
Full length article

Associations between APOE genotypes, urine 8-isoprostane and blood trace
elements in middle-aged mothers (CROME study)
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A B S T R A C T

Background: There is almost no data on the combined associations between apolipoprotein E gene (APOE) ge-
notypes, trace elements (TEs), and lipid peroxidation in vivo. The aim of our study was to evaluate the association
between APOE genotypes and TE levels in blood (B-TEs) and erythrocytes (E-TEs), and 8-isoprostane in urine (U-
8-isoprostane) in women with low exposure to potentially toxic TEs and with adequate supply of essential TEs.
Methods: B-TEs, E-TEs and U-8-isoprostane were determined in 172 healthy women of childbearing age
(30.1–51.4 years) using ICP-MS and ELISA competitive assay, respectively. All women were divided into three
APOE genotype groups according to the presence of the ε4 allele, ε2 allele or ε3 homozygotic allele. The asso-
ciations between B-TEs, E-TE, U-8-isoprostane, and the APOE genotype groups were estimated by multiple
variable linear regression models with relevant explanatory variables (e.g., age, BMI, and seafood).
Results: All TE and U-8-isoprostane levels were inside the reference ranges for the healthy population. In the
multiple variable linear regression models, our results showed that urine 8-isoprostane levels increased by up to
43.3% in the APOE4 group compared to the APOE3 group and a negligible negative modifying effect for essential
TEs. However, the APOE genotype groups were associated also with some TEs. A clear positive association was
found between the APOE2 and APOE4 groups (vs. APOE3) with B-molybdenum.
Conclusions: Our study suggests that the APOE4 genotype played an important role in 8-isoprostane variability in
a population with an adequate supply of essential and with low exposure to potentially toxic TEs. Adequate
copper, zinc and selenium status seemed to be protective against, while the levels of nonessential TEs were
probably too low to play a decisive role in 8-isoprostane formation. The observed impact of the APOE2 and
APOE4 groups on increased B-molybdenum opens a new research topic.

1. Introduction

Apolipoprotein E (protein apoE; gene APOE) is a glycoprotein,
mainly involved in the regulation of lipid metabolism. Its main function
is to maintain lipoproteins’ structural integrity and solubilization in the
blood (Dose et al., 2016). The human APOE gene with two major single
nucleotide polymorphisms (SNPs) in exon 4 encodes three major iso-
forms of the apoE protein—E2, E3 and E4—according to three possible
genetic variants—ε2, ε3 and ε4, respectively. Numerous studies have

been conducted on the involvement of apoE or the APOE gene in lipid
and neuronal homeostasis. ApoE isoforms distribute and redistribute
lipids among tissues and intracellularly, and they modulate various
physiological and pathological processes differently, including normal
neurodevelopment and fertility and age-related cardiovascular and
neurodegenerative diseases (Dose et al., 2016; Jofre-Monseny et al.,
2008; Kacperczyk et al., 2021; Tudorache et al., 2017). Their structural
and conformational differences can affect their affinity with various
lipid receptors, lipid particles, and essential metals (Ikewaki et al., 2002;
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Miyata and Smith, 1996; Weisgraber et al., 1982; Xu et al., 2015, 2014),
as well as their isoforms’ plasma levels and stability (Acharya et al.,
2002; Ikewaki et al., 2002; Khan et al., 2013). Consequently, their
structural differences are reflected in the intensity of their anti-
atherogenic, anti-inflammatory and antioxidative functions, mostly in
the order APOE2 > APOE3 > APOE4 (Dose et al., 2016; Jofre-Monseny
et al., 2008; Mabile et al., 2003; Miyata and Smith, 1996; Tudorache
et al., 2017). The modulation of lipid peroxidation and antioxidant de-
fense mechanisms seem to be a relevant physiological isoform-
dependent function of apoE (Egert et al., 2012). However, the inter-
play and balance between numerous oxidant and antioxidant mecha-
nisms are highly complex and not unambiguous (Sies et al., 2017).

Elevated levels of trace elements (TEs), such as Cu, Cr, V, Co, Mn, Cd,
Ni, As, Pb and Hg, are known to be involved in oxidative stress mech-
anisms through the generation of reactive oxygen species (ROS) and
nitrogen species in the body (Nuran Ercal et al., 2001; Valko et al., 2005)
leading to damage cellular structures such as lipids in cell membranes, as
well as to proteins and DNA (Dröge, 2002). However, essential TEs are
commonly involved in the antioxidant defense system (Cu, Zn, Mn, Se,
Mo) as part of or by regulating the expression of various biological
molecules, such as antioxidant enzymes, glutathione and metal-
lothioneins (MTs) (Barchielli et al., 2022; Graeser et al., 2012; Marreiro
et al., 2017; Rixen et al., 2023; Smith and Nordberg, 2015; Valko et al.,
2005).

Polyunsaturated fatty acids are major peroxidation targets, espe-
cially in conditions in which the balance between the production and
elimination of ROS is compromised (Dröge, 2002; Pryor and Stanley,
1975). The non-enzymatic peroxidation of arachidonic acid in mem-
brane phospholipids results in the formation of relatively stable 8-iso-
prostane (also known as 8-iso prostaglandin F2α, which is excreted in
urine (Ito et al., 2019; Le, 2015). As such, it is used as a marker of lipid
oxidative status. However, isoprostanes also have biological activity in
humans as homeostatic mediators for maintaining physiological func-
tions at low levels and are involved in inflammation and immunity at
higher levels (Ahmed et al., 2020; Galano et al., 2017). In several
studies, the association of 8-isoprostane has been shown with apoE
isoforms and apoE expression (Dietrich et al., 2005; Tangirala et al.,
2001; Trares et al., 2020; Yao et al., 2004), and exposure to different
metals (Ashrap et al., 2021; Dashner-Titus et al., 2018; Hu et al., 2021).
These associations demonstrate the usefulness of 8-isoprostane mea-
surement in the assessment of physiological or pathological oxidative
status in relation to apoE and TEs.

TEs metabolism and lipid oxidative status (Dietrich et al., 2005; Dose
et al., 2016; Egert et al., 2012; Jofre-Monseny et al., 2008; Miyata and
Smith, 1996; Ramassamy et al., 1999) are supposed to differ between
the three APOE variants. The differences are without adverse conse-
quences for a healthy population, but during disease or specific physi-
ological conditions, such as pregnancy, they can represent a risk or
resilient factor for a worse or better outcome, respectively. The data
suggest that external and internal factors that affect oxidative stress and
its management in women may influence the time taken to conceive and
the incidence of spontaneous early termination of pregnancy (Agarwal
et al., 2012; Lu et al., 2018). Conception problems are a growing public
health concern and identifying factors that can improve fertility and
pregnancy outcomes is of great importance. There are nearly no data on
the combined association between APOE variants, TEs and lipid perox-
idation in vivo. In the present study, we aim to evaluate the associations
between APOE genotypes and TEs levels in the blood (B-TEs) and
erythrocytes (E-TEs), and 8-isoprostane in the urine (U-8-isoprostane) of
women of childbearing age exposed to low concentrations of potentially
toxic metals. In this way, we seek to explain differences in (lipid)
oxidative status and identify more susceptible or resistant/resilient in-
dividuals in the female population of childbearing age, which may
impact their general gynecological health, fertility, and pregnancies.

2. Materials and methods

2.1. Study population

The study subjects were 178 non-pregnant healthy women of
childbearing age living in the central part of Slovenia. Participants were
recruited between May and November 2016 from the EU-funded Cross-
Mediterranean Environment and Health Network (CROME-LIFE + )
project. All participants previously participated in the EU-funded Public
health impact of long-term, low-level, mixed element exposure in sus-
ceptible population strata (PHIME-FP6) project. The methods and in-
clusion criteria were as described by Valent et al. (Valent et al., 2013).
We included women who had already participated in the study, so there
were no additional inclusion or exclusion criteria. Six participants were
excluded from the statistical analyses due to two participants reporting
occupational exposure to Cd and/or Hg, two having genotype ε2/ε4 and
two having ongoing pregnancy and low hemoglobin, which led to 172
participants being included in the study. All participants signed written
consent forms and provided information about their basic personal
characteristics (age, weight, and height), living environment, nutritional
habits, smoking habits, possible exposure, education, and employment
through an interviewer-administered questionnaire.

The National Medical Ethics Committee approved the research pro-
tocol (KME 98/05/06 and 65/09/14).

2.2. Samples and sampling data

Non-fasting peripheral blood samples (6 mL K2EDTA BD Vacu-
tainer® tubes for TEs and 3 mL K3EDTA for hemoglobin and hematocrit
determination) and spot urine samples (precleaned plastic urine
container) were collected during the day by well-trained personnel at
appointed visits to the Pediatric clinic at University Medical Centre
Ljubljana in the Clinical department for developmental, child and
adolescent neurology under supervision of prof. dr. David Neubauer.
After collection, the samples were processed according to the standard
protocol.

