxidative effect (Miyata and Smith, 1996; Xu et al., 2014), and lower
degradation and clearance capacity for β-amyloid in the brain, with the
consequent higher risk of developing Alzheimer’s disease (Giau et al.,
2015). Alternatively, many consider apoE4 to be a global activator of
the innate immune function, providing a high survival value in a po-
pulation exposed to high levels of infectious diseases (Vitek et al.,
2009). Further, experimental and epidemiological evidence suggest
that apoE allele ε4 is associated with higher levels of serum cholesterol,
vitamin D (Huebbe et al., 2011), and higher bone Ca assimilation (Egert
et al., 2012) in the general population, and higher progesterone levels
in women (Jasienska et al., 2015). These factors can be beneficial in
early life and promote higher fertility in women. Specifically, optimal
cholesterol levels are important for prenatal and postnatal neurodeve-
lopment (myelination, synaptogenesis) and steroid hormone and vi-
tamin production; while higher vitamin D and calcium levels are es-
sential for bone growth. Smith et al. (2019) and Tuminello and Han
(2011) recently published literature reviews of studies that support the
hypothesis of the ε4 allele’s beneficial effects during different life
stages. However, a few studies have suggested that APOE allele ε4
carriers may be more susceptible to (methyl)mercury toxicity during
early neuronal development (Ng et al., 2013; Snoj Tratnik et al., 2017),
whereas the opposite was found for lead (Pb) (Wright et al., 2003).
Similar inconsistencies relating to other apoE effects suggest that either
apoE4 or APOE ε4 may interact with various other factors (e.g., related
gene polymorphisms, epigenetics, essential nutrient deficiency, pollu-
tant exposure, or viral infections); consequently, its effects on a parti-
cular condition, such as Alzheimer's disease (AD) or neurodevelopment,
will depend on a person’s risk profile (Haas and Lathe, 2018; Nehls,
2016; Rea et al., 2016; Tuminello and Han, 2011).
The potential higher susceptibility to metal toxicity and oxidative

stress of ε4 carriers is based on experimental studies. In vitro studies
have shown that different isoforms have different antioxidant proper-
ties for protecting against hydrogen-peroxide-induced oxidative stress,
with ε4 having the least and ε2 having the most protective effect.
Further, experimental studies also showed that apoE can bind metal
ions such as copper, zinc, and iron (Miyata and Smith, 1996) and
modify the expression of metal-regulating proteins, metallothioneins
(Augsten et al., 2011; Florianczyk, 2007; Graeser et al., 2012). Previous
research also suggests that apoE isoforms can affect the metabolic fate
of metals and/or metal-related oxidative stress involved in AD and
other disease aetiology (Egert et al., 2012; Jofre-Monseny et al., 2008;
Xu et al., 2014). Mercury is among the metals of interest (Godfrey et al.,
2003; Mutter et al., 2004). The general population is exposed to in-
organic mercury (iHg) through dental amalgam fillings and to me-
thylmercury (MeHg) through seafood consumption. Marine fish have
some of the highest levels of nonessential metal(loid)s such as arsenic
(although mostly in the nontoxic arsenobetaine form), mercury (mostly
as methylmercury), and moderate amounts of lead and cadmium (Bosch
et al., 2016). Marine fish also contain high levels of beneficial nutrients
such as long-chain polyunsaturated fatty acids, zinc, and vitamin D,
which are important for optimal prenatal neurodevelopment (Julvez
et al., 2016) and the health of ageing individuals (Morris et al., 2016).
Fish are also a source of the essential element selenium (Morris et al.,
2016), which has several important physiological functions mediated
by selenoproteins in the form of selenocysteine(s) (Pieczyńska and
Grajeta, 2015; Rayman, 2012), such as redox regulation (i.e., thyor-
edoxine reductases), antioxidative functions (i.e., glutathione perox-
idases, selenoprotein P), selenium transfer (selenoprotein P) and
thyroid hormone regulation (i.e., iodothyronine deiodinases). Further-
more, the well-known mutual antagonism between selenium and ar-
senic or between selenium and mercury can diminish the toxic effects of
mercury and arsenic (Falnoga and Tušek-Žnidarič, 2007; La Port, 2011;
Liu et al., 2018; Zeng et al., 2005; Zhang et al., 2014).
Given the suggested mutual metabolic interferences between apoE

and metals, and the impact of either on maternal health during

pregnancy and prenatal neurodevelopment, we focused our attention
on apoE isoforms and various trace elements (TEs). This study aimed to
assess whether there is a relationship between APOE gene polymorph-
isms (ε4 carriers versus no carriers) and trace elements in Croatian
pregnant mothers and their new-borns from the coastal region of the
Adriatic Sea, who have been chronically exposed to low to moderate
amounts of environmental mercury and arsenic from seafood con-
sumption (Miklavčič et al., 2013; Bernhard, 1988; Kosta et al., 1978).
The trace elements included in this study were mercury (Hg; as total
mercury (THg) and methyl mercury (MeHg)), arsenic (As), lead (Pb),
and cadmium (Cd), along with the essential TEs selenium (Se), copper
(Cu), zinc (Zn), manganese (Mn), calcium (Ca), magnesium (Mg), and
iron (Fe),

2. Materials and methods

2.1. Study population

Mothers (n = 223; 19–44 years) and their new-borns (n = 213; 102
girls, 101 boys, 10 with missing sex classification) from the Adriatic
coastal region of Croatia (Rijeka and its surroundings) were recruited in
2007–2009 as part of the wider birth cohort study PHIME (EU 6th
Framework Programme).
The PHIME project (Public Health Impact of Long-term Low-level

Mixed Element Exposure in Susceptible Population Strata) was de-
signed to study metal exposure and its possible negative effects in
people living in the Mediterranean area. Participants were recruited
from four countries (Slovenia, Croatia, Italy, and Greece) (Valent et al.,
2013b). In our previous investigations, we used cord blood Hg levels to
estimate the impact of prenatal mercury exposure on motor, cognitive,
and language performance in 18-month old children of the Croatian
participants (Prpić et al., 2017), combined Slovenian-Croatian (Snoj
Tratnik et al., 2017) and all PHIME participants (Barbone et al., 2019).
Studies confirmed slight statistically significant alterations in fine
motor skills associated with Hg levels in the Croatian and Slovenian-
Croatian cohorts (Barbone et al., 2019; Prpić et al., 2017; Snoj Tratnik
et al., 2017) and Hg-associated cognitive score alterations together with
a co-effect of children’s APOE ε4 allele in the Slovenian-Croatian cohort
(Snoj Tratnik et al., 2017). In the full set of PHIME participants, a si-
milar alteration was observed in gross motor skills, but the significance
was borderline (Barbone et al., 2019). Regarding other exposure bio-
markers, a positive relationship was found between language composite
scores and maternal hair Hg (in the full PHIME dataset) and with ma-
ternal venous blood Hg (Croatian sample) (Barbone et al., 2019).
However, the maternal APOE allelic effect on Hg or other TE levels was
not tested in any of the previous studies.
In the present study we used only the Croatian dataset, which has

the most complete data. The study design (settings, recruitment, ex-
clusion criteria, questionnaires, and biological sampling) are described
in detail in previous publications (Miklavčič et al., 2013; Valent et al.,
2013a, 2013b). The study was conducted in accordance with the De-
claration of Helsinki and its later amendments; the Ethics Committee of
the University Hospital Centre Rijeka approved the protocol for the
Croatian participants (No. 2170-29-02/1-07-1). Mothers gave their in-
formed consent; recruitment and sampling took place at the University
Hospital Rijeka. Participants were sampled during the third trimester of
pregnancy for maternal peripheral venous blood (whole blood, plasma,
and serum), morning urine, and hair (1–3 cm closest to scalp); at de-
livery for mixed cord blood (whole blood, plasma and serum), cord
tissue, and new-borns’ first urine; and one month after delivery for
maternal breast milk.

