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ARTICLE INFO ABSTRACT

Keywords: Lead (Pb) is a global contaminant associated with multiple adverse health effects. Humans are especially

Lead vulnerable during critical developmental stages. During pregnancy, exposure to Pb can occur through diet and

(cord)blood release from maternal bones. Apolipoprotein E gene (APOE) variants (€2, €3, €4 alleles) may influence sex steroid

Il;/[oar:zlzlarlnlzsgf €2 allele hormones, bone metabolism, and Pb kinetics.

Fetal sex We examined the interplay among maternal APOE (mAPOE) genotypes, fetal sex, parity, and Pb in maternal

Parity and cord blood (mB-Pb, CB-Pb) using linear regression models. Our study involved 817 pregnant women and 772
newborns with measured adequate levels of zinc and selenium. We compared carriers of the €2 and ¢4 alleles to
those with the £3/¢3 genotype.

The geometric means (range) of mB-Pb and CB-Pb were 11.1 (3.58-87.6) and 9.31 (1.82-47.0) ng/g,
respectively. In cases with female fetuses, the maternal mAPOE ¢2 allele was associated with higher, while the
mAPOE ¢4 allele was associated with lower mB-Pb and CB-Pb levels. Nulliparity increased the strength of the
observed associations. These findings highlight the significance of mAPOE genetics, fetal sex, and parity in
prenatal Pb kinetics. Notably, the maternal ¢2 allele may increase the risk of Pb exposure.

of Child Health of Athens. Research was conducted in accordance with
the Declaration of Helsinki, and all participants signed an informed
consent form.

Research dealt with human subject; therefore, this paragraph is
included in the article

In Italy, the protocol was approved by the Ethics Committees of the
University of Udine and the Institute for Maternal and Child Health,
IRCCS Burlo Garofolo in Trieste. The Ethics Committee of the University

1. Introduction

Hospital Centre Rijeka approved the protocol for the Croatian partici-
pants; in Slovenia, the Ethics Committee of the University Medical
Centre of Ljubljana, and in Greece, the Ethics Committee of the Institute

In recent decades, the general population has been exposed to rela-
tively low levels of lead (Pb), primarily through diet and internally from
bones, which have accumulated Pb from lifelong past exposure. In
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adults, the majority (94%) of absorbed Pb is distributed to the bones,
where it can be retained for decades, with slow desorption representing
internal Pb exposure (ATSDR, 2020; Bergdahl and Skerfving, 2022). To
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Fig. 1. Study area and study design: Participants stratified by country of residence and fetal/newborn sex.
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on A) and B) separatelly

(e3/¢3 carriers versus €2 and €4, respectively;
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with maternal APOE genotypes
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(3/¢3 carriers versus €2 and €4, respectively;
multiple linear regression analysis).

Cord blood Pb association

association with maternal APOE genotypes

estimated on newborns' sex stratified data fora) and b)
(€3/€3 carriers versus £2 and €4, respectively;

Fig. 2. Flowchart depicting the selection of participants for statistical analyses.

illustrate the extent of endogenous exposure, bone remodeling and
modeling replace about 20-25% of trabecular and 10% of cortical bone
annually (Kovacs, 2020). The degree of Pb intake through the
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Table 1
mAPOE genotype and allele frequencies in Maternal group and Newborns
group, stratified by fetal/newborn sex.

Maternal group Frequency Frequency Frequency P

N (%) N (%) N (%)

3 Q

Genotype 817 (100) 411 (100) 406 (100) 0.138
€2/€2 5(0.61) 4 (0.97) 1 (0.25)
€2/€e3 77 (9.42) 41 (9.98) 36 (8.87)
e2/e4* 4 (0.49) 3(0.73) 1 (0.25)
€3/€e3 607 (74.3) 306 (74.5) 301 (74.1)
e3/¢e4 119 (14.6) 57 (13.9) 62 (15.3)
ed/e4 5 (0.61) 0 (0) 5(1.23)
Allele 1634 (100) 822 (100) 812 (100) 0.208
€2 91 (5.57) 52 (6.33) 39 (4.80)
€3 1410 (86.3) 710 (86.4) 700 (86.2)
e4 133 (8.14) 60 (7.30) 73 (8.99)
Newborns group
Genotype 772 (100) 399 (100) 373 (100) 0.112
€2/e2 5 (0.65) 4 (1.00) 1(0.27)
€2/€e3 68 (8.81) 36 (9.02) 32 (8.58)
£2/e4* 3(0.39) 3(0.75) 0(0)
€3/¢e3 583 (75.5) 302 (75.7) 281 (75.3)
e3/¢e4 109 (14.1) 54 (13.5) 55 (14.8)
ed/e4 4 (0.52) 0 (0) 4 (1.07)
Allele 1544 (100) 798 (100) 746 (100) 0.342
€2 81 (5.25) 47 (5.89) 34 (4.56)
€3 1343 (87.0) 694 (87.0) 649 (87.0)
e4 120 (7.77) 57 (7.14) 63 (8.45)

N — number of observations; & — fetal sex is male; @ — fetal sex is female; * —
participants with €2/e4 were not included in statistical analysis as its function
can resemble that of £3/¢€3.

gastrointestinal tract is affected by many factors (Mushak, 1991),
including age, pregnancy, and nutrient-Pb interactions, such as
competition with calcium (Ca) and iron (Fe) for absorption. During
pregnancy, the proportion of Ca absorbed from the intestines into the
bloodstream doubles by the 12th week of gestation, and this heightened
absorption rate is maintained until term. The positive Ca balance is
initially deposited in the maternal skeleton until fetal demand rises,
leading to increased Ca release from maternal bones in the second part
of pregnancy. This release peaks during the third trimester when 80% of
fetal skeleton’s mineral content is accreted (Ryan and Kovacs, 2021;
Arnold et al., 2021). Dietary Pb and previously stored maternal bone Pb
can follow the same pathways as Ca in a competitive manner due to its
affinity to similar ligands, potentially contributing to elevated Pb levels
in maternal blood (mB-Pb) during pregnancy (Gulson et al., 2016;
Téllez-Rojo et al., 2004). mB-Pb can then readily pass through the
placenta, resulting in prenatal Pb exposure (Skerfving and Bergdhal,
2015; ATSDR, 2020; Bergdahl and Skerfving, 2022). As Pb from bone
can add to the mB-Pb burden, it is vital to understand and study gene
polymorphisms that could also influence Pb mobilization from the bone.
One such gene is the apolipoprotein E gene (APOE), which has been
studied in relation to bone metabolism (bone turnover/remodeling)
including bone mineral density (BMD) and bone fractures (Niemeier
et al., 2012; Dieckmann et al., 2014; Zhang et al., 2014; Noguchi et al.,
2018), as well as its effect on bone in combination with bone-lipids
(Wang et al., 2023) and hormones like estrogen (Qi et al., 2023).
Apolipoprotein E (APOE) is a multifunctional lipid-binding glyco-
protein expressed in various tissues and cells, including osteoblasts. It
plays an important role in general and neuronal lipid metabolism
(Tudorache et al., 2017). Moreover, emerging evidence suggests its role
in preserving bone mass, presumably by delivering lipids and vitamin K
to osteoblasts (Dieckmann et al., 2014; Niemeier et al., 2012) and
influencing cholesterol, Ca, and vitamin D levels (Huebbe et al., 2011).
The APOE gene is polymorphic, with two single nucleotide poly-
morphisms (SNPs; rs429358 and rs7421) forming three distinct protein
isoforms: APOE2, APOE3, and APOE4, encoded by the €2, €3, and €4
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alleles, respectively. These isoforms have different binding affinities for
lipids, receptors, oxidants, and some metals, leading to different func-
tional properties and disease risks (Kara et al., 2017; Tudorache et al.,
2017; Lumsden et al., 2020). The isoallelic €2 genotype potentially has
the lowest impact on maintaining bone mass (Dieckmann et al., 2014)
and protection against bone fracture (Zhang et al., 2014). Accordingly,
the €2 allele has been identified as a potential genetic risk factor for
skeletal disorders. However, most research on APOE SNPs focusses on €4
allele, often overlooking the effect of €2 (Niemeier et al., 2012).

Another frequently overlooked aspect in APOE studies is the impact
of sex, despite the well-documented sex-related effects of APOE and its
interaction with sex hormones (Belloy et al., 2019; Gamache et al.,
2020). Equally important is the influence of fetal sex on fetal and
maternal physiology, the functioning of the placenta, and the
maternal-placental-fetal response to environmental toxicants
(Al-qaraghouli et al., 2017; Enninga et al., 2015; O’Tierney-Ginn, 2020;
Clifton, 2010). The influence of fetal sex on associations between
maternal APOE genotypes and Pb levels in cord blood (CB-Pb) was also
evident in our recent research on pregnant Italian women (2nd to 3rd
trimester) and their newborns participating in the PHIME (Public Health
Impact of Long-Term, Low-Level Mixed Element Exposure in Suscepti-
bility Population Strata) study (Palir et al., 2023). We noted that girls
born to €2 allele carriers had higher CB-Pb levels than girls born to
mothers without this allele.

In the present study, we extended our previous work by including
participants from three countries (i.e., Slovenia, Italy, and Croatia)
which were all part of the PHIME project and followed the same study
protocol. This substantially increased the sample size, allowing us to
exclude smoking participants and stratify both mothers and newborns
by fetal/newborn sex. We aim to estimate whether the maternal €2
allele, presumably associated with higher bone remodeling (Dieckmann
et al., 2014), is linked to elevated Pb levels in blood during the second
half of pregnancy when the fetal Ca accretion is elevated, although
increased skeletal resorption of minerals predominates during lactation
period (Ryan and Kovacs, 2021). The associations of maternal APOE
(mAPOE) genotypes with mB-Pb and CB-Pb were tested separately ac-
cording to fetal/newborn sex. To eliminate potential confounding effects
of parity on placental detoxification functioning (Prior et al., 2014), we
also conducted separate analyses on nulliparous women and their new-
borns. Zinc (Zn) and selenium (Se) levels were as well followed to assess
the nutritional status of pregnant women, as Zn and Se deficiency can
impact gastrointestinal absorption of Pb (Ahamed and Siddiqui, 2007)
and the integrity of the skeleton (Zofkova et al., 2017). Additionally,
given that the PHIME study was designed to assess mercury (Hg) levels
in this Mediterranean cohort with expected seafood consumption, and
considering our prior findings of associations between Hg and APOE
(Snoj Tratnik et al., 2017; Trdin et al., 2020; Palir et al., 2023), we
conducted stratified association analysis on Hg as well. This can serve as
an important indicator, considering Hg does not accumulate in the bone.