2.3. Analytical methods

2.3.1. Trace elements determination
Trace elements were determined in blood (essential B-Co, B-Cu, B-

Mn, B-Mo, B-Se, and B-Zn; nonessential B-Ag, B-Al, B-As, B-Cd, B-Cr, B-
Hg, B-Pb, B-Rb, B-Sn, B-Sr and B-V), and erythrocytes (E-Co, E-Cu, E-Mo,
E-Mn, E-Se, E-Zn, E-As, E-Cd, E-Hg, E-Pb, E-Rb and E-V) at the Institute
of Clinical Chemistry and Biochemistry at the University Medical Centre
Ljubljana. Measurements of prepared samples, calibrators and control
samples were taken on an ICP-MS with the Octopole Reaction System
(7700x, Agilent Technologies, Japan) as previously described in detail
(France Štiglic et al., 2024; Stajnko et al., 2019). An aliquot of blood and
washed erythrocyte sample, calibrator, or control sample was mixed
with ammonium hydroxide solution (containing ethylenediaminetetra-
acetic acid disodium salt dehydrate, Triton X-100, and 1-butanol) and
internal standard solution (Bi, Ge, In, 6Li, Lu, Rh, Sc and Tb). The
following isotopes were selected: 59Co, 65Cu, 95Mn, 55Mo, 78Se, 66Zn,
107Ag, 27Al, 75As, 111Cd, 53Cr, 201Hg, 85Rb, 18Sn, 88Sr, and 51V. For Pb,
the result was based on the sum of 206Pb, 207Pb and 208Pb isotope
measurements. Fourteen points calibration (the range from 0.125 to
7500 μg/L) for blood and 18 points calibration (the range from 0.125 to
50000 μg/L) for erythrocyte samples with three repeated measurements
were performed. Very good linearity of calibration curves was achieved
(r > 0.999). The accuracy of the results was accessed using the reference
materials (RM) Seronorm Trace Elements Whole Blood L1 and L2 (Sero).
The TE recoveries obtained varied in the range 93.2 − 119 % for RM L1
and 89.4 − 118.7 % for RM L2.Erythrocyte TE values from each sample
were normalized by washed erythrocytes hematocrit, as previously
described (France Štiglic et al., 2024).
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2.4. APOE genotyping

DNA extracts were prepared from of each woman’s blood (1–3 mL)
following the manufacturer’s instructions using FlexiGene® DNA Kit
(Qiagen, Hilden, Germany), and in cases where blood samples for
extraction were unavailable, extracts were prepared from 0.5 mL saliva
using PrepIT-L2P (DNA Genotec Inc.). The isolated DNA concentration
and purity were determined spectrophotometrically (NanoDrop 2000c
UV–VIS, ThermoFisher Scientific, USA). Samples were stored at − 80 ◦C
until genotyping. All SNPs were genotyped using TaqMan® pre-
designed SNP Genotyping Assay (Applied Biosystems, Forster City, CA,
USA). To identify APOE polymorphisms rs429358 (c.334 T > C;
Cys112Arg) and rs7412 (c.472C > T; Arg158Cys) LightCycler 480 II
(Roche) was used. The methods have previously been described in detail
(Palir et al., 2023; Stajnko et al., 2019). The distribution of the APOE
genotype frequencies was in Hardy–Weinberg equilibrium (p > 0.05;
Chi-square test).

2.4.1. 8-isoprostane determination in urine
An ELISA competitive assay was performed for the quantitative

determination of 8-isoprostane free fractions in urine according to the
manufacturer’s instructions (Cayman Chemical, MI, USA).

The measured U-8-isoprostane was corrected in two different ways:
with creatinine and with SG. For creatinine correction, U-8-isoprostane
concentrations were divided by creatinine concentrations in urine. SG
adjustments were performed according to Suwazono et al. (Suwazono
et al., 2005) as follows: ccorr = cs x (SGgroup − 1)/(SGs-1), where ccorr is
the corrected concentration, cs and SGs are the concentration and SG
measured in the sample, and SGgroup is the mean SG value of the whole
group. For multiple variable linear regression models, the raw urine data
and SGs values were used.

2.4.2. Specific gravity (SG) and creatinine determination in urine
SG was measured using an Atago® PAL-10S Refractometer (Japan).
For creatinine levels in urine, a modified kinetic Jaffe reaction was

used according to the manufacturer instructions (Dimension® Clinical
Chemistry System, Siemens, USA).

2.4.3. Hematological analyses
Hemoglobin was determined spectrophotometrically using the

cyanide-free method, and hematocrit was determined using light scat-
tering (Advia® 2120 Hematology System, Siemens).

2.5. Statistical analysis

For all statistical analyses, both descriptive and inferential, IBM SPSS
Statistics 29.0.2.0 (IBM Corporation) was used. The participants were
divided into the following three genotype groups according to the
presence of ε3, ε4 and ε2 alleles: APOE3 (genotype ε3/ε3), APOE4 (ge-
notypes ε3/ε4 and ε4/ε4) and APOE2 (genotypes ε2/ε2 and ε2/ε3). For
the detected values were used when values were below the limit of
detection (LoD) and the lowest detected values were used when analytes
were not detectable. For each variable the normality of the data distri-
bution was assessed using the Kolmogorov-Smirnov test. The indepen-
dent samples Kruskal–Wallis test and one-way ANOVA test with
Bonferroni correction were used to test for differences in TEs and U-8-
isoprostane levels between the different APOE groups. The Man-
n–Whitney U test and Spearman’s rank-order correlation were run to
identify differences between the two groups and to determine the rela-
tionship between different variables, respectively.

Multiple variable linear regression model diagnostics were per-
formed to estimate associations between APOE alleles or genotype
groups, B-TEs, E-TEs, and U-8-isoprostane. Linearity was assessed using
partial regression plots and a plot of study residuals against predicted
values, and the independence of residuals was assessed using the Dur-
bin–Watson statistic. Heteroscedasticity was avoided using normal log-

transformation of 8-isoprostane and TE levels, and homoscedasticity
was estimated using visual inspection of a plot of studentized residuals
versus unstandardized predicted values. All models were checked for
collinearity. For regression modeling, U-8-isoprostane and TE levels
were log-transformed (ln), and other explanatory variables were not
transformed. A 1 % change in the log-transformed independent variable
regression coefficient would give an estimated change in the percentage
of the U-8-isoprostane level, and for the non-transformed independent
variable, a change of 1 unit the regression coefficient multiplied by 100
would provide an estimated change in the percentage of the U-8-iso-
prostane level, given that all other explanatory variables in the model
remained constant. For binary explanatory variables (presence/
absence), the regression coefficient multiplied by 100 would provide an
estimate of the percentage difference between the two groups.

The explanatory variables used in the models included age, BMI,
blood hemoglobin, smoking status, the sum of amalgam fillings and
implants, seafood consumption (number of 100 mg portions per day),
level of formal education, time of sampling during the day, and APOE2
and APOE4 versus APOE3. In all models, we used specific gravity (SG) as
an additional explanatory variable to compensate for differences in
personal hydration (Ashraf and Rea, 2017).U-8-isoprostane associations
were further tested in models where we added selected TEs as additional
explanatory variables.

The coding of binary variables used in the multiple regression was as
follows: APOE2 = 1, and APOE3 = 0; APOE4 = 1, and APOE3 = 0;
currently non-smoking = 0, and smoking = 1; and less than university
education = 0 and university or higher = 1. Daily seafood intake was
estimated from questionnaire answers on the frequency of seafood
intake (every day, several times per week, once per week, 2–3 times per
month, once per month, almost never) in terms of the number of 150 g
servings of fish consumed per day.

3. Results

3.1. Study group description

The mean age of the 172 participants at the time of collection was
38.9 years (min–max: 30.1–51.4 years). All the women had given birth
at least once. Of the included participants, one (0.6 %) was an APOE
genotype ε2/ε2 carrier and one (0.6 %) was a genotype ε4/ε4 carrier, 19
(11.1 %) were genotype ε2/ε3 carriers, 130 (75.6 %) were genotype ε3/
ε3 carriers, and 21 (12.1 %) were genotype ε3/ε4 carriers.

As defined in Statistical Analysis section, the participants were
divided into the following three genotype groups according to the
presence of ε3, ε4 and ε2 alleles: APOE3 (genotype ε3/ε3), APOE4 (ge-
notypes ε3/ε4 and ε4/ε4) and APOE2 (genotypes ε2/ε2 and ε2/ε3). Of
the participants, 130 (75.6 %) were in the APOE3 group, 22 (12.8 %)
were in the APOE4 group, and 20 (11.6 %) were in the APOE2 group.
The frequencies matched geographically similar previously reported
data (Giau et al., 2015). The groups did not differ significantly in terms
of age or body mass index (BMI). According to the self-reported data,
there were no significant differences in alcohol consumption, smoking,
or number of cigarettes smoked per day between the APOE groups. Our
population had very low social differences, with 96.5 % of the partici-
pants and 96.0 % of their partners being employed and their level of
education being high. In our university or higher education group there
was lower percentage of smokers (13.4 %) versus our less than univer-
sity education group (21.3 %) (Mann–Whitney test, p= 0.168). The data
collected through an interviewer-administered questionnaire stratified
by the presence of APOE genotype groups are summarized in Table 1.