2.2. Study database

Table 1 summarises the basic study protocols for the collected
samples, including sampling time, analysed TEs with limits of
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detection, and DNA extracts. The obtained TE database consisted of
nonessential Hg (as THg and MeHg), As, Pb, and Cd, and essential Se,
Cu, Zn, Mn, Ca, Mg, and Fe. The TE levels were determined at the Jožef
Stefan Institute (JSI, Ljubljana, Slovenia) and the University Medical
Centre Ljubljana (UMCL, Institute of Clinical Chemistry and Biochem-
istry, Ljubljana, Slovenia) using the methods described below.
Hg levels in maternal hair, blood, and cord blood and in the new-

borns’ urine were determined by thermal combustion at 650 °C, amal-
gamation and analysis using a direct mercury analyser (DMA;
Milestone, USA) (EPA and US EPA (US Environmental Protection
Agency), 2007; Miklavčič et al., 2013). Hg in maternal milk and urine
was determined using a semi-automated mercury analyser based on
cold vapour atomic absorption spectrometry (CVAAS, Model Hg-201;
Sanso Seisakusho Co. Ltd., Japan) (Miklavčič et al., 2013).
MeHg in hair was measured by gas chromatography with electron

capture detection (GC-ECD, Hewlett-Packard Model 5890; HP/Agilent
Technologies; USA) (Horvat and Byrne, 1990). MeHg in maternal
blood, cord blood, and breast milk was measured by cold vapour atomic
fluorescence detection (CV AFS, Tekran 2700 instrument; Tekran In-
struments Corporation, Canada and Brooks Rand Model III, Brooks
Rand Instruments, USA) (Liang et al., 1994).
Hg2+ levels in blood, cord blood, hair, and milk were obtained by

subtracting MeHg from THg.
As, Cd, Pb, Se, Cu, and Zn in blood, cord blood, breast milk, and

urine were previously prepared (Barany et al., 1997; Miklavčič et al.,
2013) and analysed by inductively coupled plasma mass spectrometry
(ICP-MS; 7500ce, Agilent, Tokyo, Japan) equipped with an ASX-510
Auto sampler (Cetac). The mass spectral interferences were eliminated
using an Octapole Reaction System (ORS) with helium, or hydrogen in
case of Se determination.
Se in plasma was measured using a Zeeman electrothermal AAS

(Varian SpektrAA-800 ETAA spectrometer; Varian Australia Pty. Ltd.,
Mulgrave, Victoria, Australia) (Kobal et al., 2004).
Zn in plasma was measured by flame AAS (FAAS, deuterium) using

a Varian SpektrAA-250 Plus FAAS (Varian Australia Pty. Ltd., Mulgrave,
Victoria, Australia) (Tsalev and Zaprianov, 1983).
Ca, Mg, and Fe(III) in serum were determined spectro-

photometrically using their complexes with diazonium salt xilidyl blue
(for Mg at 505–660 nm), o-cresolphtalein (for Ca at 546 and 660 nm)
and ferrozine (for Fe at 570 nm). All measurements were performed on
a Roche Hitachi 917 analyser calibrated by C.f.a.s. (Roche,

Switzerland). To control the method accuracy and precision, we used
Control Sera presenting normal ranges (PerciNorm U, Roche) and pa-
thological ranges (PerciPath U, Roche) of the analysed essential ele-
ments.
Urine concentrations were adjusted for specific gravity (SG) using

an Atago® PAL-10S Refractometer (Japan). Adjustments were per-
formed according to Santonen et al. (2015) as follows: cs = co × (SGref
– 1.000)/(SGo – 1.000), where cs is the corrected concentration; co, the
observed concentration; SGref, the SG reference value; and SGo, the
observed specific gravity. SGref is a population reference value re-
presenting normal or undiluted urine. SGref was 1.021, that is, the
middle value of the SG reference range of 1.018–1.024 for the general
population. For multivariate statistics, we used raw urine data SGo as
the independent variable.
All measurements were performed under strict quality control pro-

cedures and gave comparable results. The limits of detection (LODs),
calculated as three times the standard deviation of the blank sample,
are included in Table 1. The reference materials Seronorm™ Trace
Elements in Whole Blood L-1, and Seronorm™ Trace Elements in Serum
L-1 were used to check the accuracy of the methods. Becton Dickinson
tubes for trace elements (7 mL) were used for blood sampling.
Personal characteristics (e.g., age, pre-pregnancy body mass index

(BMI), parity, estimated gestation week at sampling (EGW) and at de-
livery (EGA)), and lifestyle data (e.g., seafood consumption, smoking
habits, education, employment, supplement intake) were obtained
through two subsequent questionnaires: the first during pregnancy and
the second during breastfeeding. Parity was defined as the number of
times a participant carried a pregnancy to a viable stage (> 20 weeks of
gestation). Self-reported smokers during pregnancy (8.5%) and self-
reported former smokers (32%; defined as those quitting smoking im-
mediately before or at the beginning of the pregnancy) were combined
in the group ‘ever-smokers’ (40.5%). Daily seafood intake was esti-
mated from the second questionnaire with several questions on seafood
that addressed the frequency (never, 1x/month, 1–3x/month, 1x/week,
2–4x/week, 5–6x/week, 1x/day, 2–3x/day,> 3x/day) that 150 g ser-
vings of fish, crustaceans, molluscs (boiled, grilled, fried, baked, or in
oil) was consumed. Selected characteristics data stratified by maternal
genotyping results (presence versus absence of ε4 allele) are presented
in the results (Section 3.2).

Table 1
Basic sampling and analytical data for Croatian cohort of mothers (N = 223) and their new-borns (N = 213) (PHIME project subgroup).