2. Material and methods
2.1. Study population

During the years 2006-2009, pregnant women from four Mediter-
ranean countries - Italy, Croatia, Slovenia, and Greece - were recruited as
participants in the PHIME study (Miklavcic et al., 2013; Valent et al.,
2013). In Italy, the protocol was approved by the Ethics Committees of
the University of Udine and the Institute for Maternal and Child Health,
IRCCS Burlo Garofolo in Trieste. The Ethics Committee of the University
Hospital Centre Rijeka approved the protocol for the Croatian partici-
pants; in Slovenia, the Ethics Committee of the University Medical
Centre of Ljubljana, and in Greece, the Ethics Committee of the Institute
of Child Health of Athens. The research was conducted in accordance
with the Declaration of Helsinki, and all participants signed an informed
consent form. The recruitment process, detailed study protocol, and the
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Table 2a
Maternal group general characteristics and trace elements stratified by fetal sex.
Maternal group participants All 3 Q P
AM + SD (min-max) N (%) AM + SD (min-max) N (%) AM + SD (min-max) N (%)
MOTHERS (m) 817 411 406
mAge (years) 32.2 £ 4.57 (18-44) 813 32.1 + 4.88 (18-44) 410 32.2 £+ 4.25 (20-44) 403 0.979
mPre-pregnancy BMI (kg/m?) 22.7 + 3.86 (15.6-46.7) 815 (100) 22.7 + 3.95 (15.6-42.4) 409 (100) 22.7 + 3.76 (16.9-46.7) 406 (100) 0.873
Underweight (<18.5) 58 (7.12) 35 (8.56) 23 (5.66) 0.539
Normal (18.5 — < 25) 596 (73.1) 289 (70.7) 307 (75.6)
Overweight (25 - < 30) 113 (13.9) 59 (14.4) 54 (13.3)
Obesity (30 — < 40) 44 (5.40) 24 (5.87) 20 (4.93)
Severe obesity (>40) 4 (0.49) 2(0.49) 2(0.49)
mParity 0.52 + 0.68 (0-4) 815 (100) 0.51 + 0.68 (0-4) 411 (100) 0.52 + 0.68 (0-4) 404 (100) 0.621
nulliparous 467 (57.3) 239 (58.2) 228 (56.4) 0.336
primiparous-1 287 (35.2) 137 (33.3) 150 (37.1)
multiparous-2 52 (6.38) 32(7.79) 20 (4.95)
multiparous-3 6 (0.74) 2(0.49) 4 (0.99)
multiparous-4 3(0.37) 1(0.24) 2 (0.50)
mEducation 810 (100) 410 (100) 400 (100) 0.530
Elem. or high school 523 (64.6) 269 (65.6) 254 (63.5)
University or higher 287 (35.4) 141 (34.9) 146 (36.5)
mSeafood intake frequency 0.36 + 0.26 (0-2.21) 809 0.36 + 0.27 (0-2.21) 407 0.37 £+ 0.26 (0-1.56) 402 0.651
(150 g portion/day)
mEGW (weeks) 770 384 386
2nd trimester (14-26) 20.5 £+ 0.58 (19-24) 509 (66.1) 20.5 + 0.58 (19-23) 262 (68.2) 20.6 + 0.58 (19-24) 247 (64.0) 0.816
3rd trimester (27-40) 34.2 + 3.43 (28-41) 261 (33.9) 34.2 & 3.47 (28-41) 122 (31.8) 34.2 £ 3.42 (28-41) 139 (36.0) 0.991
mTrace elements AM + SD (min-max) N (%) AM + SD (min-max) N (%) AM + SD (min-max) N (%)
GM (95%CI) GM (95% CI) 3 GM (95%CI) Q
3 Q
mB-Pb (ng/g) 12.3 £ 6.99 (3.58-87.6) 817 12.2 + 6.13 (3.86-55.5) 411 12.4 £ 7.77 (3.58-87.6) 406 0.558
11.1 (10.7-11.4) 11.1 (10.6, 11.5) 11.0 (10.6, 11.5)
mB-Hg (ng/g) 3.13 + 3.34 (0.11-39.6) 815 2.98 + 3.00 (0.11, 22.0) 411 3.28 + 3.65 (0.12, 39.6) 404 0.228
2.17 (2.04, 2.30) 2.06 (1.89, 2.25) 2.28 (2.10, 2.48)
mB-Zn (ug/g) 5.56 + 1.14 (2.92-11.0) 817 5.54 £+ 1.08 (2.92-10.8) 411 5.57 +£1.19 (3.08-11.0) 406 0.893
5.45 (5.38, 5.52) 5.44 (5.34, 5.54) 5.46 (5.36, 5.57)
mP-Se (ng/mL) 73.9 + 15.3 (33-118) 786 73.5 + 15.3 (35-115) 397 74.4 + 15.3 (33-118) 389 0.427
72.2(71.1, 73.4) 71.8 (70.2, 73.4) 72.7 (71.1, 72.6)
mP-Zn (pg/mL) 0.73 £ 0.09 (0.46-1.08) 784 0.74 £+ 0.10 (0.46, 1.08) 396 0.73 £+ 0.09 (0.49, 1.05) 388 0.653

0.73 (0.72, 0.73)

0.73 (0.72, 0.74)

0.73 (0.72, 0.74

AM - arithmetic mean; SD - standard deviation; min — minimum; max — maximum; m — maternal; B — blood; P — plasma; GM — geometric mean; CI — confidence interval;
3 —male fetal sex; @ — female fetal sex; p — values indicate statistically significant difference between the fetal sexes; EGW — estimated gestation week of pregnancy at

maternal blood sampling.

number of participants from each country have been described else-
where (Miklaveic et al., 2013; Valent et al., 2013).

The main inclusion criteria for mothers were a singleton, low-risk
pregnancy, aged 18 years or older, and residency in the same region
for at least 2 years. Recruitment and sampling took place at local ma-
ternity hospitals. Maternal fasting peripheral venous blood samples
(whole blood, plasma, and serum) were collected during the prenatal
period in Italy and Croatia only. Of those, 65% were taken during the
second trimester (19-24 weeks), with 99% of those collected in the
second half of the second trimester (20-24 weeks), and the remaining
35% during the third trimester of pregnancy (28-41 weeks). At delivery,
mixed cord blood (whole blood, plasma, and serum) and cord tissue
were collected in all countries.

In the present study, we introduced additional exclusion criteria and
included only non-smoking participants with data on the mAPOE ge-
notype, fetal sex, and Pb concentrations in either maternal or cord
blood. Accordingly, our study population comprised 953 mothers and
772 newborns from three countries: Italy, Croatia, and Slovenia. As
previously mentioned, blood Pb levels were not available for Slovenian
mothers. Therefore, the maternal group included 817 blood samples
from mothers in Italy and Croatia, while the newborns group consisted
of 772 cord blood samples from Italy, Croatia, and Slovenia. Detailed
information on the number of participants with measured Pb levels in
blood or cord blood, stratified by country of residence and fetal/
newborn sex, is shown in Fig. 1. Participants’ demographic, lifestyle,
and personal information were obtained through interviews with the
mothers conducted during the study.

2.2. Determination of trace elements

Measurements of Pb, Hg, and Zn in maternal blood and cord blood
were performed at the Jozef Stefan Institute, Ljubljana, Slovenia, and Zn
and Se in plasma at the University Medical Centre Ljubljana, Institute of
Clinical Chemistry and Biochemistry, Ljubljana, Slovenia.

Concentrations of Pb and Zn in blood were determined via induc-
tively coupled plasma mass spectrometry (ICP-MS), following the
method described by Jagodic et al. (2017). The LOD for Pb was 1.30
ng/g, and for Zn 20.0 ng/g.

Blood Hg concentrations were determined via atomic absorption
spectrometry using a direct mercury analyzer (Milestone, USA)
(Miklavcic et al., 2013) and the LOD was 0.02 ng/g.

Zeeman electrothermal atomic absorption spectroscopy (ET-AAS)
(Varian SpektrAA-800 ETAA spectrometer) was used to measure Se
concentration in plasma (mP-Se) (Kobal et al., 2004), while flame AAS
(Varian SpekrtAA-250 Plus FAAS) was used to measure Zn concentration
(mP-Zn) (Tsalov and Zaprianov, 1983).

For all measurements, strict quality control procedures were fol-
lowed, and blank samples, control samples, and reference materials
were measured together with the samples on a daily basis, as described
in the above-listed references.

2.3. DNA isolation and genotyping

DNA for APOE genotyping was isolated from maternal peripheral
venous blood in the Croatian (Trdin et al., 2020) and Italian (Palir et al.,
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2.29 (2.26, 2.33)

2.23 (2.22, 2.32)

2.32 (2.26, 2.37)

Table 2b
Newborns group general characteristics and trace elements of match-paired mothers and newborns stratified by newborn sex.
Newborns group participants All 3 Q
AM + SD (min-max) N (%) AM + SD (min-max) N (%) AM + SD (min-max) N (%) P
MOTHERS (m) 772 399 373
mAge (years) 31.8 & 4.49 (18-44) 767 31.8 & 4.80 (18-44) 398 31.9 + 4.13 (20-44) 369 0.709
mPre-pregnancy BMI (kg/m?) 22.3 + 4.09 (13.4-46.7) 770 (100) 22.3 +4.12 (15.6-42.4) 397 (100) 22.3 + 4.07 (13.4-46.7) 373 (100) 0.947
Underweight (<18.5) 106 (13.8) 60 (15.1) 46 (12.3) 0.725
Normal (18.5 — < 25) 518 (67.3) 261 (65.7) 257 (68.9)
Overweight (25 - < 30) 101 (13.1) 52 (13.1) 49 (13.1)
Obesity (30 — < 40) 42 (5.45) 22 (5.54) 20 (5.36)
Severe obesity (>40) 3(0.39) 2(0.50) 1(0.27)
mEducation 766 (100) 398 (100) 368 (100) 0.332
Elem. or high school 455 (59.4) 243 (61.2) 212 (57.6)
University or higher 311 (40.6) 155 (38.9) 156 (42.4)
mParity 0.55 £+ 0.70 (0-4) 770 (100) 0.54 £+ 0.69 (0-3) 399 (100) 0.56 £+ 0.72 (0-4) 371 (100) 0.640
nulliparous 428 (55.6) 225 (56.4) 203 (54.7) 0.363
primiparous-1 276 (35.8) 139 (34.6) 137 (37.0)
multiparous-2 56 (7.28) 32(8.02) 24 (6.49)
multiparous-3 7 (0.91) 4 (1.00) 3(0.81)
multiparous-4 3(0.39) 0(0) 3(0.81)
mSeafood intake frequency 0.35 + 0.26 (0-2.21) 764 0.35 + 0.27 (0-2.21) 396 0.35 £+ 0.25 (0-1.56) 368 0.846
(150 g portion/day)
NEWBORNS (c) 772 399 373
cLength (cm) 50.7 & 2.26 (42-58) 760 51.1 & 2.26 (43-58) 393 50.2 £ 2.17 (42-55) 367 0.000
cWeight (g) 3452 + 482 (1450-5140) 763 3519 + 472 (1790-4930) 396 3380 + 483 (1450-5140) 367 0.001
cEGA (weeks) 39.5 + 1.43 (28-42) 727 (100) 39.5 + 1.37 (35-42) 375 (100) 39.4 £+ 1.50 (28-42) 352 (100) 0.351
Pre-term (<37) 16 (2.20) 5(1.33) 11 (3.13) 0.110
Full term (37-42) 711 (97.8) 370 (98.7) 341 (96.9)
Post-term (> 42) - - -
cTrace elements AM + SD (min-max) N (%) AM + SD (min-max) N (%) AM + SD (min-max) N (%)
GM (95%CI) GM (95% CI) 3 GM (95%CI) I}
3 Q
CB-Pb (ng/g) 10.4 + 5.28 (1.82-47.0) 772 10.3 + 4.88 (1.82-34.1) 399 10.5 + 5.67 (2.63-47.0) 373 0.785
9.31 (9.01, 9.63) 9.33 (8.92, 9.75) 9.30 (8.85, 9.77)
CB-Hg (ng/g) 4.56 + 4.40 (0.12, 32.8) 766 4.70 + 4.66 (0.12, 32.8) 395 4.42 + 4.10 (0.14, 26.3) 371 0.727
3.05 (2.85, 3.26) 3.10 (2.81, 3.41) 3.00 (2.73, 3.30)
CB-Zn (pg/g) 2.36 £+ 0.60 (1.16-7.24) 771 2.33 + 0.56 (1.18-4.76) 399 2.39 £+ 0.65 (1.16-7.24) 372 0.403

