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Abstract: Selenium (Se) is an antioxidant nutrient whose deficiency can influence adverse outcomes
of pregnancy. The aim of this study is to determine whether serum Se level in early healthy pregnancy
may be a risk marker for pregnancy induced hypertension. We obtained data from our prospective
study in which we recruited healthy women in weeks 10-14 of a single pregnancy. In this analysis, we
examined 121 women who subsequently developed pregnancy-induced hypertension and matched
363 women who remained normotensive. We measured Se levels (using the ICP-MS technique) in the
serum in weeks 10-14 of the pregnancy. The odds ratios of pregnancy-induced hypertension (95%
confidence intervals) were calculated using multivariate logistic regression. We found that the mean
Se level was lower in the case group compared to the control (57.51 vs. 62.89 ug/L; p = 2.6 x 10710).
Excessive body mass index (BMI) and smoking influenced the estimated odds ratios. In the subgroup
of women who had never smoked with normal pre-pregnancy BMI, the adjusted odds ratio (AOR) of
pregnancy-induced hypertension was 15.34 (95% CI: 2.73-86.31, p = 0.002) for Se levels in the lowest
quartile (<57.68 ug/L), as compared to the highest quartile (>66.60 ug/L), after adjusting for all the
accepted confounders. In the whole cohort, the prognostic value of Se by logistic regression showed
that the area under curve (AUC) = 0.814. In our study, one can consider the role of Se as a risk marker
of pregnancy-induced hypertension.

Keywords: hypertension; pregnancy; selenium; BMI; smoking; risk; micronutrient; prospective study

1. Introduction

Micronutrient deficiencies can influence pregnancy outcomes [1]. Selenium (Se) is a micronutrient
of great importance for human health. Numerous studies have shown that the deficiency of this element
may be associated with cardiovascular diseases, some cancers, the degeneration of articular cartilage,
diseases resulting from reduced immunity, thyroid dysfunctions, and the improper functioning of
the nervous system, among others. Se deficiencies have also been associated with negative effects on
embryo development [2-4]. Nowadays, researchers are working on new strategies for the normalization
of this microelement level [2,3,5] and the possibilities of using Se in the creation of new drugs [6,7].

Selenium is a trace element which is important for numerous biological processes. It is involved,
inter alia, in the antioxidant defense system, in the functions of the immune system, in the development
of the inflammatory reaction, in apoptosis, and in detoxification processes [4,8,9]. Selenium performs
its functions, being included (as selenocysteine) in the active sites of proteins called selenoproteins [10].
The presence of such selenoproteins as antioxidative glutathione peroxidase (GPx), and thioredoxin
reductase (Th-red)—among others—are expressed in the uterus [11].
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A low level of Se is typical for the inhabitants of Central Europe. Epidemiological studies have
found an association between low levels of this microelement and occurrence of preeclampsia in many
countries, including Poland [12].

Pregnancy-induced hypertension is a disease characterized by the development of arterial
hypertension de novo after the 20th week of pregnancy, and it is one of the main causes of maternal
and fetal mortality. It affects an average of 5-10% of pregnant women, and it includes preeclampsia
(PE) and isolated gestational hypertension (GH) [13]. Risk factors include chronic hypertension,
pre-pregnancy diabetes, mother’s age, primipara, obesity, and smoking [14]. The disease etiology is
not fully understood, and the key significance of oxidative stress is emphasized in its pathogenesis;
it has been found that early trophoblast invasion disorders result in hypoxia of the placenta and
intensification of oxidative stress, activation of the inflammatory response, and a cascade of disorders,
often occurring in a vicious circle mechanism. The result is damage to the structure and function
of the endothelium. This results in an increase in blood pressure de novo after the 20th week of
pregnancy [13,15,16].

In numerous studies in women with preeclampsia, a statistically significant relationship was
found with lower levels of Se and lower levels of glutathione peroxidase (GPx), thioredoxin reductase
(Th-red), and anti-inflammatory selenoprotein SEPP1 in the placenta or serum/plasma, compared to
those of healthy pregnant women [17-20]. However, not all results are unambiguous [21]. Selenium
levels in women with preeclampsia may be the result of already-developed disorders.