Sampling time and participants’
samples

TE analysed(LOD) DNA extraction N of analysed samples
(%)

3rd TRIMESTER
Maternal hair Hg(0.2 ng/g), MeHgd(0.02 ng/g) 222 (99.6)
Maternal blooda Hg(0.02 ng/g), MeHg(0.02 ng/g), Pb(1.3 ng/g), Cd(0.12 ng/g), As(0.13 ng/g), Se(5 ng/g), Mn(2 ng/g),

Cu(11ng/g), Zn(20 ng/g)
223 (100)

Maternal plasma Se(0.16 ng/mL), Zn(1.6 ng/mL) 212 (95.1)
Maternal serum Fe, Mg, Ca 209 (93.7)
Maternal leukocytes – Blood DNA 223 (100)
Maternal urineb Hg(0.01 ng/mL), MeHgd(0.003 ng/mL), Pb(0.1 ng/mL), Cd(0.04ng/mL), As(0.4 ng/mL), Se(2.8 ng/mL),

Mn(0.2 ng/mL), Cu(1 ng/mL), Zn(2 ng/mL), SG,
220 (98.7)

AT DELIVERY
Cord bloodc Hg (0.02 ng/g), MeHg.(0.02 ng/g) Pb(1.3 ng/g), Cd(0.12 ng/g), As(0.13 ng/g), Se(5 ng/g), Mn(2 ng/g),

Cu(11 ng/g), Zn(20 ng/g)
205 (91.9)

Cord plasma Se(0.16 ng/mL), Zn(1.6 ng/mL) 190 (85.2)
Cord serum Fe, Mg, Ca 184 (82.5)
Cord tissue – Tissue DNA 176 (82.6)
New-born’s first urine Hg (0.02 ng/mL), SG 126 (59.2)

1 MONTH POST-DELIVERY
Maternal breast milk Hg (0.045 ng/g), MeHgd(0.003 ng/g), Pb(0.4 ng/g), Cd(0.04 ng/g), As(0.04 ng/g), Se(0.9 ng/g), Mn(0.4 ng/g),

Cu(6 ng/g), Zn20ng/g)
123 (55.2)

N – Sample size; LOD – Limit of detection; SG – Specific gravity; a – Peripheral venous blood;
b – Morning urine; c – Mixed venous-arterial blood; d – MeHg analysed in cases when total Hg in maternal hair exceeded 1 μg/g.
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2.3. APOE genotyping

Archived high molecular DNA extracts (stored at −80 °C) from
maternal leukocytes and umbilical cord tissues were provided by the
Faculty of Pharmacy, University of Ljubljana. DNA extraction was
performed using a High Pure PCR Template Preparation Kit (Roche)
and a QIA amp DNA Mini Kit (Qiagen, USA). The DNA was genotyped
using a TaqMan® pre-designed SNP genotyping assay (small scale) with
C_3084793_20 for rs429358 and C_904973_10 for rs7412 (Applied
Biosystems, Foster City, Ca, USA) according to the given procedure. A
LightCycler 480 II (Roche) was used to identify polymorphisms:
rs429358 (c.334 T > C; Cys112Arg) and rs7412 (c.472C > T;
Arg158Cys). Based on these results, we determined the genotype of
each individual. The distribution of the APOE genotype frequencies
were in Hardy-Weinberg equilibrium (p > 0.05; Chi-square test).
Mothers and new-borns were then divided into ε4 carriers (genotypes
APOE ε3/ε4 and ε4/ε4) versus ε4 non-carriers (genotypes APOE ε3/ε3,
ε3/ε2, and ε2/ε2). Carriers of the genotype ε2/ε4 were excluded from
both groups because specific properties of ε4 are weakened when the ε4
allele is combined with the ε2 allele; apoE2/4 proteins are suspected to
functionally resemble apoE3/3 proteins.

2.4. Statistical analyses

First, we divided all samples into two groups, ε4+ and ε4−, ac-
cording to maternal genotype. The distribution of TEs in the two groups
was compared using the Mann-Whitney U test. The influence of ε4 on
TE concentration controlling for the other explanatory variables (ob-
tained through questionnaires) was examined using multiple linear
regression models. All dependent variables, such as TE levels in

maternal blood, serum/plasma, hair, urine, and milk were normal log-
transformed to avoid heteroscedasticity. The independent variables
included the presence of maternal APOE allele ε4, presence of parity,
maternal pre-pregnancy BMI, maternal age, seafood intake (servings/
day), ever-smoking, and urine SGo. We extended independent variables
for mixed cord blood and cord plasma/serum with newborns’ char-
acteristics: EGA, birth weight, and sex. According to Gundacker et al.
(2000), “the maternal genotype determines the placental environment (…),
while the foetal genotype determines the capacity of the placenta to cope with
this environment”. Given the supposed complementary effects of ma-
ternal/foetal genotype on (mixed) cord blood and placenta, we ana-
lysed the combined effect of maternal/foetal APOE allele ε4 using the
presence of at least one allele ε4 in either the mother or new-born as an
explanatory variable. A flow chart of the number of participants in-
cluded in the statistical analyses is shown in Fig. 1.
Multiple regression model diagnostics were performed based on an

analysis of the residuals. All models were checked for collinearity. The
p-values for the individual effect of each explanatory variable were
corrected according to the simultaneous testing of numerous null hy-
potheses using the glht function from the multcomp package in the R
statistical package (Team, 2017). All TEs were log-transformed for re-
gression modelling, which means that an estimate of the model para-
meter multiplied by 100 represents the percentage change in the TE
levels for a one-unit increase in each numeric explanatory variable
(e.g., 1 seafood serving/day, 1 year for age, etc.) given that all other
explanatory variables remain constant. For binary explanatory vari-
ables (presence/absence), an estimate of the model parameter multi-
plied by 100 represents the percentage difference between the two
groups. The coding for binary variables (0/1; no/yes) was as follows:
APOE ε4= 0 for non-carriers, and APOE ε4= 1 for carriers; parity = 0

Fig. 1. Flow chart on participants included in statistical analyses.
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for absence of deliveries, and parity = 1 for 1–3 deliveries; ever-
smoking = 0 for non-smoking, and ever-smoking = 1 for smoking
during or before pregnancy; and sex = 0 for boys, and 1 for girls.
EGW at sampling in the third semester, supplement intake, educa-

tion level, and employment data (yes/no) were not included in the
explanatory variables to avoid over-fitting the regression models or
diminishing the number of participants. EGW and supplement intake
were available for a relatively low subset of samples (148 and 139,
respectively). Further, we had a population with known low social
differences: the majority of participants were employed (78%) and had
finished at least middle school (98%). All participants had finished
elementary school. In pre-testing models, the addition of EGW or edu-
cation level (primary versus secondary or more) together with em-
ployment (yes/no) or supplement intake did not modify the associa-
tions between APOE and TEs.