AM - arithmetic mean; SD - standard deviation; min — minimum; max — maximum; m — maternal; ¢ — child; CB —cord blood; GM - geometric mean; CI - confidence
interval; 8 — male newborn sex; @ — female newborn sex; p — values indicate statistically significant difference between the fetal sexes; Length — newborn length at birth;

Weight — newborn weight at birth; EGA — estimated gestational age at delivery.

2023) cohorts of the PHIME study, whereas for the Slovenian cohort,
blood for DNA isolation was obtained during their recruitment in the
PHIME follow-up study within the CROME-LIFE + project (Cross--
Mediterranean Environment and Health Network) (2013-2017)
(Stajnko et al., 2019).DNA extraction was performed using the Flex-
iGene® DNA kit (Qiagen, Hilden, Germany), following the manufac-
turer’s protocols. The quantity and quality of the isolated DNA were
determined using an ultraviolet-visible (UV-VIS) spectrophotometer
NanoDrop 2000c (Thermo Fisher Scientific, USA).

Single nucleotide polymorphism (SNP) genotyping for APOE (rs7412
and rs429358) was performed using predesigned TagMan SNP Geno-
typing Assays (Applied Biosystems, USA), as described in previous
studies (Snoj Tratnik et al., 2017; Trdin et al., 2020; Palir et al., 2023).
SNP frequencies were tested using Pearson’s chi-squared test for devi-
ation from the Hardy-Weinberg equilibrium (HWE) (p > 0.05). The
basic SNP characteristics are given in the appendix (Table Al).

2.4. Statistics

Descriptive statistics were employed to evaluate participant char-
acteristics derived from questionnaires (maternal age, pre-pregnancy
body mass index [BMI], parity, education, daily seafood consumption,
estimated gestation week [EGW] at venous blood sampling, newborn
estimated gestation age [EGA] at delivery, newborn sex, length, and
weight). Continuous variables were expressed as arithmetic means +
standard deviation (AM + SD) with minimum and maximum values,
while continuous variables were presented as frequency and percentage

distributions. Additionally, concentrations of trace elements (TEs) were
presented as AM =+ SD and as geometric means with a 95% confidence
interval (GM, 95% CI).

General characteristics were stratified by fetal/newborn sex, and
differences between sexes were assessed using Chi-squared test for cat-
egorical variables and the Mann-Whitney U test for continuous vari-
ables. Parity was defined as the number of pregnancies reaching a
gestation period of 20 weeks or more, with nulliparity indicating the first
pregnancy surpassing 20 weeks and multiparity indicating 1 to 4 previ-
ous pregnancies extending beyond 20 weeks. Seafood intake frequency
was determined based on participant responses regarding the con-
sumption of 150 g of various seafood types at different frequencies
(never, <1 x /month, 1-3 x /month, 1 x /week, 2-4 x /week, 5-6 x
/week, 1 x /day, 2-3 x /day or > 3 x /day) (Miklavcic et al., 2013;
Valent et al., 2013). EGW at blood sampling and EGA at delivery were
calculated based on menstrual history.

Concentrations of Pb were further expressed as GM with 95% CI,
stratified by fetal/newborn sex, with the statistical comparison between
mAPOE genotypes conducted using the Kruskal-Wallis test.

The associations between mAPOE genotype and mB-Pb and CB-Pb as
well as mB-Hg and CB-Hg were estimated using fetal/newborn-sex-
stratified linear regression models with an adjustment for different
confounding variables introduced in our previous work (Palir et al.,
2023). Maternal blood zinc (mB-Zn) and cord blood zinc (CB-Zn) values
were utilized as approximate substitutes for unmeasured hemoglobin
and iron values, according to Gibson et al. (2008) and Houghton et al.
(2016). Carriers of the €2 (genotype: £€2/e2 and €2/¢3) and €4 (genotype:
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Table 3

mB-Pb and CB-Pb levels (GM, 95% CI) stratified by fetal sex and mAPOE genotype.
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GM (95% CI) N

€3/e3 €2/e2, e2/e3

€3/¢e4, e4/e4

Maternal group

3

All, N=408

mB-Pb ng/g
Nulliparous, N=238
mB-Pb ng/g

Q

All, N=405

mB-Pb ng/g
Nulliparous, N=228
mB-Pb ng/g
Newborns group
3

All, N=396

CB-Pb ng/g
Nulliparous, N=224
CB-Pb ng/g

?

All, N=373

CB-Pb ng/g
Nulliparous, N=203
CB-Pb ng/g

11.2 (10.6, 11.8) 306

11.2 (10.5, 12.0) 178

10.9 (10.4, 11.4) 301

10.8 (10.1, 11.5) 178

9.28 (8.80, 9.79) 302

9.35 (8.71, 10.0) 172

9.35 (8.82, 9.91) 281

9.49 (8.75, 10.3) 156

11.4 (10.0, 13.1) 45

11.2(9.56, 13.2) 26

12.2 (10.6, 14.0) 37

13.2(11.1, 15.8) 20

9.23 (8.05, 10.6) 40

9.37 (8.02, 11.0) 20

10.1 (8.46, 12.0) 33

12.2 (10.3, 14.5) 18

10.2(9.38,11.1) 57 0.404

9.82 (8.77,11.0) 34 0.311

10.9 (9.66, 12.3) 67 0.102

10.6 (8.61, 12.9) 30 0.062

9.75 (8.83, 10.8) 54 0.659

10.1 (9.01, 11.4) 32 0.366

8.65 (7.69, 9.73) 59 0.349

8.81 (7.37, 10.5) 29 0.046

& - fetal/newborn sex is male; @ — fetal/newborn sex is female; GM — geometric mean; CI - confidence interval; m — maternal; B — blood; CB — cord blood; N — number of
observations; p - statistically significant difference between any of the three groups; significant results (p < 0.05) are in bold, and marginally significant results (p > 0.5

and < 0.10) are in bold italics.

€3/¢e4 and e4/¢e4) allele were compared to the common mAPOE genotype
(e3/¢€3), and additional comparisons were made between €4 carriers and
€2 carriers. Participants with €2/e4 were not included in statistical
analysis as its function can resemble that of €3/¢3.

The effect of mMAPOE genotypes on mB-Pb and mB-Hg concentrations
was studied while controlling for mother’s age, pre-pregnancy BMI,
parity (nulliparous/multiparous), education (high school or lower/uni-
versity or higher), EGW, seafood intake frequency, country of residence,
and mB-Zn levels (Model 1). To eliminate the influence of parity, which
has been reported to affect blood Pb levels (Lewin et al., 2017; Bocca
et al., 2020), the same model was run including only nulliparous women
(Model 2). The effect of mAPOE on CB-Pb and CB-Hg was tested in a
model adjusted for mother’s age, pre-pregnancy BMI, parity (nullipar-
ous/multiparous), education (high school or lower/university or higher),
seafood frequency intake, country of residence, CB-Zn levels, newborn
length and weight, and EGA (Model 3). Again, to exclude the influence
of parity, the model including only the newborns born to nulliparous
mothers was run (Model 4). All models were run separately based on
fetal/newborn sex (3 — male, ¢ — female). A flowchart depicting the
selection of participants for statistical analyses is shown in Fig. 2 and
statistical models’ formulas are provided in the appendix (Equations Al
- A4).

Statistical analyses were conducted using STATA12/SE and R
version 3.6.0 with RStudio version February 1, 1335. Natural log-
transformation was applied to dependent variables (mB-Pb, CB-Pb,
mB-Hg, and CB-Hg) to approximate a normal distribution. The estima-
tion coefficients (b) of the independent variables were exponentiated
(exp(b)) for easier interpretation. If the independent variables were log-
transformed, their effects were presented with estimation coefficients
(b), as in the case of mB-Zn and CB-Zn. Statistical significance (p-value)
was set at a p-value of <0.05, with marginal significance defined as p-
values between > 0.05 and < 0.1.

3. Results and discussion
3.1. mAPOE genotype and allele frequencies

The frequencies of mAPOE genotypes and alleles for the Maternal

and Newborns groups are listed in Table 1. We did not observe signifi-
cant differences in allele frequencies between the groups or between the
fetal sexes. The frequencies were geographically consistent with those
reported in the literature (Giau et al., 2015). Although the frequencies of
APOE genotypes can vary even between neighboring countries, our
study locations were geographically close and showed similar percent-
ages of each genotype (data not shown).

The presence of the isoallelic genotypes €2/¢2 and e4/e4 was
exceptionally rare, accounting for less than or equal to 1% across all
groups examined. Notably, the £2/¢2 genotype was observed in only one
mother with a female offspring and in four mothers with male offspring,
while no instances of the e4/e4 genotype were detected among mothers
with male offspring and only five instances among those with female
offspring. Overall, there were no statistically significant differences in
mAPOE genotypes based on fetal/newborn sex (Table 1).