3.2. Blood TEs, erythrocyte TEs, and urinary 8-isoprostane levels
stratified by APOE genotype groups

Table 2 presents B-TEs and E-TEs (normalized by blood hemoglobin)
and U-8-isoprostane (normalized by creatinine or SG) stratified by the
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Table 1
Selected cohort characteristics stratified by the presence of APOE genotype groups.

All APOE3 APOE4 APOE2
Mean (SD)
Median (IQR; range)

N (%) Mean (SD)
Median (IQR; range)

N (%) Mean (SD)
Median (IQR; range)

N (%) Mean (SD)
Median (IQR; range)

N (%) p

Age (years) 38.9 (3.95)
38.6 (36.1–41.1; 30.1–51.4)

172 39.1 (4.13)
38.7 (35.8–41.2; 30.1–51.4)

130
(75.6)

38.4 (3.49)
38.7 (35.9–40.1; 32.4–47.9)

22 (12.8) 38.2 (3.32)
38.3 (36.3–40.3; 30.5–45.1)

20 (11.6) 0.752a

BMI (kg/m2) 24.9 (5.47)
23.1 (21.0–27.5; 17.6–43.8)

172 24.8 (5.32)
23.1 (20.1–26.0; 17.6–43.8)

130
(75.6)

24.7 (5.93)
22.4 (20.4–22.4; 18.2–39.1)

22 (12.8) 24.7 (5.54)
23.0 (21.3–26.1; 18.9–41.5)

20 (11.6) 0.924a

Underweight (<18.5) ​ 3 (1.7) ​ 1 (0.7) ​ 2 (9.1) ​ 0 (0) 0.211b

Normal (18.5–24.9) ​ 111
(64.5)

​ 84 (64.6) ​ 13 (59.1) ​ 14 (70) ​

Pre-obesity (25.0–29.9) ​ 30 (17.4) ​ 25 (19.7) ​ 3 (13.6) ​ 2 (10) ​
Obesity I (30.0–34.9) ​ 16 (9.3) ​ 11 (8.5) ​ 2 (9.1) ​ 3 (15) ​
Obesity II (35.0–39.9) ​ 9 (5.2) ​ 7 (5.4) ​ 2 (9.1) ​ 0 (0) ​
Obesity III (>40.0) ​ 3 (1.7) ​ 2 (1.5) ​ 0 (0) ​ 1 (5) ​

Smoking ​ ​ ​ ​ ​ ​ ​ ​ ​
Yes ​ 28 (16.8) ​ 20 (15.4) ​ 6 (22.7) ​ 2 (10.0) 0.290b

No ​ 144
(83.2)

​ 110
(84.6)

​ 16 (72.7) ​ 18 (90.0) ​

Cigarettes/day 9.8 (6.71)
10.0 (4.75–15.0; 1–20)

​ 9.00 (6.59)
10.0 (30–10.0; 1–20)

​ 12.0 (7.72)
12.5 (4.75–20.0; 1–20)

​ 12.5 (3.54)
12.5 (4.75-N/A; 1–20)

​ 0.522a

Years smoking 14.8 (6.9)
15.0 (10.0–20.0; 1.0–30.0)

​ 9.82 (7.78)
15.0 (10.0–20.0; 1–30)

​ 16.8 (4.32)
19 (12.5–20; 10–20)

​ 15.0 (7.07)
19.0 (12.5-N/A; 10–20)

​ 0.494a

Ever-smoking ​ ​ ​ ​ ​ ​ ​ ​ ​
Yes ​ 41 (23.8) ​ 29 (22.3) ​ 5 (22.7) ​ 7 (35.0) 0.439b

No ​ 131
(76.2)

​ 101
(77.7)

​ 17 (77.3) ​ 13 (65.0) ​

Education ​ ​ ​ ​ ​ ​ ​ ​ ​
Less than university ​ 76 (44.2) ​ 61 (46.9) ​ 7 (31.8) ​ 8 (40.0) 0.386b

University or more ​ 96 (55.8) ​ 69 (53.1) ​ 15 (68.2) ​ 12 (60.0) ​

Employment ​ ​ ​ ​ ​ ​ ​ ​ ​
Yes ​ 166

(96.5)
​ 124

(95.4)
​ 22

(100.0)
​ 20

(100.0)
0.366b

No ​ 6 (3.5) ​ 6 (4.6) ​ 0 (0.0) ​ 0 (0.0) ​

Seafood intake (portions/
day)

0.202 (0.170)
0.143 (0.100–0.143;
0.033–0.500)

172 0.198 (0.166)
0.143 (0.100–0.143;
0.033–0.500)

130 0.248 (0.198)
0.143 (0.100–0.500;
0.033–0.500)

​ 0.181 (0.167)
0.143 (0.100–0.143;
0.033–0.500)

​ 0.409a

Amalgam fillings ​ ​ ​ ​ ​ ​ ​ ​ ​
Yes ​ 123

(71.3)
​ 98 (75.0) ​ 14 (63.6) ​ 11 (55.0) 0.116b

No ​ 49 (28.7) ​ 32 (25.0) ​ 8 (36.4) ​ 9 (45.0) ​
Number of fillings 3.63(3.82)

3.0 (0.0–6.0; 0–24)
​ 3.85 (3.65)

3.0 (0.25–6.0; 0–20)
​ 3.00 (5.16)

1.0 (0.0–4.25; 0–24)
​ 2.90 (3.21)

2.0 (0.0–5.0)
​ 0.153a

Metal implants ​ ​ ​ ​ ​ ​ ​ ​ ​
Yes ​ 25 (14.4) ​ 19 (14.4) ​ 3 (13.6) ​ 3 (15.0) 0.992b

No ​ 149
(85.6)

​ 113
(85.6)

​ 19 (86.4) ​ 17 (85.0) ​

Number of implants 2.08 (2.51)
1 (1–2; 1–13)

​ 1.79 (1.18)
1 (1–2; 1–5)

​ 1 (0)
1 (1–1; 1–1)

​ 5 (6.93)
1 (1–7/; 1–13)

​ 0.417a

Hemoglobin (g/L) 132.6 (10.8)
132 (97–125; 70–167)

172 132.1 (10.9)
132 (125–139; 99–167)

​ 133.8 (11.1)
136 (127–144; 108–148)

​ 131.6 (10.0)
134.5 (123.5–139.5; 113–147)

​ 0.761c

(continued on next page)
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APOE groups. Some elements were found below LoD in a certain per-
centage of samples: Mo (3.6 %), Ag (6.1 %), Al (32.7 %), Cd (7.3 %), Cr
(83.6 %), Sn (48.4 %), and V (91.5 %) in blood, and Co (9.0 %), Mo
(55.1 %), Cd (0.6 %), Hg (0.6 %), and V (70.3 %) in erythrocytes. Ac-
cording to the TE reference intervals for the central Slovenian popula-
tion (France Štiglic et al., 2024), no major deviations were observed in
either group. Exposure to nonessential TEs was low and levels of
essential elements were uncompromised. However, there were signifi-
cant differences between the APOE groups for B-Cu, B-Mo, B-Sr, and B-
Zn, while no differences were observed for E-TEs (Table 2). In com-
parison with the APOE3 group, the APOE4 group had higher levels of B-
Zn, while the APOE2 group had higher levels of B-Mo and lower levels of
B-Cu and B-Sr. The APOE2 group also had lower B-Sr levels than the
APOE4 group. Levels of U-8-isoprostane/creatinine were comparable to
those obtained using the immunochemical method on a group of
healthy, nonsmoking adult Italians (Chamitava et al., 2018), and no
values over their reference intervals were detected. Significant differ-
ences in U-8-isoprostane/creatinine or U-8-isoprostane/SG were found
between the APOE4 group and the APOE2 group with higher levels in
the former (Table 2). Regardless of the APOE genotype, U-8-isoprostane
was significantly higher in smokers than in nonsmokers (p = 0.001) and
had a positive correlation with the number of smoked cigarettes (rs =
0.216, p = 0.005). There was no significant correlation of U-8-iso-
prostane/creatinine levels (p = 0.758) and U-8-isoprostane/SG levels (p
= 0.165) with BMI. In our groups, there were no significant differences
in U-8-isoprostane/creatinine (p = 0.685) and U-8-isoprostane/creati-
nine (p = 0.283) levels between groups with BMI ≤ 25 (n = 114) and
BMI > 25 (n = 58).