3. Results

3.1. Frequencies of APOE genotypes and alleles

Frequencies of six possible genotypes (% ε2/ε2, % ε2/ε3, % ε2/ε4,
% ε3/ε3, % ε3/ε4, % ε4/ε4) and individual alleles (% ε2, % ε3, % ε4)
are listed in the supplemental material (Table S1). The frequencies were
similar for mothers and their new-borns and geographically matched
those reported in the literature (Giau et al., 2015; Huebbe and Rimbach,
2017). Genotype ε3/ε3 was the most prevalent (74% of mothers, 68.2%
of new-borns) followed by ε3/ε4 (16.1% of mothers, 17.6% of new-

borns) and ε2/ε3 (8.5% of mothers, 10.8% of new-borns). The other
three genotypes, ε2/ε2, ε2/ε4 and ε4/ε4 were present in minor or even
zero percentages (0.5%, 0.5%, and 0.5% of mothers; 0%, 1.1% and
2.4% of new-borns). Excluding the ε2/ε4 genotype (n = 3), we iden-
tified 16.7% (n = 37) and 20.1% (n = 35) of mothers and new-borns,
respectively, to be ε4 allele carriers.

3.2. Participants’ personal characteristics stratified by maternal ε4 allele

Table 2 lists the basic personal characteristics of the mothers and
new-borns. Only one mother and two new-borns were omitted for
having the genotype ε2/ε4. For new-borns, data for all cases with the
identified genotype of their mother (but their own genotype could be
missing) were included. The average maternal age was
30.1 ± 4.7 years and EGA at delivery was 39.4 ± 1.2 weeks. The
majority of women were nulliparous or primiparous (56% and 37%, re-
spectively). Except for seafood intake (servings/day), the distribution of
the personal characteristics did not differ significantly by the presence
or absence of maternal ε4 alleles. The estimated seafood frequency
intake was higher in mothers carrying the ε4 allele (p = 0.038,
Table 2). Employment and education status were relatively high
overall, as mentioned in Section 2.4.

3.3. TE levels stratified by maternal ε4 allele

Table 3 lists mothers’ and new-borns’ TE levels stratified by the
presence or absence of maternal ε4 allele. The mean blood levels for

Table 2
Selected characteristics for Croatian cohort of mothers and new-borns stratified by maternal APOE ε4 allele*.

Participants All N (%) ε4+ N (%) ε4− N (%) p

x ± SD (range) x ± SD (range) x ± SD (range)
MOTHERS (m) 222 37 185
mAge 30.1 ± 4.8 209 30.8 ± 4.6 36 29.9 ± 4.8 173 0.143

(years) (19 – 44) (20 – 38) (19 – 44)
mBMI 23.0 ± 4.2 220 22.3 ± 3.2 36 23.2 ± 4.3 184 0.334

(kg/m2) (17 – 41) (18 – 32) (17 – 41)
mSeafood intake 0.45 ± 0.3 195 0.54 ± 0.3 33 0.43 ± 0.3 162 0.038

(servings/day) (0 – 2.2) (0.1 – 1.2) (0 – 2.2)
mParity** (0 – 3) 220 (0 – 2) 37 (0 – 3) 183 0.835

0 125 (56.8) 21 (56.8) 104 (56.8)
1–3 95 (43.2) 16 (43.2) 79 (43.2)

mEver-smoking 222 37 185 0.463
Yes 90 (40.5) 13 (35.1) 77 (41.6)
No 132 (59.5) 24 (64.9) 108 (58.4)

mEducation*** 195 32 163 0.352
Primary 4 (2.1) 0 (0) 4 (2.5)

Secondary or more 191 (97.9) 32 (100) 159(97.5)
mEmployment 192 31 161 0.556

Yes 174 (91.6) 29 (93.5) 145 (90.1)
No 18 (9.4) 2 (6.5) 16 (9.9)

mUse of supplements (yes) 139 24 115
mEGW 37 ± 2.5 148 36.9 ± 1.8 22 37.1 ± 2.6 126 0.770

(weeks) (35 – 41) (35 – 40) (35 – 41)

NEW-BORNS (nb) 207 34 173
nbEGA 39.4 ± 1.2 165 39.1 ± 1.4 25 39.5 ± 1.2 140 0.205

(weeks) (35 – 41) (36 – 41) (35 – 41)
nbBW 3.52 ± 0.5 192 3.60 ± 0.6 33 3.50 ± 0.4 159 0.704

(kg) (1.8 – 4.8) (2.5 – 4.7) (2.4–4.8)
nbSex 203

Boys 101 (49.8) 18 (50) 83 (49.7)
Girls 102 (50.2) 18 (50) 84 (50.3)

x – arithmetical mean; SD – standard deviation; p – statistically significant difference between groups according to maternal genotype (ε4+ and ε4−), Mann-Whitney
U test for all except for parity, education, employment, and ever-smokers, where χ2 test was used; BMI – pre-pregnant body mass index; EGW – estimated gestation
week at maternal sampling at 3rd trimester; EGA – estimated gestational age at delivery; BW – birth weight.
* Excluded were one mother with maternal ε2/ε4 genotype and three new-borns with either maternal or new-born’s ε2/ε4 genotype.
** Parity – number of deliveries after 20th gestation week.
*** Education defined by two groups: primary with elementary diploma and secondary or higher (middle school diploma + high school diploma + university

degree).
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Table 3
TE levels in samples for Croatian cohort of mothers and their new-borns stratified by maternal APOE ε4 allelea.

TE ε4+ ε4− All p

GM, range, Me, (N) GM, range, Me, (N) GM, (N)
MATERNAL BLOOD
mB Hgng/g 2.67, 0.59–9.83, 2.85 (37) 2.03, 0.55–20.5, 1.93 (184) 2.12 (221) 0.0111
mB MeHgng/g 2.13, 0.12–8.90, 2.84 (37) 1.38, 0.03–19.6, 1.64 (184) 1.47 (221) 0.0105
mB IHgng/g 0.17, 0.01–1.19, 0.33 (37) 0.18, 0.01–12.6, 0.37 (184) 0.12 (221) 0.8554
mB Pbng/g 12.8, 5.25–53.6, 12.78 (35) 12.0, 3.58–87.6, 11.55 (180) 12.1 (215) 0.4909
mB Cdng/g 0.50, 0.06–3.70, 0.47 (35) 0.47, 0.06–3.69, 0.51 (180) 0.48 (215) 0.7294
mB Asng/g 3.31, 0.42–29.2, 3.96 (35) 2.02, 0.25–37.3, 1.76 (180) 2.19 (215) 0.0144
mB Seng/g 99.4, 67.9–142, 99.4 (35) 90.1, 42.4–182, 89.2 (180) 91.6 (215) 0.0080
mB Mnng/g 13.7, 7.45–26.5, 13.8 (35) 15.3, 3.80–49.4, 15.0 (180) 15.1 (215) 0.0850
mB Cuµg/g 1.49, 1.06–2.02, 1.53 (35) 1.56, 0.91–2.51, 1.56 (180) 1.55 (215) 0.2719
mB Znµg/g 6.21, 4.58–10.27, 6.03 (35) 6.19, 2.90–11.04, 6.12 (180) 6.19 (215) 0.7283

MATERNAL PLASMA
mP Seng/mL 61.7, 41.0–96.0, 62.0 (36) 53.7, 33.0–90.0, 54.0 (176) 55.0 (212) 0.0006
mP Znµg /mL 0.75, 0.52–1.08, 0.74 (36) 0.76, 0.46–1.14, 0.73 (176) 0.76 (212) 0.8137