3.2. General characteristics and trace elements levels

Tables 2a and 2b presents the general characteristics and TEs con-
centrations of the Maternal and Newborns groups, respectively. These
tables include data for all participants within the groups and are further
stratified by fetal/newborn sex. Notably, no significant differences in
general characteristics between the groups based on fetal/newborn sex
were observed, with the expected exception of newborns’ weight and
length (p < 0.001, Table 2b).

As previously reported (Barbone et al., 2019; Miklavcic et al., 2013;
Palir et al., 2023; Snoj Tratnik et al., 2017; Trdin et al., 2020), the
participants exhibited very low to moderate levels of potentially toxic
TEs, including Pb and Hg, in their maternal blood and cord blood
samples. In this study, participants consistently showed low levels of Pb,
with GM (95%CI) in maternal blood being 11.1 (10.7, 11.4) ng/g and in
cord blood 9.31 (9.01, 9.63) ng/g. Only four women exceeded the rec-
ommended blood Pb threshold for pregnant women, which is set at 50
ng/mL (CDC, 2010; Taylor et al., 2014), and 13 women exceeded the
recently updated CDC threshold of 35 ng/mL (Ruckart et al., 2021).
None of the newborns’ CB-Pb levels exceeded these thresholds, which is
particularly noteworthy given the higher volume of erythrocytes in cord
blood compared to venous blood. The observed Pb levels are
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(Ref) £3/e3 ° (Ref) £3/e3 '
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N=365 ' N=341
£2/e2, £2/e3 —— £2/e2, £2/e3 e
£3/ed, edled l—v—.—i e3/ed, ed/ed ——
Model 47 : Model 4Q
N=207 1 N=186
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Exp(b) with 95% CI Exp(b) with 95% CI
Model 1 & : Models include all mothers pregnant with male fetus. Model 1Q : Models include all mothers pregnant with female fetus.
Model 2 & : Models include nulliparous mothers pregnant with male fetus. Model 2 Q: Models include nulliparous mothers pregnant with female fetus.
Model 33 : Models include all male newborns. Model 3Q : Models include all male newborns.
Model 43 : Models include male newborns born to nulliparous mothers. Model 4Q : Models include male newborns born to nulliparous mothers.

Fig. 3. The influence of APOE genotypes on mB-Pb and CB-Pb levels based on linear regression models, comparing the €2/¢€2, £2/¢3 and £3/¢4, e¢4/¢4 genotypes to

the €3/e3 (reference genotype).

& — fetal/newborn sex is male; Q@ — fetal/newborn sex is female; m — maternal; B — blood; CB — cord blood; exp(b) — exponentiation of the B coefficient; #p < 0.1,

*<0.05. Models were adjusted for.

Model 1: mAge, mBMI, mParity (nulliparity/multiparity), mEducation (high school or lower/university or higher), mSeafood consumption, mEGW, mCountry (ITA/

CRO), mB_Zn_log; m — maternal; ¢ — child.
Model 2: as for Model 1 but without mParity.

Model 3: mAge, mBMI, mParity (nulliparity/multiparity); mEducation (high school or lower/university or higher), mSeafood consumption, mCountry (ITA/CRO/

SLO), CB_Zn_log, cEGA, cWeight, cLength; m — maternal; ¢ — child.
Model 4: as for Model 4 but without mParity.

Number of observations (N), statistical significance (p), the percentage of variability of Pb level explained by the model (R?) and estimates of above listed variables

for each model are given in tables Al and A2 (Appendix).

representative of the post-industrial countries with an early ban of lea-
ded gasoline (Poropat et al., 2018). In recent decades, environmental
exposure to Pb has been gradually decreasing, largely due to the elim-
ination of leaded gasoline and lead pipes used in plumbing (Bergdahl
and Skerfving, 2022). Leaded gasoline was banned in Italy in 2002
(OECD, 2003), in Croatia in 2006 (Zorana et al., 2016), and in Slovenia
in 2001 (OECD, 2012). Consequently, all participants were born
significantly before the phase-out of leaded gasoline and could have
potentially been exposed to it for 11-41 years until their inclusion in the
PHIME project (2006-2009). Therefore, mB-Pb and CB-Pb in our study
reflect both current external exposure and past internally accumulated
exposure.

Consistent with prior reports on Italian and Croatian participants
(Palir et al., 2023; Trdin et al., 2020), adequate levels of mP-Se and
mP-Zn were also observed among the participants, with levels of 72.2
(71.1, 73.4) ng/mL and 0.73 (0.72, 0.73) pg/mL, respectively
(Table 2a). These finding indicate good micronutrient status
(Abbassi-Ghanavati et al., 2009; Thomson, 2004; Varsi et al., 2017),
with no significant differences among groups stratified by fetal sex
(Table 2a).

3.3. Lead concentrations in maternal blood and newborns’ cord blood
stratified by mAPOE genotype and fetal sex (Bivariate analysis)

We conducted a simple comparison of mB-Pb and CB-Pb among
mAPOE genotypes, stratified by fetal/newborn sex, including all
mothers or only nulliparous, and all newborns or only newborns born to
nulliparous mothers (Table 3). Statistically significant or marginally
significant differences in mB-Pb and CB-Pb concentrations between
mAPOE genotypes were observed only for nulliparous women with fe-
male offspring and in female newborns. In both cases, €2 genotypes
were associated with higher Pb levels. A similar trend was noted for
mB-Pb in mothers carrying female fetuses, regardless of parity status
(referred to as All). However, since blood Pb levels can be influenced by
various factors (age, education, seafood intake, country of residence,
EGW, etc.), particularly when concentrations are low, we accounted for
these potential confounding variables using multiple linear regression
models.
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Model 1 & : Models include all mothers pregnant with male fetus.

Model 2 d : Models include nulliparous mothers pregnant with male fetus.
Model 33 : Models include all male newborns.

Model 43 : Models include male newborns born to nulliparous mothers.

Model 1Q : Models include all mothers pregnant with female fetus.

Model 2 Q: Models include nulliparous mothers pregnant with female fetus.
Model 3Q : Models include all male newborns.

Model 4Q : Models include male newborns born to nulliparous mothers.

Fig. 4. The influence of APOE genotypes on mB-Pb and CB-Pb levels based on linear regression models, comparing the £2/¢2, £2/¢3 genotype to the ¢3/¢4, e4/¢4

(reference genotype).

3 - fetal/newborn sex is male; @ — fetal/newborn sex is female; m — maternal; B — blood; CB - cord blood; exp(b) — exponentiation of the B coefficient; *p < 0.05, **p

< 0.01, **p < 0.001. Models were adjusted for.

Model 1: mAge, mBMI, mParity (nulliparity/multiparity), mEducation (high school or lower/university or higher), mSeafood consumption, mEGW, mCountry (ITA/

CRO), mB_Zn_log; m — maternal; ¢ — child.
Model 2: as for Model 1 but without mParity.

Model 3: mAge, mBMI, mParity (nulliparity/multiparity); mEducation (high school or lower/university or higher), mSeafood consumption, mCountry (ITA/CRO/

SLO), CB_Zn_log, cEGA, cWeight, cLength; m — maternal; ¢ — child.
Model 4: as for Model 4 but without mParity.

Number of observations (N), statistical significance (p), the percentage of variability of Pb level explained by the model (R?) and estimates of above listed variables

for each model are given in tables A3 and A4 (Appendix).

3.4. Associations between mAPOE genotypes and Pb (Hg) levels in
maternal (cord)blood stratified by fetal/newborn sex and parity (multiple
linear regression models)

We employed fetal/newborn-sex-stratified multiple linear regression
models to estimate the associations between mAPOE genotypes and mB-
Pb and CB-Pb (Fig. 3 — 4, Table A2-A5). Firstly, we ran the models with
all participants (Model 1, Model 3) and then focused on nulliparous
women and their newborns (Model 2, Model 4). We tested the impact of
the €2 or e4 genotypes versus the “neutral” €3 homozygotes, as well as €4
compared to €2. Fig. 3 — 4 present the estimates for Pb, while the esti-
mates for additional explanatory variables are presented in the Appen-
dix (Tables A2 — A5).

The results confirmed the association between the presence of the €2
allele and higher concentrations of mB-Pb and CB-Pb, but only when the
fetal/newborn sex was female. Mothers carrying the €2 allele had 17%
(95%CI 2%, 36%) higher mean mB-Pb levels than mothers with the €3/
€3 genotype (Fig. 3, Model 19, Table A2). In cord blood, we observed a
slightly higher increase of 19% (95CI 1%, 39%) in mean Pb levels if
mAPOE genotype was €2/¢2 or €2/e3 in comparison to £3/e3 (Fig. 3,
Model 39, Table A3). As aforementioned in the introduction, several
studies suggest that APOE is involved in bone homeostasis, including
maintaining bone mass by regulating bone metabolism, including
turnover (Dieckmann et al., 2014; Noguchi et al., 2018; Wang et al.,
2023). Some studies highlight the isoallelic €2 genotype as having the

weakest effect on maintaining bone mass (Dieckmann et al., 2014;
Niemeier et al., 2012; S. Q. Zhang et al., 2014). This aligns with our
findings; if bone turnover is indeed higher among 2 carriers
(Dieckmann et al., 2014), it could influence blood Pb concentrations.
Notably, the majority of accumulated Pb, both historically and during
the first half of pregnancy, is stored in bones (ATSDR, 2020) and can be
released along with Ca during the second half of pregnancy when
sampling was performed. Furthermore, our models reveal modest yet
statistically significant positive associations between age and mB-Pb, as
well as CB-Pb (which were consistently slightly higher when the
fetal/newborn sex was female) (Table A3 - A4). This suggests that part of
the Pb measured in maternal and cord blood originates from historically
accumulated bone-Pb, as demonstrated by isotopic measurements in
previous studies (Gulson et al., 1997; Kovacs, 2016).