The problem remains open as to whether this microelement deficiency in early pregnancy, in
healthy women in the first half of pregnancy, may be related to the subsequent development of
pregnancy-induced hypertension [22]. Prospective studies are needed to solve this problem; such
studies are few in number, their methodologies are different, and their results are divergent [22-25].

The reason for the discrepancy may be the use of different clinical and biochemical methodologies.
The choice of biological material to measure Se levels is also important. Examining critically ill patients
with a systemic inflammatory response, Stefanowicz et al. found correlations between inflammation
and Se levels in the plasma but not in erythrocytes [26]. Inflammation can also affect the differences
between serum and plasma in concentrations of many compounds [27]. Assessment of the Se status in
the serum is likely to provide the best possibility of detecting changes.

The aim of our study was to determine whether serum selenium level in early healthy pregnancy
may be a risk marker of pregnancy-induced hypertension. As far as we know, this is the first
single-center study for serum levels in this element, conducted for such a great number of cases. In our
study, one can consider the role of Se as a risk marker of pregnancy-induced hypertension.

2. Materials and Methods

The study was conducted in accordance with the Helsinki Declaration; all the participants signed
the Informed Consent Form and the Test Information Form before submitting a blood sample. The study
was approved by the Bioethics Committee of the Medical University of Poznan, Poland, under number
769/15.

This analysis was conducted in accordance with the guidelines for study designs (from EQUATOR
network).

2.1. Population and Design

We obtained data from our prospective cohort study. We conducted this study at the University
Hospital in Poznan, Poland (third-degree reference center, with 6-8 thousand births a year).
We conducted the recruitment among pregnant women taking typical laboratory tests. The women were
observed until the postpartum period. The recruitment was conducted in 2015-2016. The observation
and analyses were conducted in 2016-2017 and 2017-2019, respectively.

The participants were selected based on the following criteria: Women of white Polish descent
(Central Europe) from the Wielkopolska region, healthy, aged 18-45 years at conception, in week
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10 (+0)-14 (+6) of pregnancy (confirmed single pregnancy running its course correctly without
aneuploidy and with subsequent delivery of a phenotypically normal child >25 weeks of pregnancy),
no chronic diseases apart from being overweight or obese (in particular, no chronic hypertension,
pre-pregnancy diabetes mellitus, kidney and liver diseases, immunological and inflammatory diseases,
and thromboembolism), no active infections, the use of normal diet. The use of vitamin preparations
for pregnant women was not a condition of inclusion in the study. The women were observed until to
the 12th week after parturition.

At baseline, 1300 women were recruited through advertisements. The women who did not meet
all the inclusion criteria after the observation period ended (n = 48), as well as those whose data were
incomplete (n = 340), were excluded. In 16 cases, the serum was unavailable. After the exclusion, we
qualified 896 women for this study (121 women who developed pregnancy-induced hypertension
and 775 women who remained normotensive). After matching the participants, we examined 484
women in two groups. The study group (n = 121) included the women who subsequently developed
pregnancy-induced hypertension (106 cases of gestational hypertension and 15 cases of preeclampsia),
and the control group (n = 363) comprised the women who remained normotensive.

The sample size was calculated using the following formula for a single proportion:

n=Z*d* X p(1 - p) 1

(“Z"—critical value of the normal distribution at «/2, « = 5%, confidence intervals = 95%, Z = 1.962;
“p”-sample proportion; “d”-margin of error). For the proportion of p = 10% (based on the literature) [13]
and the margin error d = 2%, the estimated sample size (for whole studied population) was 864.

For the proportion of p = 14% (based on our population; 121 cases/896 = 13.51%) and the margin
error d = 3%, the estimated sample size was 514.

The recruitment results are presented in Scheme 1.

N=1300

healthy women recruited in 10-14 week of a single pregnancy

Excluded, n=48

Arterial hypertension < 20 gestational week, n=3
Diabetes mellitus < 18 gestational week, n=4
Down syndrom (n = 2), Patausyndrom (n=1)

Miscarriage (< 20 gestational week), n = 12
Delivery < 25 gestational week, n =3
Thromboembolism, n = 3; Severe infection, n=4
Illogical data, n = 6; No cooperation, n = 10

N = 1252
137 (10,9%) women developed pregnancy induced hypertension (PIH)

1115 (89,1%) women remained normotensive

Excluded, n=356
Incomplete data, n =340

Serum was unavailable, n =16

N = 896

# 121 cases of pregnancy induced hypertension

* 775 normote nsive controls

N =484
after matching (1:3):
121 cases of pregnancy induced hypertension |Normotensive controls, n =363

Scheme 1. The recruitment scheme.