MATERNAL SERUM
mS Caµg /mL 89.4, 29.7–104.6, 92.2 (35) 89.8, 50.5–117.4, 91.0 (174) 89.7 (209) 0.2357
mS Mgµg /mL 16.4, 5.10–20.7, 16.8 (35) 16.6, 9.48–20.9, 16.8 (174) 16.6 (209) 0.5745
mS Feµg /mL 0.79, 0.20–4.94, 0.83 (35) 0.85, 0.22–2.94, 0.86 (174) 0.84 (209) 0.4169

MATERNAL URINE (SG corrected)
mU Hgng/mL 0.81, 0.16–5.94, 0.69 (33) 0.73, 0.03–30.8, 0.66 (141) 0.74 (180) 0.5431
mU Pbng/mL 0.83, 0.08–3.58, 0.93 (31) 0.73, 0.04–8.33, 0.95 (141) 0.75 (172) 0.9238
mU Cdng/mL 0.38, 0.03–1.48, 0.44 (31) 0.40, 0.04–1.98, 0.42 (141) 0.40 (172) 0.9033
mUAs ng/mL 42.6, 2.83–260, 66.4 (31) 23.3, 1.58–1679, 22.5 (141) 26.0 (172) 0.0233
mU Seng/mL 25.2, 5.98–56.6, 28.5 (31) 26.5, 3.71–73.8, 28.6 (141) 26.3 (172) 0.9381
mU Mnng/mL 0.52, 0.08–19.1, 0.41 (31) 0.40, 0.06–22.7, 0.36 (144) 0.42 (176) 0.9142
mU Cuµg/mL 0.017, 0.002–0.057, 0.018 (31) 0.020, 0.008–0.545, 0.019 (141) 0.019 (172) 0.4245
mU Znµg/mL 0.37, 0.59–1.36, 0.34 (31) 0.49, 0.066–2.96, 0.49 (141) 0.46 (172) 0.0828
mU SG 1.0163, 1.002–1.029, 1.016 (33) 1.0159, 1.005–1.035, 0.016 (149) 1.016 (182) 0.6529

MATERNAL MILK
mM Hgng/g 0.19, 0.04–1.82, 0.20 (25) 0.13, 0.01–2.36, 0.13 (98) 0.14 (123) 0.1411
mM MeHgng/g 0.17, 0.09–0.33, 0.17 (6) 0.14, 0.04–0.55, 0.14 (19) 0.15 (25)
mM IHgng/g 0.09, 0.01–0.46, 0.12 (6) 0.07, 0.01–0.9, 0.09 (19) 0.08 (25)
mM Pbng/g 0.92, 0.20–5.70, 1.08 (24) 0.54, 0.20–11.1, 0.52 (97) 0.60 (121) 0.0572
mM Cdng/g 0.12, 0.02–1.12, 0.12 (24) 0.10, 0.02–6.54, 0.10 (97) 0.10 (121) 0.3690
mM Asng/g 0.25, 0.02–2.18, 0.21 (23) 0.21, 0.02–19.0, 0.21 (97) 0.22 (120) 0.6412
mM Seng/g 18.6, 8.70–29.0, 18.5 (24) 18.3, 8.43–48.8, 17.5 (97) 18.4 (121) 0.4908
mM Mnng/g 3.38, 1.10–22.0, 2.94 (24) 2.66, 0.67–17.1, 2,82 (97) 2.79 (121) 0.2608
mM Cuµg/mL 0.55, 0.24–0.86, 0.61 (24) 0.48, 0.14.1.05, 0.50 (97) 0.49 (121) 0.0898
mM Znµg/mL 2.92, 0.73–9.73, 3.15 (24) 2.48, 0.21–9.37, 2.63 (97) 2.56 (121) 0.1936

MATERNAL HAIR
mH Hgµg/g 0.74, 0.08–3.45, 0.84 (37) 0.48, 0.02–8.71, 0.56 (185) 0.51 (222) 0.0107
mH MeHgµg/g 1.76, 1.15–3.33, 1.74 (10) 1.78, 0.93–8.71, 1.65 (35) 1.78 (45)
mH IHgng/g 1.82; 0.1–135; 4.0 (10) 5.30; 0.1–1302; 30.5 (35) 4.18 (45)

CORD BLOOD
cB Hg ng/g 4.01, 0.82–21.8, 3.96 (34) 2.74, 0.33–32.3, 2.83 (171) 2.92 (205) 0.0137
cB MeHgng/g 3.59, 0.29–21.7, 3.96 (34) 2.26, 0.16–31.9, 2.70 (171) 2.44 (205) 0.0181
cB IHgng/g 0.07, 0.01–2.60, 0.08 (34) 0.07, 0.01–4.79, 0.10 (171) 0.07 (205) 0.7897
cB Pbng/g 8.64, 3.23–17.7, 877 (34) 7.87, 1.82–34.1, 8.19 (168) 8.00 (202) 0.9407
cB Cdng/g 0.08, 0.06–0.30, 0.06 (34) 0.09, 0.06–1.21, 0.06 (168) 0.09 (202) 0.9407
cB Asng/g 2.60, 0.29–25.7, 2.59 (34) 1.84, 0.33–31.8, 1.42 (168) 1.95 (202) 0.0475
cB Seng/g 94.4, 64.7–132, 90.1 (34) 94.4, 54.8–163, 96.0 (168) 94.4 (202) 0.9231
cB Mnng/g 29.7, 16.0–53.9, 29.2 (34) 30.7, 7.23–77.3, 31.6 (168) 30.5 (202) 0.5034
cB Cuµg/g 0.69, 0.50–0.99, 0.68 (34) 0.69, 0.36–1.16, 0.69 (168) 0.69 (202) 0.9078
cBZnµg/g 2.13, 1.58–3.18, 2.07 (33) 2.30, 1.16–4.72, 2.21 (167) 2.27 (200) 0.0456

CORD PLASMA
cP Seng/mL 41.1, 25.0–65.0, 41.5 (30) 40.8, 24.0–71.0, 42.0 (160) 40.8 (190) 0.9509
cP Znµg /mL 0.91, 0.55–1.38, 0.92 (30) 0.99, 0.39–1.77, 0.99 (159) 0.98 (198) 0.1023

CORD SERUM
cS Caµg /mL 101.5, 63.3–144.7, 104.6 (31) 101.5, 60.1–127.1, 103.4 (153) 101.5 (184) 0.7631
cS Mgµg /mL 20.3, 16.3–27.0, 19.7 (31) 19.9, 14.6–27.2, 19.7 (152) 19.9 (183) 0.6713
cS Feµg /mL 1.45, 0.75–2.87, 1.44 (31) 1.33, 0.28–2.45, 1.37 (153) 1.35 (184) 0.3207