In our research, when fetal/newborn sex was male, no association
was found between mB-Pb and CB-Pb levels when comparing carriers of
the €2 allele to €3/¢3 (Fig. 3, Model 18, Model 33, Table A2 — A3). We
believe these sex-based differences can be at least partially attributed to
sex hormones. Jasienska et al. (2015) reported interactions between sex
hormones and APOE genotypes in fertile females, and Glynn et al.
(2016) observed higher levels of serum sex hormones in mothers car-
rying female fetuses. Moreover, in an ongoing study involving mothers
in the third trimester and their newborns from Kyrgyzstan (N = 91), we
observed significantly higher levels of testosterone, progesterone,
estradiol, and cholesterol in mothers pregnant with female fetus
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Fig. 5. The influence of APOE genotypes on mB-Hg levels based on linear
regression models, comparing (A) the £€2/¢2, €2/¢3 and €3/¢4, ¢4/¢4 genotypes
to the £3/¢3 (reference genotype) and (B) comparing the €2/¢2, £€2/¢3 genotype
to the €3/¢4, €4/¢4 (reference genotype). 3 — fetal/newborn sex is male; @ —
fetal/newborn sex is female; m — maternal; B — blood; CB - cord blood; exp(b) —
exponentiation of the B coefficient; *p < 0.05. Models were adjusted for.
Model 2: mAge, mBMI, mEducation (high school or lower/university or
higher), mSeafood consumption, mEGW, mCountry (ITA/CRO), mB_Zn _log; m —
maternal; ¢ — child.Number of observations (N), statistical significance (p), the
percentage of variability of Hg level explained by the model (R?) and estimates
of above listed variables for each model are given in tables A6 and
A7 (Appendix).

compared to those pregnant with a male; the difference was even higher
if the mothers carried the €4 allele (Tursunova et al., 2023; unpublished
data). In the elderly population, increasing evidence suggests the
involvement of sex hormones (particularly estradiol but also proges-
terone) in APOE effects related to AD, menopause-associated bone loss,
dyslipidemia, and the risk of cardiovascular disease (Belloy et al., 2019;
Gamache et al., 2020, Valencia-Olvera et al., 2022). It is evident that
various sex-based hormonal-APOE interactions occur in (patho)physio-
logical, metabolic processes during early life and later, with different
effects at different life stages and health conditions (Valencia-Olvera
et al., 2022; Jasienska et al., 2015). The absence of associations between
mB-Pb and CB-Pb levels with APOE genotypes could also be attributed to
the larger size, higher bone mineral density, and therefore presumed
increased mineral flux into the skeletal system of male babies. This
enhanced mineral flux might obscure any association between the low
concentrations of Pb observed in this study and APOE genotype.

The influence of the €2 allele on mB-Pb and CB-Pb became even more
pronounced when only nulliparous mothers and their newborns were
included. The difference in Pb concentrations between £3/e3 and €2/¢2,
€2/€3 increased to 24% (95%CI 3%, 49%) in blood (Fig. 3, Model 29,
Table A2) and to 29% (95%CI 5%, 59%) in cord blood (Fig. 3, Model 49,
Table A3) when nulliparity was considered as an inclusion factor. It is
important to note, that in the Maternal group, the average age was 32.2
years for all participants (Model 1) and 31.2 years for nulliparous
women (Model 2) and in the Newborns group, the corresponding values
were 31.8 (Model 3) and 30.9 years (Model 4). As the age distribution
of mothers was similar between the *All’ and ’Nulliparous’ groups, our
findings may indicate the modulating effects of the £2 allele and nulli-
parity on Pb kinetics, leading to an increased transfer of Pb from
maternal blood to cord blood. The protective effect of parity, or parity as
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a negative predictor for Pb, Cd and/or Hg exposure in maternal and cord
blood, has already been reported (Lewin et al., 2017; Bocca et al., 2020;
Trdin et al., 2020). Lewin et al. (2017) measured several toxicants and
found that chemical concentrations are generally higher in nulliparous
women than in uniparous or multiparous women, likely due to the
enhanced placenta’s ability to detoxify toxic elements. Parity can affect
metal kinetics through various processes (Gundacker and
Hengstschlager, 2012), and nulliparous women are generally more
vulnerable due to less effective placental detoxification functioning
(Prior et al., 2014), whereas multiparity (however below five or more
pregnancies), signifies a protective metabolic adaptation of the placenta.
A recent study by Punshon et al. (2019) reported that “parity was
positively associated with placental weight, efficiency increased for
every previous pregnancy and placental disc symmetry was greater
among women with higher number of previous pregnancies”. It should
also be noted that in our study, only 1% of the participants had three or
four previous pregnancies, and none had five or more (Tables 2a and
2b), which could signify a higher-risk pregnancy (Bai et al., 2002).

When conducting the statistical analysis, we also identified an as-
sociation between the mAPOE &4 allele and mB-Pb concentrations. The
mAPOE €4 allele showed a protective effect against Pb exposure,
although the associations did not reach statistical significance in all
groups (Fig. 3, Table A2 — A3). Among mothers pregnant with a male
fetus, €4 carriers had mean mB-Pb levels that were 11% (95%CI -21%,
+2%) or 13% (95%CI -26%, +2%) lower than those in the £3/¢3 group,
depending on whether all participants were included or only nulliparous
women (Fig. 3, Model 18, Model 28, Table A2). Furthermore, in female
newborns, a trend towards lower CB-Pb in the &4 allele group compared
to the £3/€3 group was found (p = 0.104) (Fig. 3, Model 3@, Table A3).
This trend became marginally significant (p = 0.063) when only new-
borns born to nulliparous women were included (—16%, 95%CI -30%,
+1%) (Fig. 3, Model 4@, Table A3). These observations could indicate
the protective function of maternal €4 for pregnant women and their
newborns. Despite the ¢4 allele being considered a risk factor for age-
related diseases like late-onset AD, it has been proposed to have bene-
ficial effects in early life and on fertility (Tudorache et al., 2017;
Jasienska et al., 2015; Oria et al., 2020; Trdin et al., 2020). Huebbe et al.
(2011) demonstrated, in targeted replacement mice and humans, that
the APOE ¢4 allele is associated with higher levels of cholesterol and
vitamin D, and more efficient intestinal Ca absorption, leading to higher
Ca levels.

To further examine the impact of the ¢2 allele, we conducted an
additional step by directly comparing the effects of the €2 and €4 alleles,
which in previous steps displayed opposite effects on mB-Pb and CB-Pb.
As expected, significant differences in Pb levels were only observed
when the fetal/newborn sex was female. Carriers of the &2 allele
demonstrated 21% (95%CI 1%, 45%) higher mean mB-Pb levels than €4
when considering all participants regardless of parity (Fig. 4, Model 19,
Table A4). When focusing specifically on nulliparous women, this dif-
ference increased to 36% (95%CI 4%, 76%) (Fig. 4, Model 2, Table A4).
In cord blood, if mAPOE genotype included €2, mean Pb levels were 34%
(95%CI 12%, 62%) higher compared to €4 genotypes when analyzing all
newborns (Fig. 4, Model 3@, Table A5) and 63% (95%CI 27%, 109%)
when analyzing only those born to nulliparous women (Fig. 4, Model 49,
Table A5). These results support the possible impact of the €2 allele on
increased (cord)blood Pb levels, which could be driven by various
multifactorial mechanisms, including increased bone remodeling.

In our study, we also tested associations between mAPOE genotype
and Hg (cord)blood levels using the same models. Similar to the findings
for mB-Pb, we observed a 38% (95%CI -6%, 103%) higher mean mB-Hg
in €2 carriers in comparison to £€3/e3 genotype when fetal sex was female
and mothers were nulliparous; at the same time, €4 carriers were asso-
ciated with lower mB-Hg levels (Fig. 5A, Table A6, Model 29). Hence,
significant associations emerged when comparing €2 allele carriers to €4
carriers, demonstrating that €2 carriers exhibited 79% (95%CI 7%,
202%) higher mB-Hg levels (Fig. 5B-Table A7, Model 29). However, in
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other models analyzing mAPOE genotypes and mB-Hg or CB-Hg, no
associations were found (data not shown). Knowing that Hg does not
readily store in the bones, this finding suggests that €2 may be acting
through various pathways. Experimental data on different interactions
such as APOE/selenoprotein P (Jin et al., 2020), selenoprotein P/Pb (Bi
et al.,, 2019), APOE/metallothioneins (Augsten et al., 2011; Graeser
et al.,, 2012), and metallothioneins/Pb (He et al., 2014) suggest that
APOE has a complex impact on Pb on various levels. Thus, our results
point to the influence of the mAPOE ¢2 allele on increased mB-Pb and
CB-Pb levels; however, determining the primary mechanisms behind
this influence remains a challenge, particularly at low exposure levels
where accurately estimating external dietary or environmental Pb
exposure and distinguishing it from internal bone Pb exposure can be
difficult. Future mechanistic studies are necessary to ascertain the sig-
nificance of the APOE ¢2 allele.

3.5. Study strengths and limitations

Our main strength is the relatively large sample size, which enabled
us to compare €2 allele carriers with ¢4 allele carriers and those with the
3/3 genotype. Many studies involving APOE often diminish the signifi-
cance of the £2 allele by combining it with €3/¢3 or excluding &2 carriers
altogether. Another notable strength is our stratification of all statistical
analyses based on fetal/newborn sex, whereas in many studies, sex is
merely added as a confounder. Furthermore, our study’s robustness
extends to the inclusion of additional trace elements such as Zn and Se,
offering insights into nutritional status and their potential impact on
gestational Pb absorption and bone integrity. Additionally, we investi-
gated the influence of mAPOE on Hg, recognizing that Hg in contrast
with Pb, is not stored in the bone.

However. there are some limitations in the study that increase un-
certainty in data and limit the refinement of statistical associations. The
first is a common issue in epidemiological and human biomonitoring
studies: reliance on self-reported data on smoking status, dietary habits,
etc. Another limitation is the lack of data on hemoglobin/hematocrit
levels, which we partly compensated for by including mB-Zn and CB-Zn
concentrations in the statistical models. Additionally, another challenge
of the study is the sampling of mixed CB instead of arterial or venous CB,
resulting in random ratios of arterial and venous CB in samples. He-
moglobin values vary between arterial and venous CB (Masoumi et al.,
2017), which affects the concentration of erythrocytes-accumulating
elements like Pb. It is also known that fetal demand for TEs and other
nutrients varies greatly depending on the week of gestation; therefore, it
would be extremely beneficial to sample women for prenatal blood
analysis in the same week of pregnancy. This could eliminate another
bias due to changing lipid status during pregnancy (Zheng et al., 2017).
Having data on hormonal and lipid status would also improve the
observed associations.