3.3. Associations between B-TEs, E-TE, U-8-isoprostane, and APOE
genotype groups (multiple variable linear regression models)

To verify the group differences presented in Table 2, we tried to
estimate the associations of the APOE2 and/or APOE4 groups versus the
APOE3 group with B-TEs, E-TEs, and U-8-isoprostane adjusted for age,
BMI, B-Hb, seafood intake, smoking, amalgams and implants, education,
urine SG, and time of sampling. The multiple variable linear regression
models with all explanatory variables (age, BMI, B-Hb, seafood intake,
smoking, amalgams with implants, education, urine SG and time of
sampling) are summarized in Table 3A (blood) and Table 3B (erythro-
cytes). Presented are models with significant associations with at least
one explanatory variable. Estimates without any statistically significant
associations are not presented. Statistically significant differences be-
tween the APOE groups are also shown in Fig. 1 along with TEs distri-
bution patterns (boxplots). Almost all differences between APOE groups
that had previously been observed using simple comparison (indepen-
dent samples Kruskal–Wallis test and one-way ANOVA test with Bon-
ferroni correction for multiple tests) were also found in the multiple
variable linear regression models. In addition, the associations of the
APOE groups with B-Mn, B-Se and E-Rb were also revealed. For the
APOE2 vs. APOE3 group, we found (marginally) significant positive
associations with B-Mn and B-Mo and negative associations with B-Sr
and B-Cu. For the APOE4 vs. APOE3 groups (marginally) significant
positive associations with B-Mo and B-Zn, and negative associations
with B-Se and E-Rb were observed. For U-8-isoprostane, a positive as-
sociation with APOE4 was observed. The models explained the 7.7 % (B-
Al) to 38.4 % (B-Cd) variability of TE levels in the blood, 8.9 % (E-Rb) to
57.3 % (E-Cd) variability of TE level in erythrocytes and 71.1 % vari-
ability of U-8-isoprostane levels in urine.

In the next step, the regression analyses of associations between the
APOE2 and/or APOE4 groups compared to the APOE3 group (reference
group) and the U-8-isoprostane were repeated using various individual
TEs as additional explanatory variables. The results are presented in the
supplementary material (Tables A.1 and A.2). The positive association
between U-8-isoprostane and the APOE4 group was preserved in all
models. In addition, B-Se, B-Zn and E-Cu had negative effects on U-8-Ta
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Table 2
The measured B-TEs, E-TEs, and U-8-isoprostane stratified by APOE genotype groups.

APOE3 APOE4 APOE2
N Mean (SD) Median (IQR) Min-max N Mean (SD) Median (IQR) Min-max N Mean (SD) Median (IQR) Min-max p

B-Co (µg/L) 124 0.214 (0.157) 0.150 (0.097–0.275) 0.050–0.714 21 0.181 (0.111) 0.139 (0.095–0.139) 0.069–0.432 20 0.210 (0.165) 0.153 (0.083–0.304) 0.069–0.432 0.743
B-Cu (µg/L) 124 652 (150) 624 (574–691) 467–1569 21 601 (80.9) 603 (545–618) 475–837 20 576 (96.8) 564 (524–621) 475–837 0.012
B-Mo (µg/L) 124 0.521 (0.303) 0.467 (0.318–0.629) 0.105–1.69 21 0.632 (0.370) 0.580 (0.417–0.672) 0.244–1.67 20 0.714 (0.438) 0.521 (0.427–0.907) 0.330–2.04 0.035
B-Mn (µg/L) 124 8.75 (3.27) 7.78 (6.42–10.6) 2.39–21.6 21 8.94 (2.56) 8.47 (6.63–10.5) 5.75–13.8 20 9.29 (2.87) 8.67 (7.24–11.9) 4.10–14.8 0.503
B-Se (µg/L) 124 106 (13.7) 106 (96–116) 69–142 21 106 (13.5) 105 (96.8–112) 85.5–138 20 106 (9.8) 105 (97.3–114) 92.3–123 0.945
B-Zn (µg/L) 124 5277 (780) 5358 (4578–5890) 3561–6939 21 5800 (1172) 5920 (4858–6429) 4548–8582 20 5443 (890) 5357 (4814–6173) 3850–7295 0.033b

B-Ag (µg/L) 124 0.167 (0.192) 0.127 (0.079–0.172) 0.003–1.38 21 0.139 (0.099) 0.121 (0.584–0.180) 0.04–0.498 20 0.103 (0.079) 0.079 (0.053–0.128) 0.035–0.352 0.057
B-Al (µg/L) 122 4.45 (4.48) 3.48 (0.102–6.08) 0.101–20.4 19 4.71 (3.61) 5.42 (0.900–7.60) 0.101–10.7 20 3.38 (4.23) 2.93 (0.102–4.61) 0.101–17.0 0.325
B-As (µg/L) 124 1.23 (2.12) 0.518 (0.324–1.36) 0.113–19.0 21 1.10 (1.42) 0.655 (0.347–1.14) 0.177–6.59 20 0.879 (0.906) 0.527 (0.353–0.527) 0.158–3.49 0.834
B-Cd (µg/L) 124 0.552 (0.571) 0.387 (0.254–0.543) 0.111–3.84 21 0.724 (0.694) 0.485 (0.199–0.838) 0.099–2.50 20 0.643 (1.10) 0.358 (0.257–0.555) 0.149–5.24 0.784
B-Cr (µg/L) 124 0.364 (0.362) 0.302 (0.194–0.443) 0.055–3.69 21 0.348 (0.239) 0.284 (0.176–0.461) 1.07 20 0.335 (0.147) 0.332 (0.222–0.390) 0.080–0.636 0.964
B-Hg (µg/L) 124 1.58 (1.41) 1.19 (0.678–1.88) 0.107–10.2 21 1.39 (1.14) 1.08 (0.543–2.15) 0.319–4.58 19 1.21 (0.656) 1.35 (0.531–1.64) 0.200–2.84 0.752
B-Pb (µg/L) 124 12.2 (7.49) 10.6 (8.44–13.6) 3.76–69.0 21 13.5 (5.70) 13.1 (9.75–16.2) 5.13–30.2 20 10.6 (4.3) 9.47 (7.23–14.3) 4.57–21.6 0.176
B-Rb (µg/L) 124 2235 (310) 2203 (2041–2434) 1484–3145 21 2222 (396) 2116 (1928–2350) 1778–3132 20 2162 (325) 2171 (1924–2342) 1522–2693 0.620
B-Sn (µg/L) 124 0.175 (0.196) 0.145 (0.090–0.202) 0.001–2.03 21 0.168 (0.156) 0.140 (0.090–0.195) 0.001–0.259 20 0.180 (0.125) 0.161 (0.075–0.224) 0.032–0.509 0.855
B-Sr (µg/L) 124 15.4 (5.64) 13.8 (12.0–17.4) 7.60–40.0 21 14.3 (4.19) 13.7 (11.3–16.6) 7.04–25.8 20 11.3 (2.37) 11.5 (8.99–12.8) 7.80–14.0 <0.001
B-V (ng/L) 124 36.6 (24.4) 32.9 (22.0–46.8) 0.02–194 21 40.5 (40.9) 30.4 (20.6–42.0) 4–93.7 20 35.2 (16.9) 37.0 (23.7–48.3) 0.02–62.6 0.768

E-Coa (ng/µg) 117 1.22 (0.996) 0.885 (0.478–1.63) 0.003–4.78 19 1.32 (0.973) 1.27 (0.435–1.69) 0.214–4.17 20 1.21 (0.982) 0.910 (0.530–1.43) 0.002–3.52 0.833
E-Cua (ng/µg) 117 5557 (822) 5455 (4995–5918) 4149–8659 19 5534 (708) 5370 (4928–5955) 4687–7207 20 5521 (744) 5518 (4923–6070) 4307–7350 0.982
E-Moa (ng/µg) 117 1.93 (0.103) 1.27 (0.699–2.44) 0.043–29.1 19 1.64 (1.63) 0.943 (0.057–3.22) 0.039–4.57 20 2.59 (2.49) 1.62 (0.146–0.548) 0.214–9.18 0.251
E-Mna (ng/µg) 117 186 (86.4) 163 (130–218) 86.9–521 19 186 (74.0) 180 (134–213) 102–417 20 194 (69.1) 184 (136–237) 101–299 0.597
E-Sea (ng/µg) 117 1209 (233) 1202 (1035–1344) 754–2058 19 1154 (220) 1101 (991–1260) 784–1564 20 1240 (197) 1218 (1100–1394) 896–1634 0.448
E-Zna (µg/µg) 117 98.1 (16.6) 96.5 (87.6–106.0) 66.3–153 19 98.6 (15.0) 99.2 (88.1–106.8) 71.8–129 20 99.5 (18.3) 96.8 (86.8–112) 65.7–136 0.945b

E-Asa (ng/µg) 117 16.6 (30.8) 6.06 (3.13–19.1) 0.491–244 19 11.9 (13.4) 5.35 (4.17–14.3) 2.25–55.6 20 13.2 (16.1) 5.83 (3.82–15.7) 2.02–62.2 0.866
E-Cda (ng/µg) 117 11.9 (11.5) 8.90 (5.48–13.7) 1.99–95.4 19 15.5 (18.0) 7.87 (4.73–20.0) 2.40–72.2 20 14.7 (23.7) 7.19 (5.37–14.0) 4.09–112 0.936
E-Hga (ng/µg) 116 27.8 (27.4) 19.7 (10.3–34.4) 0.329–182 19 19.9 (15.6) 14.9 (8.1–31.2) 3.12–57.3 20 26.9 (32.7) 19.6 (10.2–29.3) 2.10–154 0.527
E-Pba (ng/µg) 117 255 (141) 235 (168–303) 80.9–1244 19 259 (107) 224 (161–335) 134–466 20 220 (92.1) 199 (144–270) 114–417 0.438
E-Rba (µg/µg) 117 39.9 (6.58) 38.8 (35.1–43.7) 25.6–68.9 19 36.7 (6.54) 35.2 (31.4–41.4) 27.3–49.2 20 38.7 (5.60) 36.7 (33.7–43.0) 31.9–48.5 0.081
E-Va (ng/µg) 117 0.359 (0.328) 0.342 (0.085–0.523) 0.009–1.62 19 0.227 (0.228) 0.150 (0.011–0.369) 0.009–0.731 19 0.398 (0.352) 0.305 (0.146–0.548) 0.010–0.731 0.195
U-8-isoprostane ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
(µg/g creatinine) 128 1.02 (0.737) 0.816 (0.603–1.26) 0.110–4.90 22 1.25 (1.04) 1.04 (0.814–1.39) 0.472–5.64 20 0.767 (0.362) 0.652 (0.528–0.936) 0.314–1.82 0.033
(µg/L SG) 128 0.665 (0.628) 0.498 (0.339–0.703) 0.031–3.851 22 0.894 (1.03) 0.632 (0.425–1.10) 0.163–1.93 20 0.525 (0.397) 0.426 (0.323–0.554) 0.163–1.93 0.099