NEW-BORN URINE (SG corrected)
nb U Hgng/mL 0.45, 0.10–1.76, 0.60 (15) 0.31, 0.04–8.64, 0.37 (73) 0.33 (88) 0.0542
nb U SG 1.010, 1.002–1.019, 1.009 (18) 1.012, 1.002–1.029, 1.013 (83) 1.012 (101) 0.1285

GM – geometrical mean; Me – median; N – sample size; SG – specific gravity; p – statistical significance of difference between ε4 carriers and non-carriers obtained
using the Mann-Whitney U test; bolded p < 0.05; m – maternal; c – cord; nb – new-born child; B – blood; P – plasma; S – serum; U – urine; M – milk; H – hair.
* Excluded were one mother with maternal ε2/ε4 genotype and three new-borns with either maternal or new-born ε2/ε4 genotype.
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potentially toxic metals such as Hg, Cd, and Pb were low in general.
MeHg accounted for an average of 80% of the total mercury in maternal
and cord blood (mean value). Almost all urine arsenic was in the
nontoxic arsenobetaine form (90% of total As) (Stajnko et al., 2019).
Breast milk had low mean levels of Hg, Pb, Cd, and As, meaning that
breastfed infants were not at risk in either group. Selenium levels in
breast milk in both groups were almost equal. The mean values of all
essential elements were within UMCL laboratory reference levels.
Statistically significant differences in the distribution of TEs be-

tween the maternal ε4+ and ε4− groups were observed for As, (Me)
Hg, Se, and Zn (Table 3). Mothers with the ε4 allele (genotypes APOE
ε3/ε4 and ε4/ε4) had significantly higher levels (p < 0.05) of (Me)Hg,
As, and Se in blood; Se in plasma; Hg in hair; As in urine; and (Me)Hg
and As in cord blood. Although Zn levels in cord blood were sig-
nificantly lower in the ε4+ group, this has low importance because
plasma/serum levels are the only recommended biochemical indicator
for Zn status assessment (Gibson et al., 2008). Fig. 2 shows the dis-
tribution of each mentioned TE in boxplots. There was little difference
in the Hg and As levels in maternal blood (2.67 vs 2.03 ng/g for Hg and
3.31 vs 2.02 ng/g for As (geometrical means)), while the differences in
Se were more pronounced (99.4 vs 90.1 ng/mL for maternal blood and
61.7 vs 53.7 ng/mL for maternal plasma). Larger differences were ob-
served in the distribution of Hg in maternal hair (0.74 vs 0.48 µg/g) and
As in maternal urine (42.6 vs 23.3 ng/mL).

3.4. Linear regression models

Tables 4 and 5 summarise the statistically significant associations
between TEs and APOE ε4 and other independent variables obtained by
the linear regression models. For maternal samples, we used the pre-
sence of the maternal ε4 allele; for new-borns, the combined involve-
ment of maternal and foetal ε4 allele was considered (at least one ε4
allele in mother or child versus none). Estimates for TEs without any
statistically significant or marginally significant association are not
presented (e.g., Pb, Mn, Cu, Zn, Ca, Mg, and Fe).
The differences previously observed by simple comparison shown in

Fig. 2 and Table 3 (Mann-Whitney U test) were nearly all lost in the
regression models, except for maternal plasma selenium. The associa-
tion between the ε4 allele and maternal plasma selenium persisted even
after considering the influence of parity, maternal BMI, age, seafood
intake, and ever-smoking (Table 4). The presence of the ε4 allele was
associated with a 12% increase in the mean selenium level in maternal
plasma (95% CI 1.2–22.7%). Further, the regression models did not
reveal any new influence of the maternal and/or new-born ε4 allele on
the TE levels in any sample type (Tables 4 and 5). However, they did
confirm modifying effects of five explanatory variables on TE levels:
positive effects of seafood intake > ever-smoking ≫ and age, and
negative effect of parity ≫ and BMI on (Me)Hg, As, Se, or Cd levels.
In total, the models explained 10%–39% of the variation (R2) in the

TE levels: ~30% in the case of (Me)Hg in maternal and cord blood and
maternal hair, ~20% for As in maternal and cord blood and maternal
urine, and 12% for As in breast milk. They also explained 14% and 10%
of the variation of Se in maternal blood and plasma, respectively, and
~22% and ~33% of the variation of Cd in maternal blood and urine,
respectively.
The associations between APOE polymorphisms and metalloids

were additionally tested by considering the presence of either foetal
(new-born) or maternal ε4 allele separately (data not shown). No sig-
nificant associations were observed.

3.4.1. Influence of confounders
Seafood intake had a significant positive influence on (Me)Hg levels

in maternal and cord blood and on Hg in maternal hair. It also had a
significant positive influence on As levels in maternal and cord blood,
maternal urine, and breast milk. The influence of seafood on As ex-
cretion through urine and milk was most likely from biologically

inactive and readily excreted arsenobetaine, known to be present in
seafood (Taylor et al., 2017) and previously identified in high percen-
tages of total As in the urine samples of the present study (Stajnko et al.,
2019). In general, we estimated that an extra serving of seafood per day
(150 g) resulted in a 92.4% (95% CI 53.5–131.3%) increase in maternal
blood Hg levels. For other mentioned samples and both metals, As and
(Me)Hg, the increase was similar or even higher.
The impact of ever-smoking resulted in a 60.4% (95% CI

31.5–89.3%) increase in the blood Cd level. At the same time, an in-
crease in age (1 year) resulted in a 5.3% increase in urine Cd levels
(95% CI 1.4–9.2%).
Inverse associations were observed for parity (with maternal blood

Hg, Se, and Cd and cord blood Hg) and to a lesser degree for BMI (with
hair Hg, blood Hg, and blood As). The presence of previous deliveries
(1–3) was associated with a 31.5% decrease in the average Hg level in
maternal blood and a 47.8% decrease in cord blood. The decreased
level of maternal blood Cd was almost the same, 30.2%, although only
marginally significant, and that of maternal blood Se was lower
(10.4%). Notably, parity did not affect maternal plasma Se levels;
therefore, erythrocytes are the main candidates for Se decrease in ma-
ternal blood. They contain Gpx1; when the Se supply for selenoprotein
synthesis is limited, Gpx1 is among those selenoproteins that can dis-
appear fast (Brigelius-Flohe and Maiorino, 2013; Burk and Hill, 2015).