4. Conclusions

We discovered fetal/newborn-sex-based associations between
mAPOE genotypes and blood Pb levels in pregnant women and new-
borns, who had low blood Pb levels and adequate plasma Zn and Se
levels. The presence of the maternal 2 allele was significantly associ-
ated with higher mean mB-Pb and CB-Pb levels when the fetal/newborn
sex was female. This may be linked to heightened bone turnover among
€2 carriers, a factor potentially amplified by the unique calcium dy-
namics of pregnancy and modifying effects between sex hormones and
APOE genotypes. Conversely, the €4 allele was linked with lower mB-Pb
regardless of fetus sex and lower CB-Pb in female newborns, suggesting a
protective effect of €4 against Pb exposure and proposing beneficial ef-
fects of APOE €4 early in life. Notably, genotype-based observations
were contingent on fetus/newborn sex and were more pronounced in the
case of nulliparity. These findings highlight the importance of consid-
ering sex, genetic polymorphisms, and parity as influencing factors in
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future studies.
CRediT authorship contribution statement

Neza Palir: Writing — review & editing, Writing — original draft,
Visualization, Methodology, Investigation, Formal analysis, Data cura-
tion. Anja Stajnko: Writing — review & editing, Visualization, Investi-
gation, Formal analysis, Data curation. Darja Mazej: Writing — review &
editing, Formal analysis, Data curation. Alenka France Stiglic: Data
curation. Valentina Rosolen: Writing — review & editing, Resources,
Data curation. Marika Mariuz: Resources. Luca Ronfani: Resources.
Janja Snoj Tratnik: Writing — review & editing, Methodology. Agneta
Annika Runkel: Writing - review & editing, Methodology. Veronika
Tursunova: Resources. Janja Marc: Resources, Methodology. Igor
Prpi¢: Writing — review & editing, Resources, Methodology. Zdravko
Spiri¢: Writing — review & editing, Project administration, Methodol-
ogy. Fabio Barbone: Writing — review & editing, Resources, Project
administration, Methodology. Milena Horvat: Writing — review &
editing, Resources, Project administration, Methodology, Funding
acquisition, Formal analysis. Ingrid Falnoga: Writing — review & edit-
ing, Writing — original draft, Visualization, Validation, Supervision,
Methodology, Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgments

This work was supported by the Slovenian Research Agency,
Slovenia (research program P1-0143 and project J7-9400). The authors
would like to thank all the laboratory groups who contributed to
recruiting participants, their sampling, and analyzing biological samples
that culminated in the results achieved within the PHIME project. We
would also like to thank all of the participants for their time and bio-
logical samples.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envres.2024.119583.

References

Abbassi-Ghanavati, M., Greer, L.G., Cunningham, F.G., 2009. Pregnancy and laboratory
studies: a reference table for clinicians. Obstet. Gynecol. 114, 1326-1331. https://
doi.org/10.1097/A0G.0b013e3181c2bde8.

Ahamed, M., Siddiqui, M.K.J., 2007. Environmental lead toxicity and nutritional factors.
Clin. Nutr. 26, 400-408. https://doi.org/10.1016/j.clnu.2007.03.010.

Al-qaraghouli, M., Ming, Y., Fang, V., Al-qaraghouli, M., 2017. Effect of Fetal Sex on
Maternal and Obstetric Outcomes 5 (June), 1-10. https://doi.org/10.3389/
fped.2017.00144.

Arnold, A., Dennison, E., Kovacs, C.S., Mannstadt, M., Rizzoli, R., Brandi, M.L.,

Clarke, B., Thakker, R.V., 2021. Hormonal regulation of biomineralization. Nat. Rev.
Endocrinol. 17, 261-275. https://doi.org/10.1038/s41574-021-00477-2.

ATSDR (Agency for Toxic Substances and Disease registry), 2020. Toxicological Profile
for Lead. U.S. department of health and Human Services, Public health Service,
atlanta, GA. https://doi.org/10.15620/cdc:95222.

Augsten, M., Hackl, H., Ebner, B., Chemelli, A., Glatter, O., Marsche, G., Lang, U.,
Desoye, G., Wadsack, C., 2011. Fetal HDL/apoE: a novel regulator of gene expression
in human placental endothelial Cells. Physiol. Genom. 43 (22), 1255-1262. https://
doi.org/10.1152/physiolgenomics.00109.2011.

Bai, J., Wong, F.W., Bauman, A., Mohsin, M., 2002. Parity and pregnancy outcomes. Am.
J. Obstet. Gynecol. 186 (2), 274-278. https://doi.org/10.1067/mob.2002.119639.


https://doi.org/10.1016/j.envres.2024.119583
https://doi.org/10.1016/j.envres.2024.119583
https://doi.org/10.1097/AOG.0b013e3181c2bde8
https://doi.org/10.1097/AOG.0b013e3181c2bde8
https://doi.org/10.1016/j.clnu.2007.03.010
https://doi.org/10.3389/fped.2017.00144
https://doi.org/10.3389/fped.2017.00144
https://doi.org/10.1038/s41574-021-00477-2
https://doi.org/10.15620/cdc:95222
https://doi.org/10.1152/physiolgenomics.00109.2011
https://doi.org/10.1152/physiolgenomics.00109.2011
https://doi.org/10.1067/mob.2002.119639

N. Padlir et al

Barbone, F., Rosolen, V., Mariuz, M., Parpinel, M., Casetta, A., Sammartano, F.,
Ronfani, L., Vecchi Brumatti, L., Bin, M., Castriotta, L., Valent, F., Little, D.L.,
Mazej, D., Snoj Tratnik, J., Miklavéi¢ Visnjevec, A., Sofianou, K., Spiri¢, Z.,

Krsnik, M., Osredkar, J., et al., 2019. Prenatal mercury exposure and child
neurodevelopment outcomes at 18 months: results from the Mediterranean PHIME
cohort. Int. J. Hyg Environ. Health 222 (1), 9-21. https://doi.org/10.1016/j.
ijheh.2018.07.011.

Belloy, M.E., Napolioni, V., Greicius, M.D., 2019. A quarter century of APOE and
alzheimer’s disease: progress to date and the path forward. Neuron 101 (5),
820-838. https://doi.org/10.1016/j.neuron.2019.01.056.

Bergdahl, I.A., Skerfving, S., 2022. Chapter 19 -lead. In: Nordberg, G.F., Costa, Max
(Eds.), Handbook on the Toxicology of Metals, fith ed. Academic Press, pp. 427-493.
https://doi.org/10.1016/B-0-12-822946-0.00036-2.

Bi, M., Zhang, L., Yuan, L., Zhao, L., Liu, R., 2019. Molecular mechanisms of lead-induced
changes of selenium status in mice livers through interacting with selenoprotein P.
Environ. Saf. 175, 282-288. https://doi.org/10.1016/j.ecoenv.2019.03.059.

Bocca, B., Ruggieri, F., Pino, A., Rovira, J., Calamandrei, G., Mirabella, F.,

Martinez, M.A., Domingo, J.L., Alimonti, A., Schuhmacher, M., 2020. Human
biomonitoring to evaluate exposure to toxic and essential trace elements during
pregnancy. Part B: predictors of exposure. Environ. Res. 182 (October 2019), 109108
https://doi.org/10.1016/j.envres.2019.109108.

CDC, Centers for Disease Control and Prevention, 2010. Guidelines for the identification
and management of lead exposure in pregnant and lactating women. Childhood Lead
Poisoning. Prevention 2012, 302. https://www.cdc.gov/nceh/lead/publications/lea
dandpregnancy2010.pdf.

Clifton, V.L., 2010. Review : sex and the human placenta : mediating differential
strategies of fetal growth and survival. Placenta 31, S33-S39. https://doi.org/
10.1016/j.placenta.2009.11.010.

Dieckmann, M., Beil, F.T., Mueller, B., Bartelt, A., Robert, P., Koehne, T., Amling, M.,
Ruether, W., Cooper, J.A., Steve, E., Herz, J., Niemeier, A., 2014. NIH Public Access
28 (2), 236-245. https://doi.org/10.1002/jbmr.1757.

Enninga, E.A.L., Nevala, W.K., Creedon, D.J., Markovic, S.N., Holtan, S.G., 2015. Fetal
sex-based differences in maternal hormones, angiogenic factors, and immune
mediators during pregnancy and the postpartum period. Am. J. Reprod. Immunol. 73
(3), 251-262. https://doi.org/10.1111/aji.12303.

Gamache, J., Yun, Y., Chiba-Falek, O., 2020. Sex-dependent effect of APOE on
Alzheimer’s disease and other age-related neurodegenerative disorders.
DisModelMech 13 (8). https://doi.org/10.1242/dmm.045211.

Giau, V. Van, Bagyinszky, E., An, S.S.A., Kim, S.Y., 2015. Role of apolipoprotein E in
neurodegenerative diseases. Neuropsychiatric Dis. Treat. 11, 1723-1737. https://
doi.org/10.2147/NDT.S84266.

Gibson, R.S., Abebe, Y., Stabler, S., Allen, R.H., Westcott, J.E., Stoecker, B.J., Krebs, N.F.,
Michael Hambidge, K., 2008. Zinc, gravida, infection, and iron, but not vitamin B-12
or folate status, predict hemoglobin during pregnancy in Southern Ethiopia. J. Nutr.
138 (3), 581-586. https://doi.org/10.1093/jn/138.3.581.

Glynn, L.M., Davis, E.P., Sandman, C.A., Goldberg, W.A., 2016. Gestational hormone
profiles predict human maternal behavior at 1-year postpartum. Horm. Behav. 85,
19-25. https://doi.org/10.1016/j.yhbeh.

Graeser, A.C., Huebbe, P., Storm, N., Hoppner, W., Doring, F., Wagner, A.E.,

Rimbach, G., 2012. Apolipoprotein E genotype affects tissue metallothionein levels:
studies in targeted gene replacement mice. Genes and Nutrition 7 (2), 247-255.
https://doi.org/10.1007/512263-012-0282-x.

Gulson, B.L., Jameson, C.W., Mahaffey, K.R., Mizon, K.J., Korsch, M.J., Vimpani, G.,
1997. Pregnancy increases mobilisation of lead from maternal skeleton. J. Lab. Clin.
Med. 130, 51-62. https://doi.org/10.1016/50022-2142(97)90059-5.

Gulson, B., Mizon, K., Korsch, M., Taylor, A., 2016. Revisiting mobilisation of skeletal
lead during pregnancy based on monthly sampling and cord/maternal blood lead
relationships confirm placental transfer of lead. Arch. Toxicol. 90 (4), 805-816.
https://doi.org/10.1007/500204-015-1515-8.

Gundacker, C., Hengstschlager, M., 2012. The role of the placenta in fetal exposure to
heavy metals. Wien Med. Wochenschr. 162 (9-10), 201-206. https://doi.org/
10.1007/s10354-012-0074-3.

He, Y., Liu, M., darabedian, N., Liang, Y., Wu, D., Xiang, J., Zhou, F., 2014. pH-dependent
coordination of Pb2+ to metallothionein2: structures and insight into lead
detoxification. Inorg. Chem. 17, 2822-2830. https://doi.org/10.1021/ic402452s.

Houghton, L.A., Parnell, W.R., Thomson, C.D., Green, T.J., Gibson, R.S., 2016. Serum
zinc is a major predictor of anemia and mediates the effect of selenium on
hemoglobin in school-aged children in a nationally representative survey in New
Zealand. J. Nutr. 146 (9), 1670-1676. https://doi.org/10.3945/jn.116.235127.