APOE3: genotype ε3/ε3; APOE4: genotypes ε3/ε4 and ε4/ε4; APOE2: genotypes ε2/ε2 and ε2/ε3; B: whole blood; E: erythrocyte; IQR: interquartile range; P: plasma; p: statistically significant difference between groups
according to presence of APOE alleles (for b: Anova, all other: Independent-samples Kruskal-Wallis Test was used. Significance values have been adjusted by the Bonferroni correction for multiple tests. Significant
differences (p< 0.05) after Bonferroni correction for multiple tests are highlighted in bold.); Min-max: minimal and maximal measured value; SD: standard deviation; a: Erythrocyte TEs values in every sample were
normalized by erythrocytes’ hematocrit to overcome methodological errors and by blood hemoglobin.; U: urine; 8-isoprostane/creatinine in every urine sample were normalized by creatinine measured in urine to
overcome differences in rate of excretion; 8-isoprostane/SG in every urine sample were normalized by SG measured in urine to overcome differences in personal hydration.
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Table 3A
The influence of APOE genotypes, age, hemoglobin concentration, specific gravity, BMI, smoking, number of amalgam fillings and implants, seafood consumption, education, and daily sampling time on B-TEs (estimated
by different multiple variable linear regression models).

Explanatory
variables

Ln(B-Co) Ln(B-Cu) Ln(B-Mn) Ln(B-Mo) Ln(B-Se) Ln(B-Zn) Ln(B-Ag) Ln(B-As) Ln(B-Al) Ln(B-Cd) Ln(B-Hg) Ln(B-Pb) Ln(B-Rb) Ln(B-Sr)

APOE2 vs.
APOE3

− 0.023
(0.158)

¡0.088***
(− 0.149,
− 0.026)

0.159o

(− 0.004,
0.321)

0.267*
(0.003,
0.530)

− 0.019
(0.027)

0.032
(0.041)

− 0.238
(0.152)

− 0.141
(0.226)

− 0.593
(0.468)

0.141
(0.154)

− 0.040
(0.189)

− 0.124
(0.103)

− 0.034
(0.034)

¡0.262***
(− 0.401,
− 0.123)

APOE4 vs.
APOE3

− 0.021
(0.158)

− 0.038
(0.031)

0.084
(0.080)

0.248o

(− 0.017,
0.512)

¡0.055o

(− 0.110,
0.000)

0.074o

(− 0.006,
0.155)

0.120
(0.152)

− 0.189
(0.227)

0.462
(0.498)

− 0.045
(0.155)

− 0.272
(0.187)

0.118
(0.103)

− 0.039
(0.035)

− 0.008
(0.070)

SG − 3.868
(6.766)

− 1.554
(1.328)

0.422
(3.474)

− 3.612
(5.727)

0.128
(1.182)

0.548
(1.751)

− 5.959
(6.715)

− 3.255
(9.705)

− 21.452
(20.400)

− 9.101
(6.686)

13.407o

(− 2.403,
29.217)

− 1.552
(4.426)

− 0.096
(1.461)

− 3.114
(3.030)

Hb (g/L) ¡0.022***
(− 0.032,
− 0.013)

− 0.002
(0.001)

¡0.012***
(− 0.017,
− 0.007)

¡0.009*
(− 0.017,
− 0.002)

0.002o

(0.000,
0.003)

0.003*
(0.000,
0.005)

0.001
(0.005)

− 0.005
(0.007)

− 0.019
(0.014)

− 0.003
(0.005)

0.003
(0.006)

0.002
(0.003)

0.005***
(0.003,
0.007)

¡0.004o

(− 0.008,
0.000)

Age (years) − 0.003
(0.012)

0.004
(0.002)

0.007
(0.006)

− 0.009
(0.011)

0.002
(0.002)

0.002
(0.003)

0.024o

(0.000,
0.048)

0.004
(0.018)

0.030
(0.037)

− 0.011
(0.012)

0.006
(0.015)

0.008
(0.008)

0.002
(0.003)

0.003
(0.006)

BMI (kg/m2) − 0.011
(0.010)

0.012***
(0.008,
0.016)

0.010*
(0.000,
0.020)

0.003
(0.008)

− 0.002
(0.002)

0.004
(0.002)

¡0.021*
(− 0.040,
− 0.003)

− 0.019
(0.014)

− 0.037
(0.029)

0.006
(0.009)

¡0.038***
(− 0.060,
− 0.015)

0.000
(0.006)

− 0.001
(0.002)

¡0.010*
(− 0.018,
− 0.001)

Seafood intake
(portions/day)

− 0.116
(0.299)

0.044
(0.058)

− 0.081
(0.152)

0.280
(0.253)

0.254***
(0.151,
0.356)

0.048
(0.077)

0.382
(0.292)

1.069*
(0.209,
1.928)

0.939
(0.916)

0.237
(0.294)

1.313***
(0.613,
2.013)

0.333o

(− 0.054,
0.721)

0.070
(0.065)

0.090
(0.136)

Smoking (yes) − 0.005
(0.138)

¡0.060*
(− 0.114,
− 0.006)

0.020
(0.070)

− 0.082
(0.117)

0.006
(0.024)

− 0.047
(0.036)

− 0.056
(0.133)

0.307
(0.199)

− 0.122
(0.415)

1.148***
(0.880,
1.416)

0.148
(0.163)

0.188*
(0.008,
0.367)

0.033
(0.030)

− 0.002
(0.0621)

Amalgams and
implants
(number)

0.019
(0.014)

− 0.004
(0.003)

0.004
(0.007)

− 0.011
(0.012)

− 0.003
(0.002)

− 0.004
(0.004)

0.042**
(0.016,
0.069)

− 0.013
(0.020)

0.001
(0.042)

0.000
(0.014)

− 0.001
(0.016)

0.000
(0.009)

0.000
(0.003)

0.004
(0.006)

Education
(≥ university)

0.049
(0.106)

− 0.008
(0.021)

0.035
(0.054)

0.006
(0.089)

0.006
(0.018)

0.016
(0.027)

− 0.106
(0.104)

0.355*
(0.053,
0.657)

¡0.584o

(− 1.213,
0.044)

− 0.033
(0.104)

0.269*
(0.021,
0.516)

− 0.003
(0.069)

− 0.019
(0.023)

− 0.013
(0.047)

Time of
sampling
(hour)

− 0.027
(0.021)

0.003
(0.004)

− 0.016
(0.011)

0.004
(0.018)

0.010**
(0.002,
0.017)

0.000
(0.006)

− 0.014
(0.021)

0.082**
(0.021,
0.143)

− 0.002
(0.065)

¡0.052*
(− 0.094,
− 0.011)

0.018
(0.025)

0.004
(0.014)

− 0.002
(0.005)

0.010
(0.010)

Constant 5.730
(6.841)

7.743***
(5.093,
10.39)

2.941
(3.511)

4.328
(5.790)

4.128***
(1.771,
6.484)

7.435***
(3.937,
10.933)

3.440
(6.780)

1.886
(9.812)

25.293
(20.604)

9.534
(6.747)

¡14.113o

(− 30.115,
1.888)

3.284
(4.471)

7.171***
(4.252,
10.089)

6.289*
(0.233,
12.344)

N 160 155 158 160 158 160 155 159 156 159 159 159 159 157
R2 0.194 0.310 0.191 0.108 0.224 0.124 0.148 0.169 0.077 0.384 0.211 0.090 0.178 0.159
Adj, R2 0.135 0.257 0.131 0.042 0.188 0.059 0.083 0.107 0.007 0.339 0.153 0.023 0.117 0.095
F (df) 3.264***

(11)
5.877***
(11)

3.162***
(11)

1.645◦

(11)
4.323***
(11)

1.913***
(11)

2.281*
(11)

2.737**
(11)

1.102 (11) 8.402***
(11)

3.604***
(11)

1.336 (11) 2.921**
(11)

2.503**
(11)

Summarized are data with statistically significant effects of independent variables on TE levels: 95 % confidence limits for the parameters are added if the effect was statistically significant and the standard error of the
estimated parameter otherwise; adj. R2 – percentage of variability of TE or U-8-isoprostane level explained by the model; F – significance of the model; N – number of observations; B: whole blood; E: erythrocyte;
statistically significant results are indicated in bold: O p< 0.10; * p< 0.05; ** p< 0.01; *** p< 0.001.
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Table 3B
The influence of APOE genotypes, age, hemoglobin concentration, specific gravity, BMI, smoking, number of amalgam fillings and implants, seafood consumption, education, and daily sampling time on E-TEs and U-8-
isoprostane (estimated by multiple variable linear regression models).