4. Discussion

4.1. TEs and APOE

APOE gene isoforms are supposed to behave differently in relation
to metal kinetics, oxidative stress, age-related neurodegeneration, and
(neonatal) neurodevelopment (Cardoso et al., 2017; Jofre-Monseny
et al., 2008; Miyata and Smith, 1996; Ng et al., 2013; Smith et al., 2019;
Wright et al., 2003; Xu et al., 2014). Studies suggest that young in-
dividuals with at least one copy of the ε4 allele may have several ad-
vantages that could facilitate survival in harsh environments (Smith
et al., 2019), while older individuals may be at higher risk for age-
related diseases, such as AD and cardiovascular disease (Smith et al.,
2019). Modifying affects or interactions of the ε4 allele related to var-
ious metal(loid)s are less clear. In the present study, we observed sig-
nificant differences between Hg, As, Se, and Zn distributions in the
peripheral venous blood, peripheral venous plasma, hair, urine, and
cord blood of Croatian pregnant mothers carrying the APOE ε4 allele
compared to those without the APOE ε4 allele (but not for all elements
in all samples) (Table 3, Fig. 2). The mean blood levels for potentially
toxic metals such as Hg, Cd, and Pb in maternal or cord blood in either
group did not exceed the existing guideline values for pregnant women
(5.8 ng/mL for Hg, 1 ng/mL for Cd, 50 ng/mL for Pb) (Taylor et al.,
2014) and As blood levels were also similar to those of the general
population. Only four mothers (from the ε4 group) exceeded the
threshold or intervention blood value for Hg (15 ng/g) (Ewers et al.,
1999). Furthermore, after controlling for seafood intake and other
confounders, multiple linear regression analysis revealed no associa-
tions between investigated TEs and the presence of the ε4 allele, except
for Se in peripheral venous plasma (Table 4 and 5). This positive as-
sociation was even stronger when we included only nulliparous women
(data not shown) and excluded multiparous; but the number of nulli-
parous was too small for reliable assessment. The observed association
is interesting, although it requires further study involving larger po-
pulations and attention on nulliparous cohorts to omit the masking ef-
fects of the inverse association found between the parity and blood
elements Se, Hg, and Cd.
Parity affects the placenta by improving placental function via in-

creased foetal-maternal contact, higher vascularisation, increased per-
fusion, and increased villi surface density (Prior et al., 2014). It can also
have an independent positive effect on foetal weight and pregnancy;
pregnancy complications associated with placental dysfunction occur
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more frequently in nulliparous than in parous women. Thus, the parity-
related decrease in maternal and cord blood (Me)Hg, Cd, and Se levels
found in the present study may have resulted from an increase in the

placenta’s ability to detoxify, perhaps by accumulating and/or ex-
creting various stress and foetal waste products including nonessential
TEs, possibly also at the cost of essential ones (e.g., Se) needed for

Fig. 2. TEs in maternal blood, plasma, hair, urine, and cord blood stratified by the presence of maternal APOE ε4 allele. Boxplot data distribution showing the median,
25th, and 75th percentiles and outliers; horizontal dotted lines represent alert and intervention levels for maternal blood (5.8 ng/mL; 15 ng/mL) and hair Hg
(> 12 µg/g) regarding the new-born’s health (Taylor et al., 2014; Ewers et al., 1999; JECFA, n.d.).
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detoxification. For instance, Kuhnert et al. (1982) observed a parity-
related increase in Cd levels in the placenta of pregnant women to-
gether with a reduced amount of Zn; and Horvat et al. (1988) reported a
tendency for Hg accumulation and relatively high Se levels in the pla-
cental tissues of pregnant women. By contrast, higher placental effi-
ciency is also known to reduce systemic oxidative stress, which is be-
lieved to be present during normal and pathological pregnancy (Leal
et al., 2011). Such reduction might decrease demands for Se and might
explain the observed inverse relationship between parity (0–3) and
whole blood Se.

4.1.1. Se and APOE during pregnancy
In the present study, the maternal plasma selenium level means

(61.7 ng/g for ε4+, 53.7 ng/g for ε4−) were within the European
mean levels for pregnant women and close to the level believed to be
sufficient for normal GPx activity (2/3 of maximal activity, 62 ng/mL)
(Thomson, 2004).
Higher Se levels in pregnant women (in blood or plasma) were

evidented to have several beneficial effects. Selenium was found to
have a positive influence on reproduction, pregnancy-related diseases
such as pre-eclampsia, miscarriage, preterm birth, thyroid auto-
immunity, and neonatal diseases accompanied by oxidative stress
(Pieczyńska and Grajeta, 2015; Rayman, 2016). Its antioxidative effect
is known to be of great importance during embryogenesis (Ufer and
Wang, 2011). It should also be pointed out that in a previous study of
the present population group, authors observed a positive correlation
between maternal blood selenium levels and a child’s cognitive abilities
(BSID-III scores) (n = 154; r = 0.176, p = 0.029; multivariate analyses
were not performed) (Močenić et al., 2019).
Similarly, positive influences have been suggested for the ε4 allele,

mostly attributed to higher cholesterol levels, vitamin D levels, and
bone Ca assimilation, which also can have a positive influence on fer-
tility (particularly in highly infectious environments),

neurodevelopment, bone growth, and lower susceptibility to infectious
diseases (Dieckmann et al., 2012; Huebbe et al., 2011; Jasienska et al.,
2015; Smith et al., 2019). Accordingly, it is possible that sufficient
nutritional intake of Se is a necessary condition for optimal functioning
of redox and antioxidative processes and protection against lower an-
tioxidative capacity of ε4 allele. In other words, Se deficiency could
pose a trigger for negative effects of APOE ε4.

4.1.2. Maternal versus foetal APOE
In two recent studies, the authors investigated the role of child

APOE polymorphism and the relationship between prenatal Hg ex-
posure (mixed cord blood levels) on child behaviour or neurodevelop-
ment at around age two (Ng et al., 2013; Snoj Tratnik et al., 2017).
Various confounders, including mixed cord blood Pb, mixed cord blood
Se, and mixed cord plasma Se, were considered. However, because of
the mixed cord blood/plasma samples the results remain debatable. It is
possible that in such cases maternal levels of trace elements would be
more powerful confounders. Unfortunately, the importance of maternal
characteristics (Gundacker et al., 2000) for a child’s prenatal neuro-
development are often underestimated. In addition, in these studies we
(Snoj Tratnik et al., 2017), and others (Ng et al., 2013), did not consider
the maternal APOE genotype, whose important role in foetal lipid me-
tabolism has been discussed in some older studies (Descamps et al.,
2004; Witsch-Baumgartner et al., 2004; Witsch-Baumgartner and
Lanthaler, 2015). For example, Witsch-Baumgartner et al. (2004) noted
that the importance of the maternal genotype is, “consistent with the
finding that there is no difference in cholesterol concentrations of cord blood
from new-borns with different APOE genotypes, suggesting that the embryo’s
APOE genotype does not significantly modulate lipoprotein concentrations
prenatally”. Descamps et al. (2004) supported this suggestion, observing
that maternal genetic variations of APOE and some other genes influ-
ence foetal lipoprotein concentrations independently of the genetic
status of the foetus. However, in the case of pathological maternal

Fig. 2. (continued)
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levels, the foetal genotype may modulate maternal lipoprotein meta-
bolism (Descamps et al., 2005). It should also be noted that, according
to emerging data, the foetal apoE role differs from the new-born apoE
role, and a lot remains to be discovered (Augsten et al., 2011).