Huebbe, P., Nebel, A., Siegert, S., Moehring, J., Boesch-Saadatmandi, C., Most, E.,
Pallauf, J., Egert, S., Miiller, M.J., Schreiber, S., Nothlings, U., Rimbach, G., 2011.
APOE ¢ 4 is associated with higher vitamin D levels in targeted replacement mice
and humans. Faseb. J. 25 (9), 3262-3270. https://doi.org/10.1096/fj.11-180935.

Jagodic, M., Snoj Tratnik, J., Mazej, D., Stajnko, A., Pavlin, M., Krsnik, M., Kobal, B.A.,
Kononenko, L., Odland, J.@., Horvat, M., 2017. Birth weight in relation to maternal
blood levels of selected elements in slovenian populations: a cross-sectional study.
J. Health Sci. 5 (2), 95-106. https://doi.org/10.17265/2328-7136/2017.02.005.

Jasienska, G., Ellison, P.T., Galbarczyk, A., Jasienski, M., Kalemba-Drozdz, M.,
Kapiszewska, M., Nenko, L., Thune, I., Ziomkiewicz, A., 2015. Apolipoprotein E
(ApoE) polymorphism is related to differences in potential fertility in women: a case
of antagonistic pleiotropy? Proc. Biol. Sci. 282 (1803) https://doi.org/10.1098/
rspb.2014.2395.

Jin, Y., Chung, Y.W., Jung, M.K,, Lee, J.H., Ko, K.Y., Jang, J.K., Ham, M., Kang, H.,
Pack, C.G., Mihara, H., Kim, 1.Y., 2020. Apolipoprotein E-mediated regulation of
selenoprotein P transportation via exosomes. Cell. Mol. Life Sci. 77 (12), 2367-2386.
https://doi.org/10.1007/500018-019-03287-y.

11

Environmental Research 260 (2024) 119583

Kara, E., Marks, J.D., Fan, Z., Klickstein, J.A., Roe, A.D., Krogh, K.A., Wegmann, S.,
Maesako, M., Luo, C.C., Mylvaganam, R., Berezovska, O., Hudry, E., Hyman, B.T.,
2017. Isoform- and cell type-specific structure of apolipoprotein E lipoparticles as
revealed by a novel Forster resonance energy transfer assay. J. Biol. Chem. 292 (36),
14720-14729. https://doi.org/10.1074/jbc.M117.784264.

Kobal, A.B., Horvat, M., Prezelj, M., Briski, A.S., Krsnik, M., Dizdarevi¢, T., Mazej, D.,
Falnoga, L., Stibilj, V., Arneri¢, N., Kobal, D., Osredkar, J., 2004. The impact of long-
term past exposure to elemental mercury on antioxidative capacity and lipid
peroxidation in mercury miners. J. Trace Elem. Med. Biol. 17 (4), 261-274. https://
doi.org/10.1016/50946-672X(04)80028-2.

Kovacs, C.S., 2016. Maternal mineral and bone metabolism during pregnancy, lactation,
and post-weaning recovery. Physiol. Rev. 96 (2), 449-547. https://doi.org/10.1152/
physrev.00027.2015.

Kovacs, C.S., 2020. Chapter 27 - hormones from bone. In: Litvack, G. (Ed.), Hormonal
Signaling in Biology and Medicine. Academic Press, pp. 607-618. https://doi.org/
10.1016/B978-0-12-813814-4.00027-4.

Lewin, A., Arbuckle, T.E., Fisher, M., Liang, C.L., Marro, L., et al., 2017. Univariate
predictors of maternal concentrations of environmental chemicals: the MIREC study.
Int. J. Hyg Environ. Health 220 (2, Part A), 77-85. https://doi.org/10.1016/j.
ijheh.2017.01.001.

Lumsden, A.L., Mulugeta, A., Zhou, A., Hypponen, E., 2020. Apolipoprotein E (APOE)
genotype-associated disease risks: a phenome-wide, registry-based, case-control
study utilising the UK Biobank. Citation DataeBioMedicine, ISSN: 2352-3964 59,
102954.

Masoumi, Z., Familari, M., Kallén, K., Ranstam, J., Olofsson, P., Hansson, S.R., 2017.
Fetal hemoglobin in umbilical cord blood in preeclamptic and normotensive
pregnancies: a cross-sectional comparative study. PLoS One 12, e0176697.

Miklav¢ic, A., Casetta, A., Snoj Tratnik, J., Mazej, D., Krsnik, M., Mariuz, M.,

Sofianou, K., Spirié, Z., Barbone, F., Horvat, M., 2013. Mercury, arsenic and selenium
exposure levels in relation to fish consumption in the Mediterranean area. Environ.
Res. 120, 7-17. https://doi.org/10.1016/j.envres.2012.08.010.

Mushak, P., 1991. Gastro-intestinal absorption of lead in children and adults: overview of
biological and biophysico-chemical aspects. Chem. Speciat. Bioavailab. 3 (3-4),
87-104. https://doi.org/10.1080/09542299.1991.11083160.

Niemeier, A., Schinke, T., Heeren, J., Amling, M., 2012. The role of Apolipoprotein E in
bone metabolism. Bone 50 (2), 518-524. https://doi.org/10.1016/j.
bone.2011.07.015.

Noguchi, T., Ebina, K., Hirao, M., Otsuru, S., Guess, A.J., Kawase, R., Ohama, T.,
Yamashita, S., Etani, Y., Okamura, G., Yoshikawa, H., 2018. Apolipoprotein E plays
crucial roles in maintaining bone mass by promoting osteoblast differentiation via
ERK1/2 pathway and by suppressing osteoclast differentiation via c-Fos, NFATc1,
and NF-xB pathway. Biochem. Biophys. Res. Commun. 503 (2), 644-650. https://
doi.org/10.1016/j.bbrc.2018.06.055, 2018.

OECD Environmental Performance Review: Italy 2002. OECD Publishing. 2003.

OECD Environmental Performance Review: Slovenia 2012. OECD Publishing. 2012.

Oria, R.B., de Almeida, J.Z., Moreira, C.N., Guerrant, R.L., Figueiredo, J.R., 2020.
Apolipoprotein E effects on mammalian ovarian steroidogenesis and human fertility.
Trends Endocrinol. Metabol. 31 (11), 872-883. https://doi.org/10.1016/j.
tem.2020.06.003.

O’Tierney, P., 2020. Let’s talk about sex: placentas’ central role in sexually dimorphic
responses to the maternal milieu. J. Clin. Endocrinol. Metab. 105 (12), 4973-4974.
https://doi.org/10.1210/clinem/dgaa683.

Palir, N., Stajnko, A., Snoj Tratnik, J., Mazej, D., Briski, A.S., France-Stiglic, A.,
Rosolen, V., Mariuz, M., Giordani, E., Barbone, F., Horvat, M., Falnoga, ., 2023.
ALAD and APOE polymorphisms are associated with lead and mercury levels in
Italian pregnant women and their newborns with adequate nutritional status of zinc
and selenium. Environ. Res. 220 (January) https://doi.org/10.1016/j.
envres.2023.115226.

Poropat, A.E., Laidlaw, M.A.S., Lanphear, B., Ball, A., Mielke, H.W., 2018. Blood lead and
preeclampsia : a meta-analysis and review of implications. Environ. Res. 160, 12-19.
https://doi.org/10.1016/j.envres.2017.09.014. September 2017.

Prior, T., Mullins, E., Bennett, P., Kumar, S., 2014. Influence of parity on fetal
hemodynamics and amniotic fluid volume at term. Ultrasound Obstet. Gynecol. 44
(6), 688-692. https://doi.org/10.1002/10g.13332.

Punshon, T., Li, T., Jackson, B.P., Parks, W.T.W., Romano, M., Conway, D., Baker, E.R.,
Karagas, M.R.R., 2019. Placental metal concentrations in relation to placental
growth, efficiency and birth weight. Environ. Int. 126, 533-542. https://doi.org/
10.1016/j.envint.2019.01.063.

Qi, Q., Xu, Y., Sun, H., Zhou, J., Li, L., Pan, X., Wang, J., Cao, W., Sun, Y., Wang, L., 2023.
Apolipoprotein E deficiency attenuated osteogenesis via down-regulating osterix.
Drug Discov Ther 17 (4), 270-278. https://doi.org/10.5582/ddt.2023.01026. Epub
2023 Aug 17. PMID: 37587051.

Ryan, B.A., Kovacs, C.S., 2021. Maternal and fetal vitamin D and their roles in mineral
homeostasis and fetal bone development. J. Endocrinol. Invest. 44, 643-659.

Ruckart, P.Z., Jones, R.L., Courtney, J.G., LeBlanc, T.T., Jackson, W., Karwowski, M.P.,
Cheng, P.Y., Allwood, P., Svendsen, E.R., Breysse, P.N., 2021. Update of the blood
lead reference value - United States, 2021. MMWR Morb. Mortal. Wkly. Rep. 70 (43),
1509-1512. https://doi:10.15585/mmwr.mm7043a4.

Skerfving, S., Bergdhal, I.A., 2015. Chapter 43 - lead. In: F, G., Nordberg, B.A., Fowler, M.
Nordberg (Eds.), Handbook on the Toxicology of Metals (Fourth Edition. Academic
Press, pp. 911-976. https://doi.org/10.1016/B978-0-444-59453-2.00043-3.