Explanatory variables Ln(E-Co) Ln(E-Cu) Ln(E-Mn) Ln(E-Se) Ln(E-Zn) Ln(E-As) Ln(E-Cd) Ln(E-Hg) Ln(E-Rb) Ln(U-8-isoprostane)

APOE2 vs. APOE3 0.108
(0.192)

− 0.017
(0.023)

0.083
(0.084)

0.016
(0.039)

0.005
(0.031)

− 0.009
(0.285)

0.205
(0.126)

− 0.003
(0.224)

− 0.033
(0.033)

0.049
(0.158)

APOE4 vs. APOE3 0.139
(0.191)

0.016
(0.024)

0.103
(0.086)

− 0.059
(0.041)

0.029
(0.032)

0.020
(0.291)

− 0.020
(0.131)

− 0.376
(0.229)

¡0.062o

(− 0.128, 0.005)
0.333*
(0.033, 0.634)

SG − 8.194
(8.137)

− 0.078
(1.020)

0.468
(3.632)

− 0.533
(1.710)

1.469
(1.348)

8.615
(12.333)

− 5.320
(5.570)

8.370
(9.691)

− 0.067
(1.438)

120.36***
(106.8, 133.9)

Hb (g/L) ¡0.022***
(− 0.033, − 0.010)

¡0.002*
(− 0.003, 0.000)

¡0.014***
(− 0.019, − 0.009)

− 0.002
(0.001)

¡0.003*
(− 0.005, − 0.001)

− 0.011
(0.009)

− 0.003
(0.004)

− 0.007
(0.007)

0.001
(0.001)

−

Age (years) 0.008
(0.015)

0.003
(0.002)

0.001
(0.007)

0.003
(0.003)

0.001
(0.002)

− 0.003
(0.023)

0.004
(0.010)

0.016
(0.018)

− 0.001
(0.003)

0.012
(0.013)

BMI (kg/m2) − 0.006
(0.012)

0.003***
(0.000, 0.006)

0.005
(0.005)

− 0.003
(0.002)

0.001
(0.002)

¡0.040*
(− 0.074, − 0.006)

0.002
(0.008)

− 0.020
(0.014)

− 0.002
(0.002)

0.009
(0.009)

Seafood intake
(portions/day)

− 0.347
(0.361)

0.006
(0.044)

− 0.158
(0.161)

0.250**
(0.101, 0.399)

− 0.035
(0.060)

1.901***
(0.823, 2.979)

− 0.337
(0.245)

1.508***
(0.661, 2.355)

0.004
(0.063)

0.072
(0.290)

Smoking (yes) 0.139
(0.164)

− 0.029
(0.020)

− 0.060
(0.074)

− 0.008
(0.035)

¡0.076**
(− 0.130, − 0.022)

0.118
(0.250)

1.440***
(1.210, 1.669)

0.242
(0.196)

0.020
(0.029)

0.198
(0.136)

Amalgams and
implants (number)

0.023
(0.017)

0.000
(0.002)

0.009
(0.008)

0.001
(0.004)

− 0.001
(0.003)

0.014
(0.025)

0.013
(0.011)

− 0.013
(0.020)

0.003
(0.003)

0.017
(0.014)

Education
(≥university)

− 0.012
(0.128)

− 0.015
(0.016)

− 0.006
(0.057)

− 0.002
(0.027)

− 0.020
(0.021)

0.327o

(− 0.056, 0.711)
− 0.121
(0.086)

0.361*
(0.059, 0.664)

¡0.048*
(− 0.092, − 0.003)

− 0.112
(0.105)

Time of sampling
(hour)

− 0.042
(0.026)

− 0.002
(0.003)

− 0.016
(0.012)

0.007
0.005)

− 0.001
(0.004)

0.102**
(0.025, 0.180)

¡0.056**
(− 0.091, − 0.022)

0.032
(0.031)

0.000
(0.005)

0.003
(0.021)

Constant 9.427
(8.214)

6.986***
(4.942, 9.031)

4.583
(3.668)

5.638**
(2.224, 9.052)

8.339***
(5.648, 11.030)

− 8.608
(12.455)

6.508
(5.618)

− 7.984
(9.786)

8.545***
(5.672, 11.418)

¡116.5***
(− 130.1, − 102.8)

N 150 150 153 152 153 153 149 152 151 165
R2 0.163 0.109 0.234 0.126 0.137 0.184 0.573 0.183 0.089 0.711
Adj, R2 0.097 0.038 0.175 0.058 0.071 0.120 0.538 0.119 0.017 0.692
F (df) 2.458** (11) 1.545*** (11) 3.949*** (11) 1.854◦ (11) 2.057* (11) 2.905** (11) 16.803*** (11) 2.868** (11) 1.240 (11) 38.115*** (10)

Summarized are data with statistically significant effects of independent variables on TE levels: 95 % confidence limits for the parameters are added if the effect was statistically significant and the standard error of the
estimated parameter otherwise; adj. R2 – percentage of variability of TE or U-8-isoprostane level explained by the model; F – significance of the model; N – number of observations; B: whole blood; E: erythrocyte;
statistically significant results are indicated in bold: O p< 0.10; * p< 0.05; ** p< 0.01; *** p< 0.001.

A
.France

Štiglic
etal.

Environment International 193 (2024) 109034 

8 



Fig. 1. Differences in U-8-isoprostane (a), blood Zn (b), Mo (c), Se (d), Mn (e), Cu (f), Sr (g), and erythrocyte Rb (h) levels between the APOE groups. Boxes represent
the median, 25th and 75th percentile. Whiskers mark the minimum and maximum values excluding outliers. Dots represent potential outliers. High extreme values
are labelled with an asterisk. Statistically significant differences between APOE3 and APOE4 or APOE2 group estimated by different multiple variable linear
regression models (Table 2A and Table 2B) are indicated: o p < 0.10; * p < 0.05; ** p < 0.01; *** p < 0.001. APOE3: genotype ε3/ε3; APOE4: genotypes ε3/ε4 and ε4/
ε4; APOE2: genotypes ε2/ε2 and ε2/ε3.
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isoprostane levels, and E-V had a positive effect.
In the final step, the same association between U-8-isoprostane levels

in the APOE2 and APOE4 groups according to the APOE3 group (refer-
ence group) was tested by adding a combination of B-TEs or E-TEs
(Table 4) instead of a single TE one by one (Tables A.1 and A.2). Com-
binations were selected based on their (marginally) significant associa-
tions with the APOE2 and APOE4 groups observed in Tables 3A and 3B
or with U-8-isoprostane levels presented in Tables A.1 and A.2). Cr, V,
Rb, and Mn were added due to their involvement with lipid metabolism
according to data from the literature (Amerikanou et al., 2023; Li et al.,
2024; Peruzzu et al., 2015; Tinkov et al., 2021).

By adding B-TEs or E-TEs as explanatory variables, the effects of the
APOE4 group versus the APOE3 group on U-8-isoprostane increased
from 33.3 % (Table 3B) to 43.3 % and 40.6 %, respectively (Table 4). At
the same time, the explained variability (R2) increased from 71.1 % to
74.6 % with B-TEs and 74.0 % with E-TEs. In comparison with the
APOE4 group, the influence of TEs on U-8-isoprostane levels was almost
negligible, although significant, and was estimated as a 0.7–1.1 %
decrease in U-8-isoprostane levels at a 1 % rise in B-Se, B-Zn, or E-Cu.
The positive influence of E-V was even smaller (0.07 %).

Except for SG, none of the other explanatory covariables in the
presence of APOE groups and multiple TEs showed significant associa-
tions with U-8-isoprostane in either model. However, among these other
variables, we can reveal a nonsignificant positive effect of smoking
(18.1 %) and, interestingly, seafood intake (35 %) (Table 4). Both were
probably compromised by self-reporting and too low an “intensity” to
reach significance in such a low number of participants.

4. Discussion

In the present study, we aimed to evaluate the associations between
TEs, U-8-isoprostane and APOE genotypes in middle-aged women (aged
40–50 years) with BMI below obesity (BMI< 30) in 90 % of participants.
The results suggest that in healthy women of childbearing age with low
exposure to potentially toxic TEs and an adequate supply of essential TEs
(Table 2), the APOE4 genotype plays an important role in 8-isoprostane
formation as estimated by adjusted linear regression models (Table 3A,
3B). At the same time (in the same models), the marginal modifying
effect of essential TEs on U-8-isoprostane levels was observed for B-Zn,
B-Se, E-Cu and nonessential E-V (Table 4). The observed associations of
APOE groups with some essential blood TEs (B-Mo, B-Mn, B-Se, B-Cu, B-
Zn and B-Mn) were less clear than those with U-8-isoprostane. They
were mostly weak, and for all of them the adjusted R2 for the models was
much lower than that for U-8-isoprostane (Table 3B). Since their con-
centrations are known to be influenced by dietary intake and time of
sampling, particularly for Zn (Brown et al., 2004; Ceballos-Rasgado
et al., 2024), we are rather reserved in interpretating their associa-
tions with the APOE groups, precisely because of the non-standardized
sampling conditions. To some extent, these differences may also be
attributed to some other normal physiological processes.