4.2. Metabolic pathways of Se and apolipoprotein E

We also tried to elucidate a possible link between metabolic path-
ways of Se and apolipoprotein E. There are only a few studies covering
selenium’s relationship with apolipoproteins, including apoE and the
lipoprotein receptors (apoER2, gene LRP8; megalin, gene LRP2) (Burk
et al., 2014; Cardoso et al., 2017; Gabre-Medhin et al., 1988). It is also
interesting that in some tissues, selenoprotein P (the main supplier of Se
to extrahepatic tissues) and apoE are using the same two receptors, but
different binding sites, for transfer of selenium and lipids, respectively.
That is, there is apoER2 in the brain, placenta, bone marrow, and testis
(Burk et al., 2014; Burk and Hill, 2015; Mao et al., 2016; Rayman,
2016), and megalin in the kidneys (renal proximal convoluted cells)
and brain (Burk and Hill, 2015), and probably also in the placenta
(Storm et al., 2016). Further, vitamins A and D regulate megalin ex-
pression (Liu et al., 1998). Regulation of megalin (mRNA and protein
expression) was studied in a cell line derived from rat kidney proximal
tubule cells, in human JEG-3 cells, and in the mouse embryonal carci-
noma cell line F9. Animal studies have also shown that megalin (ex-
pressed by renal PCT cells) is important for retaining both vitamin D via
the vitamin D binding protein (Kim and Kim, 2014) and selenium in the

form of selenoprotein P (Burk and Hill, 2015). Accordingly, if kidney
megalin is induced by vitamin D in humans (being higher in ε4 allele
carriers), this could be one reason for the observed association between
Se and APOE allele ε4.
Overall, we concluded that the superior Se status observed in

healthy pregnant women carrying the ε4 allele could be linked to
suggested beneficial effects of APOE ε4 during pregnancy. We also
suppose that the reported apoE4 associations with low nail Se levels in
an elderly Chinese population (Gao et al., 2009) and low post-mortem
brain Se levels of AD patients (Cardoso et al., 2017) could be related to
their general poor nutritional status including low Se and vitamin D
levels. As already discussed by other research groups, it seems that the
APOE allele ε4 could be a risk allele either for reproduction, neurode-
velopment, or age-related neurodegenerative diseases, especially, if not
alone, in combination with several other factors (Cardoso et al., 2017;
Morris et al., 2016; Nehls, 2016; Rea et al., 2016) including epigenetics,
polymorphisms in related genes, and the simultaneous deficiency of
basic nutrients such as vitamin D and essential fatty acids, and/or se-
lenium.

4.3. Study limitation

The main shortcomings of our study are the relatively low number
of participants, low concentration levels of potentially toxic elements,
and mixed cord blood/serum/plasma samples. Given the difficulties in
obtaining separated venous/arterial cord samples in wider epidemio-
logical studies with low metal(loid) exposure, mixed samples are
usually used as an approximation of in utero exposure. There is no
consensus regarding the type of studies for which mixed samples are
acceptable and when they are likely to introduce unacceptable biases.
Accordingly, for mixed cord blood and, in particular, mixed cord
plasma/serum levels, elaborate comments on distribution differences in
trace elements between ε4+/ε4− carriers are not possible. Although
parity-related higher perfusion in the placenta (Prior et al., 2014) may
lead to an increase in Se transfer to the foetus, we did not observe any
effect of parity or apoE on Se levels in cord blood or cord plasma
(Tables 4 and 5). Better insight would be possible with data on TE levels
in the placenta.
For those nonessential elements that accumulate mostly in ery-

throcytes (e.g., Hg, Pb, and Cd), the mixed cord blood levels can be
taken as a possible approximation, although erythrocyte levels would
be more reliable. In contrast, mixed cord plasma/serum samples are
more problematic. Individual cord venous/arterial differences are lost;
therefore, the samples are not truly representative and thus more or less
unsuitable for reliable comparison/association studies, although they
are used in many studies as a rough substitute.
Additionally, Vitamin D status (25-hydroxysterol measurement),

uncertainty of self-reported data for smoking and seafood intake, and
selenoproteins gene polymorphisms may have introduced residual
confounding. For instance, a recent study by Mao et al. (2016) in the
UK, “shows that women who carry the SEPP1 rs3877899 A allele were
better able to maintain selenium status during pregnancy”; however, they
did not follow either the vitamin D status or the presence of the ε4
allele.

5. Conclusion

Our study indicates that genetic variations in the APOE gene (ε4+
versus ε4−) potentially influence selenium levels in pregnant women at
the third trimester, while the effect of maternal/foetal APOE variations
on cord blood should be re-evaluated on separated venous/arterial cord
blood samples. Previous research suggestions of possible ε4 allele im-
pact on Hg levels were not observed, while superior selenium status
observed in healthy pregnant women carrying allele ε4 could be linked
to the APOE ε4 beneficial effects early in life. Follow-up research with
the same and larger nonparous cohorts with additional potential

Table 5
Influence of maternal and/or new-born APOE allele (ε4+), parity, m BMI, m
age, seafood intake, m ever-smoking, nb birth weight, nb sex, nb EGA on new-
borns’ TE levels in cord blood (estimated by multiple regression models).

cB Hg cB MeHg cB As

m or/and nb ε4+ −0.025 −0.030 −0.074
(yes) (0.167) (0.203) (0.218)

mParity −0.478** −0.551* −0.264
(yes) (−0.883, −0.073) (−1.042, −0.059) (0.194)

mBMI −0.026 −0.037 −0.043
(kg/m2) (0.016) (0.020) (0.021)

mAge 0.035 0.040 0.042
(years) (0.016) (0.019) (0.021)

mSeafood intake 1.143*** 1.341*** 0.895*
(serv./day) (0.536, 1.751) (0.604, 3.078) (0.095, 1.695)

mEver-smoking −0.097 −0.083 −0.076
(yes) (0.146) (0.176) (0.192)

nbEGA −0.074 −0.097 0.035
(weeks) (0.067) (0.080) (0.087)

nbBirth weight 0.0002 0.0003 0.0004
(kg) (0.0002) (0.0002) (0.0002)

nbSex 0.037 −0.021 0.017
(girl) (0.142) (0.172) (0.188)

Constant 2.700 3.088 −2.508
(2.526) (3.061) (3.290)

N 120 120 119

R2 32 31 19
(%)

Chi2 46.4*** 45.3*** 24.4***

(df = 9)

Summarised are data with statistically significant effects of independant vari-
ables on TE levels: 95% confidence limits for the parameters are added if the
effect was statistically significant and standard error of the estimated parameter
otherwise; R2 – percentage of variability of level explained by the model; Chi2 –
significance of the model; * excluded were one mother with maternal ε2/ε4
genotype and three new-borns with either maternal or new-born’s ε2/ε4 gen-
otype; cB – cord blood; m – maternal; nb – new-born; N – number of ob-
servations; statistically significant results are indicated in bold.
* p < 0.05.
** p < 0.01.
*** p < 0.001.
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confounders are ongoing.
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