Snoj Tratnik, J., Falnoga, 1., Trdin, A., Mazej, D., Fajon, V., Miklav¢i¢, A., Kobal, A.B.,
Osredkar, J., Sesek Briski, A., Krsnik, M., Neubauer, D., Kodri¢, J., Stropnik, S.,
Gosar, D., Lesnik Musek, P., Marc, J., Jurkovi¢ Mlakar, S., Petrovié, O., Vlasi¢-
Cicvari¢, 1., et al., 2017. Prenatal mercury exposure, neurodevelopment and



https://doi.org/10.1016/j.ijheh.2018.07.011
https://doi.org/10.1016/j.ijheh.2018.07.011
https://doi.org/10.1016/j.neuron.2019.01.056
https://doi.org/10.1016/B-0-12-822946-0.00036-2
https://doi.org/10.1016/j.ecoenv.2019.03.059
https://doi.org/10.1016/j.envres.2019.109108
https://www.cdc.gov/nceh/lead/publications/leadandpregnancy2010.pdf
https://www.cdc.gov/nceh/lead/publications/leadandpregnancy2010.pdf
https://doi.org/10.1016/j.placenta.2009.11.010
https://doi.org/10.1016/j.placenta.2009.11.010
https://doi.org/10.1002/jbmr.1757
https://doi.org/10.1111/aji.12303
https://doi.org/10.1242/dmm.045211
https://doi.org/10.2147/NDT.S84266
https://doi.org/10.2147/NDT.S84266
https://doi.org/10.1093/jn/138.3.581
https://doi.org/10.1016/j.yhbeh
https://doi.org/10.1007/s12263-012-0282-x
https://doi.org/10.1016/S0022-2142(97)90059-5
https://doi.org/10.1007/s00204-015-1515-8
https://doi.org/10.1007/s10354-012-0074-3
https://doi.org/10.1007/s10354-012-0074-3
https://doi.org/10.1021/ic402452s
https://doi.org/10.3945/jn.116.235127
https://doi.org/10.1096/fj.11-180935
https://doi.org/10.17265/2328-7136/2017.02.005
https://doi.org/10.1098/rspb.2014.2395
https://doi.org/10.1098/rspb.2014.2395
https://doi.org/10.1007/s00018-019-03287-y
https://doi.org/10.1074/jbc.M117.784264
https://doi.org/10.1016/S0946-672X(04)80028-2
https://doi.org/10.1016/S0946-672X(04)80028-2
https://doi.org/10.1152/physrev.00027.2015
https://doi.org/10.1152/physrev.00027.2015
https://doi.org/10.1016/B978-0-12-813814-4.00027-4
https://doi.org/10.1016/B978-0-12-813814-4.00027-4
https://doi.org/10.1016/j.ijheh.2017.01.001
https://doi.org/10.1016/j.ijheh.2017.01.001
http://refhub.elsevier.com/S0013-9351(24)01488-9/sref34
http://refhub.elsevier.com/S0013-9351(24)01488-9/sref34
http://refhub.elsevier.com/S0013-9351(24)01488-9/sref34
http://refhub.elsevier.com/S0013-9351(24)01488-9/sref34
http://refhub.elsevier.com/S0013-9351(24)01488-9/sref35
http://refhub.elsevier.com/S0013-9351(24)01488-9/sref35
http://refhub.elsevier.com/S0013-9351(24)01488-9/sref35
https://doi.org/10.1016/j.envres.2012.08.010
https://doi.org/10.1080/09542299.1991.11083160
https://doi.org/10.1016/j.bone.2011.07.015
https://doi.org/10.1016/j.bone.2011.07.015
https://doi.org/10.1016/j.bbrc.2018.06.055
https://doi.org/10.1016/j.bbrc.2018.06.055
https://doi.org/10.1016/j.tem.2020.06.003
https://doi.org/10.1016/j.tem.2020.06.003
https://doi.org/10.1210/clinem/dgaa683
https://doi.org/10.1016/j.envres.2023.115226
https://doi.org/10.1016/j.envres.2023.115226
https://doi.org/10.1016/j.envres.2017.09.014
https://doi.org/10.1002/uog.13332
https://doi.org/10.1016/j.envint.2019.01.063
https://doi.org/10.1016/j.envint.2019.01.063
https://doi.org/10.5582/ddt.2023.01026
http://refhub.elsevier.com/S0013-9351(24)01488-9/sref49
http://refhub.elsevier.com/S0013-9351(24)01488-9/sref49
https://doi:10.15585/mmwr.mm7043a4
https://doi.org/10.1016/B978-0-444-59453-2.00043-3

N. Padlir et al

apolipoprotein E genetic polymorphism. Environ. Res. 152 (May 2017), 375-385.
https://doi.org/10.1016/j.envres.2016.08.035.

Stajnko, A., Slejkovec, Z., Mazej, D., France-Stiglic, A., BRISKI, A.S., Prpi¢, L, Spiri¢, Z.,
Horvat, M., Falnoga, 1., 2019. Arsenic metabolites; selenium; and AS3MT, MTHFR,
AQP4, AQP9, SELENOP, INMT, and MT2A polymorphisms in Croatian-Slovenian
population from PHIME-CROME study. Environ. Res. 170, 301-319. https://doi.org/
10.1016/j.envres.2018.11.045.

Taylor, C.M., Golding, J., Emond, A.M., 2014. Lead, cadmium and mercury levels in
pregnancy: the need for international consensus on levels of concern. Journal of
Developmental Origins of Health and Disease 5 (1), 16-30. https://doi.org/10.1017/
$2040174413000500.

Téllez-Rojo, M.M., Hernandez-Avila, M., Lamadrid-Figueroa, H., Smith, D., Hernandez-
Cadena, L., Mercado, A., Aro, A., Schwartz, J., Hu, H., 2004. Impact of bone lead and
bone resorption on plasma and whole blood lead levels during pregnancy. Am. J.
Epidemiol. 160 (7), 668-678. https://doi.org/10.1093/aje/kwh271.

Thomson, C.D., 2004. Assessment of requirements for selenium and adequacy of
selenium status: a review. Eur. J. Clin. Nutr. 58 (3), 391-402. https://doi.org/
10.1038/sj.ejcn.1601800.

Trdin, A., Snoj Tratnik, J., Stajnko, A., Marc, J., Mazej, D., Sesek Briski, A., Kastelec, D.,
Prpié, 1., Petrovié, O., Spiri¢, Z., Horvat, M., Falnoga, L., 2020. Trace elements and
APOE polymorphisms in pregnant women and their new-borns. Environ. Int. 143
(July), 105626 https://doi.org/10.1016/j.envint.2020.105626.

Tsalov, D.L., Zaprianov, Z.K.Z., 1983. Determination of individual elements. In: Atomic
Absorption Spectrometry in Occupational and Environmental Health Practice.
Florida CRC Press, Florida, pp. 219-221.

Tudorache, LF., Trusca, V.G., Gafencu, A.V., 2017. Apolipoprotein E - a multifunctional
protein with implications in various pathologies as a result of its structural features.

12

Environmental Research 260 (2024) 119583

Comput. Struct. Biotechnol. J. 15, 359-365. https://doi.org/10.1016/j.
¢sbj.2017.05.003.

Valencia-Olvera, A.C., Maldonado Weng, J., Christensen, A., LaDu, M.J., Pike, C.J., 2022.
Role of estrogen in women’s Alzheimer’s disease risk as modified by APOE.

J. Neuroendocrinol. 2022, e13209 https://doi.org/10.1111/jne.13209.

Valent, F., Horvat, M., Sofianou-Katsoulis, A., Spiric, Z., Mazej, D, Little, D., Prasouli, A.,
Mariuz, M., Tamburlini, G., Nakou, S., Barbone, F., 2013. Neurodevelopmental
effects of low-level prenatal mercury exposure from maternal fish consumption in a
mediterranean cohort: study rationale and design. J. Epidemiol. 23 (2), 146-152.
https://doi.org/10.2188/jea.JE20120030.

Varsi, K., Bolann, B., Torsvik, 1., Rosvold Eik, T.C., Hol, P.J., Bjorke-Monsen, A.L., 2017.
Impact of maternal selenium status on infant outcome during the first 6 Months of
life. Nutrients 9, 486, 2017.

Wang, Y., Yu, L., Wang, T., Liu, S., 2023. Apolipoprotein E facilitates titanium implant
osseointegration by regulating osteogenesis-lipogenesis balance. Int. J. Biol.
Macromol. 236, 123998 https://doi.org/10.1016/j.ijbiomac.2023.123998.

Zheng, Z., Liu, F., Li, S., 2017. Metabolic adaptations in pregnancy: a review. Ann. Nutr.
Metab. 70, 59-65.

Zhang, S.Q., Zhang, W.Y., Ye, W.Q., Zhang, J., Fan, F., 2014. Apolipoprotein E gene E2/
E2 genotype is a genetic risk factor for vertebral fractures in humans : a large-scale
study 1665-1669. https://doi.org/10.1007/s00264-014-2380-4.

Zofkova, 1., Davis, M., Blahos, J., 2017. Trace elements have beneficial, as well as
detrimental effects on bone homeostasis. Physiol. Res. 18 (3), 391-402. https://doi.
org/10.33549/physiolres.933454, 66.

Zorana, K.G., Alica, P., Jasna, J., 2016. Influence of abatement of lead exposure in
Croatia on blood lead and ALAD activity. Environ. Sci. Pollut. Control Ser. 23 (1),
898-907. https://doi.org/10.1007/s11356-015-5338-1.


https://doi.org/10.1016/j.envres.2016.08.035
https://doi.org/10.1016/j.envres.2018.11.045
https://doi.org/10.1016/j.envres.2018.11.045
https://doi.org/10.1017/S2040174413000500
https://doi.org/10.1017/S2040174413000500
https://doi.org/10.1093/aje/kwh271
https://doi.org/10.1038/sj.ejcn.1601800
https://doi.org/10.1038/sj.ejcn.1601800
https://doi.org/10.1016/j.envint.2020.105626
http://refhub.elsevier.com/S0013-9351(24)01488-9/sref57
http://refhub.elsevier.com/S0013-9351(24)01488-9/sref57
http://refhub.elsevier.com/S0013-9351(24)01488-9/sref57
https://doi.org/10.1016/j.csbj.2017.05.003
https://doi.org/10.1016/j.csbj.2017.05.003
https://doi.org/10.1111/jne.13209
https://doi.org/10.2188/jea.JE20120030
http://refhub.elsevier.com/S0013-9351(24)01488-9/sref61
http://refhub.elsevier.com/S0013-9351(24)01488-9/sref61
http://refhub.elsevier.com/S0013-9351(24)01488-9/sref61
https://doi.org/10.1016/j.ijbiomac.2023.123998
http://refhub.elsevier.com/S0013-9351(24)01488-9/sref63
http://refhub.elsevier.com/S0013-9351(24)01488-9/sref63
https://doi.org/10.1007/s00264-014-2380-4
https://doi.org/10.33549/physiolres.933454
https://doi.org/10.33549/physiolres.933454
https://doi.org/10.1007/s11356-015-5338-1

	Maternal APOE ε2 as a possible risk factor for elevated prenatal Pb levels
	Research dealt with human subject; therefore, this paragraph is included in the article
	1 Introduction
	2 Material and methods
	2.1 Study population
	2.2 Determination of trace elements
	2.3 DNA isolation and genotyping
	2.4 Statistics

	3 Results and discussion
	3.1 mAPOE genotype and allele frequencies
	3.2 General characteristics and trace elements levels
	3.3 Lead concentrations in maternal blood and newborns’ cord blood stratified by mAPOE genotype and fetal sex (Bivariate an ...
	3.4 Associations between mAPOE genotypes and Pb (Hg) levels in maternal (cord)blood stratified by fetal/newborn sex and par ...
	3.5 Study strengths and limitations

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