However, TEs metabolism and lipid metabolism (Dietrich et al.,
2005; Dose et al., 2016; Egert et al., 2012; Jofre-Monseny et al., 2008;
Miyata and Smith, 1996; Ramassamy et al., 1999; Smith et al., 1998) are
supposed to be modified by APOE variants. Metal ions such as Cu, Fe,
and Zn can bind to apoE (Miyata and Smith, 1996; Xu et al., 2015,
2014); stabilize its structure, as in the case of Zn (Xu et al., 2015); or

Table 4
The influence of APOE genotypes, with multiple TEs, age, hemoglobin concentration, specific gravity, BMI, smoking, number of amalgam fillings and implants, seafood
consumption, education, and daily sampling time on U-8-isoprostane (estimated by multiple variable linear regression models).

Ln(U-8-isoprostane)

Explanatory variables Model 1 Model 2

APOE2 vs. APOE3 0.208 (0.172) 0.014 (0.171)
APOE4 vs. APOE3 0.433** (0.123, 0.742) 0.406* (0.066, 0.746)
SG 123.11*** (109.3, 136.9) 121.99*** (107.3, 136.7)
Hb (g/L) − 0.001 (0.006) − 0.008 (0.006)
Age (years) 0.011 (0.013) 0.007 (0.013)
BMI (kg/m2) 0.015 (0.011) 0.014 (0.010)
Seafood intake (portions/day) 0.357 (0.320) − 0.002 (0.334)
Smoking (yes) 0.181 (0.143) 0.146 (0.150)
Amalgams and implants (number) 0.001 (0.013) 0.014 (0.015)
Education (≥ university) − 0.071 (0.107) − 0.180 (0.114)
Time of sampling (hours) 0.013 (0.022) 0.000 (0.023)
Ln(B-Co) 0.080 (0.091) −

Ln(B-Cu) 0.306 (0.310) −

Ln(B-Mn) − 0.217 (0.171) −

Ln(B-Mo) − 0.069 (0.106) −

Ln(B-Se) ¡1.007* (− 1.926, − 0.088) −

Ln(B-Zn) ¡0.741* (− 1.411, − 0.071) −

Ln(B-Rb) 0.090 (0.405) −

Ln(B-Sr) 0.196 (0.175) −

Ln(B-V) − 0.035 (0.079) −

Ln(E-Co) − − 0.026 (0.074)
Ln(E-Cu) − ¡1.112◦ (− 2.230, 0.005)
Ln(E-Mo) − − 0.031 (0.043)
Ln(E-Mn) − − 0.044 (0.176)
Ln(E-Se) − 0.506 (0.369)
Ln(E-Zn) − − 0.194 (0.510)
Ln(E-Rb) − − 0.050 (0.398)
Ln(E-V) − 0.076* (0.004, 0.147)
constant ¡111.17*** (− 127.4, − 94.9) ¡109.44*** (− 127.2, − 91.7)

N 156 146
R2 0.746 0.740
Adj. R2 0.708 0.701
F (df) 19.943*** (20) 19.000*** (19)

Summarized are data with statistically significant effects of independent variables on TE levels: 95 % confidence limits for the parameters are added if the effect was
statistically significant and the standard error of the estimated parameter otherwise; adj. R2 – percentage of variability of U-8-isoprostane level explained by the model;
F – significance of the model; N – number of observations; statistically significant results are indicated in bold: O p< 0.10; * p< 0.05; ** p< 0.01; *** p< 0.001.

A. France Štiglic et al. Environment International 193 (2024) 109034 

10 



affect APOE gene expression (Xu et al., 2014) in an isoform-dependent
manner. According to data from the literature, all four TEs are impli-
cated in antioxidative defense processes and/or lipid metabolism
(Barchielli et al., 2022; Chen et al., 2019; González-Domínguez et al.,
2022; Li et al., 2021; Lumsden et al., 2020; Marreiro et al., 2017; Rehder,
2013; Rotter et al., 2015; Suh et al., 2022; Tinkov et al., 2021; Valko
et al., 2005; Zhou et al., 2016). Several studies have suggested an as-
sociation of 8-isoprostane with apoE isoforms and apoE expression
(Dietrich et al., 2005; Tangirala et al., 2001; Trares et al., 2020; Yao
et al., 2004), and exposure to various metals (Ashrap et al., 2021;
Dashner-Titus et al., 2018; Hu et al., 2021), demonstrating the useful-
ness of urinary 8-isoprostane measurement in assessing (pato)physio-
logical oxidative stress in relation to apoE and TEs. It has been reported
that urine, plasma, and arterial isoprostane levels are markedly
increased in apoE-deficient mice (Praticò et al., 1998). In a few human
studies, increased plasma levels of 8-isoprostane free fractions were
found in middle aged ε4 carriers with increased cholesterol levels
(Dietrich et al., 2005) and in elderly ε4/ε4 carriers with all-cause de-
mentia (Trares et al., 2020).

The associations between the TEs and U-8-isoprostane (as a marker
of lipid peroxidation) levels have previously been described (Ashrap
et al., 2021; Dashner-Titus et al., 2018; Hu et al., 2021; Pollack et al.,
2012), but very few investigators have addressed the topic of associa-
tions among U-8-isoprostane and APOE polymorphism in combination
with blood and erythrocyte TEs, especially in low-exposed populations
without underlying chronic or acute diseases or specific physiological
conditions, such as pregnancy. As mentioned above, in our group of
women, only a few TEs were significantly associated with U-8-iso-
prostane (mostly essential ones), and the associations were marginal
(Table 4). This is not surprising, as our population had low exposure to
toxic metals, and their levels in blood and erythrocytes were similar to
Slovenian population levels (France Štiglic et al., 2024). Pollack et al.
(2012) reached similar conclusions, finding no association between U-8-
isoprostane and B-Pb, B-Cd, and B-Hg in healthy premenopausal unex-
posed women (Pollack et al., 2012).

In our group of women, the significant negative association of U-8-
isoprostane observed with E-Cu, B-Se, and B-Zn was expected. Zn is well
known to be involved in the antioxidant defense system by the regula-
tion of glutathione peroxidase as well as the expression of MTs, and as a
cofactor of Cu/Zn superoxide dismutase (Marreiro et al., 2017). Sele-
nium is involved in protection against oxidative stress as a constitutive
element of glutathione peroxidases, thioredoxin reductases and seleno-
protein P (Barchielli et al., 2022). Copper is involved in antioxidant
defense through Cu/Zn superoxide dismutase and ceruloplasmin (Valko
et al., 2005) and shares a complex inverted relationship in the periphery
(not in brain) with lipid metabolism (Blades et al., 2021). Blades et al
(2021) outlined that “Increased cellular copper downregulates lipids
and lipogenic genes, and vice versa”. Vanadium potentially affects the
formation of ROS leading to lipid peroxidation (Rehder, 2013), and our
data agreed with this finding because there was a positive connection
between E-V and U-8-isoprostane levels. However, the antioxidant ac-
tion of V has also been reported (Matsubara et al., 1995), and due to its
well-known insulin-like properties and its effect on bio-energetic pro-
cesses and bone formation it has been categorized as an “occasionally
beneficial element” (Gupta and Vaswani, 2020). Furthermore, it should
be noted that our B-V levels were very low (min–max: 0.02–0.05 μg/L),
comparable with previously published levels for populations without
occupational V exposure (Agency for Toxic Substances and Disease
Registry (ATSDR), 2012) and probably below the threshold level for any
serious adverse effect.

Our data show that non-essential TEs in combination with different
APOE genotypes, did not seem to play a decisive role in 8-isoprostane
formation in our population, which had a relatively good supply of
protective essential elements and low exposure to potentially toxic el-
ements. Regardless, their levels were clearly and expectedly affected by
smoking, education, and seafood intake (Tables 3A and 3B). Among the

potentially toxic elements, smoking had a positive effect on B-Cd, B-Pb,
and E-Cd, and seafood intake had a positive effect on Hg, Se, and As in
blood and erythrocytes and Pb in blood. Less expected and intriguing
was the positive association between the APOE2 and APOE4 groups (vs.
APOE3) with B-Mo. Mo is an essential element in the form of a Mo
cofactor. The five eukaryotic molybdo-enzymes are able to reduce nitrite
to NO, a second messenger involved in a multitude of cellular processes
(Bender and Schwarz, 2018). In humans, four Mo enzymes are present:
cytosolic xanthine oxidase and aldehyde oxidase, mitochondrial sulfite
oxidase, and mitochondrial amidoxime-reducing component (mARC).
The latter was recently identified as a crucial factor in lipid metabolism,
possibly involved in non-alcoholic fatty liver disease (NAFLD) and non-
alcoholic steatohepatitis (NASH) (Clement and Struwe, 2023). Experi-
mental studies have also suggested its regulatory function in hydrogen
peroxide and antioxidant metabolism in the outer mitochondrial mem-
brane and peroxisomes (Rixen et al., 2023). Here, it should also be noted
that recent studies have highlighted the influence of mitochondria on
apolipoprotein E levels in brain cell culture studies (Swerdlow, 2023)
and the involvement of APOE ε4 allele against NAFLD suggested by
human association studies and experimental data (Huebbe et al., 2024).

Previously published in vivo studies have shown more pronounced
oxidative stress in smokers carrying the ε4 allele than in noncarriers
(Graeser et al., 2012), and in another study elevated cholesterol and 8-
isoprostane levels were observed in ε4 carriers versus noncarriers
(Dietrich et al., 2005). Although differences in U-8-isoprostane levels
between smokers and nonsmokers were observed in our study using a
simple comparison method (Mann—Whitney U test, data not shown),
smoking as covariable had no significant association with U-8-iso-
prostane levels in any multiple variable regression models. In the liter-
ature, there is mixed evidence on the impact of age on 8-isoprostane
levels (Chamitava et al., 2018; Sakano et al., 2009). The missing data
about abdominal obesity (waist circumference) and possibly weight
gain, might have given us stronger associations, as there is evidence that
U-8-isoprostane correlates with these two parameters (Il’yasova et al.,
2012). Higher education, although not significant but persistent in all
models, was associated with lower U-8-isoprostane levels. This could be
attributed to the impact of education on nutritional habits previously
described (Simić et al., 2022) and the lower percentage of smokers in our
university or higher education group. The time of sampling was intro-
duced to the regression models, as sampling varied in our study from
morning to afternoon. For some TEs, diurnal variation in blood is well
known (Grandjean et al., 1992; HONGO et al., 1993), but there is limited
data on the daily variation of U-8-isoprostane (Helmersson and Basu,
1999; Kanabrocki et al., 2002). The association of U-8-isoprostane in
urine with sampling time was not seen (Tables 3B and 4), which is in line
with other researchers’ data (Helmersson and Basu, 1999; Kanabrocki
et al., 2002).

In sum, our results suggest that TEs have a much smaller impact on
U-8-isoprostane levels compared to APOE genotypes, and that lipid
peroxidation was greater in the presence of the APOE4 group than in the
APOE3 group. However, the interplay and balancing of antioxidant
mechanisms are highly complex and not unambiguous. The presented
differences in lipid peroxidation processes between APOE variants are
quite likely without consequences for healthy populations with a good
supply of essential elements and low exposure to potentially toxic ele-
ments, but they can represent a risk or resilient factor for a worse or
better outcome, respectively, during disease. Compared with previous
reports, the current study provides a more comprehensive picture of the
association between TEs, U-8-isoprostane and APOE genotypes. Their
modification by total antioxidant status and antioxidant enzymes (GPx1
and catalase activity) for the same study population is in preparation.
The observed associations between essential B-TEs and APOE variants
are interesting but difficult to interpret. Essential trace elements such as
Zn, Cu, Se and Mn are involved in many physiological processes
simultaneously and may be influenced by dietary intake, which was not
controlled. We only emphasized higher B-Mo in APOE2 and APOE4 than
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in APOE3 group because this observation fits well with recent studies
related to Mo, APOE and NFDL (see above). More puzzling seems to be
the lower level of non-essential Sr associated with APOE2 group
compared to APOE3 group. It could be related to its potential antioxi-
dant function (Ru et al., 2024), which can be less needed in APOE2
carriers, or to its involvement in bone metabolism. Both Sr, as a known
therapeutic anabolic agent (Ru et al., 2024; Zhou et al., 2019), and
APOE, as a physiological regulator (Dieckmann et al., 2013; Noguchi
et al., 2018; Zhang et al., 2022), have been reported to promote osteo-
genesis in bone and tooth enamel formation. However, although the
presence of the homozygous ε2/ε2 genotype in humans suggests a lower
bone maintenance effect compared to other genotypes (Dieckmann
et al., 2013; Noguchi et al., 2018; Zhang et al., 2014), reports on APOE
genotype-specific effects on bone mass maintenance and turnover are
still inconsistent.

4.1. Study limitations

Due to the relatively small sample, and the small number of ε2 and ε4
homozygotic participants (APOE ε2/ε2 and ε4/ε4 genotypes), we had to
group them with genotypes ε2/ε3 and ε3/ε4, respectively. This might
have masked their influence on TEs and U-8-isoprostane. Consequently,
the allele influence on TEs and U-8-isoprostane levels which might
otherwise be more pronounced in homozygotes, was very likely to have
been diminished. As expected, since APOE3 is the most common geno-
type, the APOE study groups were not matched in terms of the number of
individuals, which is in accordance with the frequencies of the APOE
genotypes in the Caucasian population. Consequently, these very
different sample sizes could have affected the significance of the ana-
lyses performed. Our study population encompassed Slovenian middle-
aged women of childbearing age, so the results cannot be applied to the
general population. Further research is needed to confirm the validity of
the results for other groups (e.g., age or gender).

Unfortunately, data on our cohort’s acute and chronic physical ac-
tivity, which could potentially influence U-8-isoprostane levels, were
missing, although studies have provided conflicting data on their in-
fluence (Il’yasova et al., 2012; Nikolaidis et al., 2011). In addition, we
missed data on lipids and abdominal obesity (waist circumference) for
some interpretations (to test associations of TEs with lipids). Because the
samples were collected as part of a human biomonitoring assessment
(with previously defined goals and sampling conditions), we were not
able to standardize the preanalytical conditions (such as the partici-
pants’ preparation and the timing of the collection to obtain morning
fasting samples). This may have led to higher variability in the results
and, consequently, more difficult interpretation and conclusions.

We are aware that possible cross-reactions in the ELISA method used
for the determination of U-8-isoprostane may affect the result to a
limited extent.

Given this study’s limited sample size and the lack of adequate
consideration of confounding factors in the analysis, the results should
be interpreted with caution.

5. Conclusion

Our study suggests that in healthy women of childbearing age with
low exposure to potentially toxic TEs and an adequate supply of essential
TEs, the APOE4 genotype may play an important role in 8-isoprostane
formation, given that the presence of the ε4 allele increased U-8-iso-
prostane levels by up to 43.3 % in comparison with the APOE3 group
(estimated by multiple variable linear regression models).

At the same time (in the same models), a marginal modifying effect
of essential TEs on U-8-isoprostane levels was observed for B-Zn, B-Se,
and E-Cu. All three were negatively associated with U-8-isoprostane and
therefore possibly related to protective effects against 8-isoprostane
formation. On the contrary, nonessential E-V was associated with
increased U-8-isoprostane; however, due to its small effect and low

concentration levels, the association could be without biological
implication.

None of the other explanatory covariables (age, BMI, smoking status,
sum of amalgam fillings and implants, seafood consumption, level of
formal education, daily sampling time, and blood hemoglobin), except
SG, showed significant associations with U-8-isoprostane.

The observed impact of the APOE2 and APOE4 groups on increased
B-Mo and of APOE2 on decreased B-Sr have opened the unknown areas.

Further studies are needed to validate the associations detected in
this study and to verify our findings in other populations.
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Jerin: Formal analysis, Writing – review & editing. Milan Skitek:
Funding acquisition, Conceptualization, Writing – review & editing.
Milena Horvat: Conceptualization, Funding acquisition, Project
administration, Writing – review & editing. Janja Marc: Conceptuali-
zation, Methodology, Writing – review & editing. Ingrid Falnoga:
Conceptualization, Methodology, Supervision, Writing – review &
editing.

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 J3-4527), University Medical
Centre Ljubljana, Slovenia (Research program TP 20190117), and Eu-
ropean Commission Directorate for Environment through the LIFE+
programme (project CROME, LIFE12 ENV/GR/001040). We would like
to thank all co-workers and participants involved in the CROME-LIFE
project.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envint.2024.109034.

References

Acharya, P., Segall, M.L., Zaiou, M., Morrow, J., Weisgraber, K.H., Phillips, M.C., Lund-
Katz, S., Snow, J., 2002. Comparison of the stabilities and unfolding pathways of
human apolipoprotein E isoforms by differential scanning calorimetry and circular
dichroism. Biochim. Biophys. Acta BBA - Mol. Cell Biol. Lipids 1584, 9–19. https://
doi.org/10.1016/S1388-1981(02)00263-9.

Agarwal, A., Aponte-Mellado, A., Premkumar, B.J., Shaman, A., Gupta, S., 2012. The
effects of oxidative stress on female reproduction: a review. Reprod. Biol.
Endocrinol. 10, 49. https://doi.org/10.1186/1477-7827-10-49.

Agency for Toxic Substances and Disease Registry (ATSDR), 2012. Toxicological profile
for Vanadium. U.S. Department of Health and Human Services, Public Health
Service, Atlanta, GA.

Ahmed, O.S., Galano, J.-M., Pavlickova, T., Revol-Cavalier, J., Vigor, C., Lee, J.-C.-Y.,
Oger, C., Durand, T., 2020. Moving forward with isoprostanes, neuroprostanes and
phytoprostanes: where are we now? Essays Biochem. 64, 463–484. https://doi.org/
10.1042/EBC20190096.
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