Nutrients 2019, 11, 1028 4 of 14

2.2. Method and Data Collection

Socio-demographic and anthropometric characteristics, clinical data (obstetrical and gynecological
histories, medications, and multivitamins), and other information (family history, smoking and alcohol
consumption during pregnancy) were collected using a personal questionnaire during the recruitment.
The participants themselves filled out survey forms (but in the presence of midwives) so the influence
of the interviewers on the answers could be excluded. The women were observed up to 12 weeks
after parturition; contact with the participants (telephone, e-mail) was maintained. Pregnancy and
neonatal outcomes were taken from the medical records, and some information was passed on by the
participants themselves; the information was verified several times during the observation.

The data included the following maternal education level categories: Elementary, vocational,
secondary, and higher. The financial status was assessed according to a 5 Lickert’s scale, on the basis of
an answer to the question: “Is your financial situation (in your household) good enough to meet your
needs?” The responses were classified in the following way: (1) definitely NO; (2) rather NO; (3) hard
to say; (4) rather YES; (5) definitely YES. In this survey we distinguished lower financial levels (1 and
2), medium (3), and higher (4 and 5). Data concerning the place of residence included the following
categories: Countryside, small town (<50 thousand inhabitants), and big city.

All women declared no alcohol in pregnancy. Self-reported pre-pregnancy weight was collected
from participants. The normal pre-pregnancy BMI (body mass index) was defined as: 18.5-24.99 kg/m?.
Gestational weight gain (GWG) was calculated as the difference between the weight measured before
delivery (as recorded in the medical records) and the pre-pregnancy weight.

All participants declared normal blood pressure (< 140/90 mmHg) before pregnancy. The blood
pressure was measured in a sitting position with an oscillometric device on the arm. We recorded
the first blood pressure measurement in Medical Records before recruitment. After parturition, we
recorded the blood pressure taken in the maternity ward after leaving the postpartum ward.

Pregnancy-induced hypertension was defined in accordance with the national guidelines (2015)
convergent with the new definition of preeclampsia [14] as “arterial pressure equal to and higher
than 140/90 mmHg (on two occasions, at least 4 h apart) developed de novo after the 20th week of
pregnancy, receding up to 12 weeks after delivery.” The disease includes preeclampsia (PE) and isolated
gestational hypertension (GH). Gestational hypertension was diagnosed if no other disturbance was
found. “Preeclampsia was diagnosed when any of the following appeared de novo: proteinuria
(=300 mg/day or >0.3 g/L, protein/creatinine ratio >0.3; 1+ in the strip test), thrombocytopenia <100 G/L,
worsening of renal function; damage to the liver function; pulmonary edema; or symptoms from the
central nervous system; blurred vision”. In our study, only proteinuria (>300 mg/L) occurred in the
cases of preeclampsia. IUGR (Intrauterine Growth Restriction) was not a criteria of diagnosis.

Before the study, clinical risk factors of pregnancy-induced hypertension [14] and influencing
factors related to the level of Se [1] were identified based on literature data.

2.3. Serum Selenium Determination

Blood samples were taken (in the 10-14th gestational week) by venipuncture using the Sarstedt
Monovette system (Sarstedt, Germany) with Serum Z/7.5 mL tubes. After donation, blood was left to
clot for at least 30 min. Samples were centrifuged for serum separation (1300 G, 12 min) for 120 min
after donation. After that, the serum was transferred into cryo vials and placed into freezer at —80 °C
until analysis. At the day of analysis, samples were thawed, vortexed, and centrifuged at 5000 G for
5 min before Se determination.

We examined selenium levels in the serum by the inductively coupled plasma mass spectrometry
(ICP-MS) method. Sample total Se determination was performed on an ICP mass spectrometer NexION
350D (PerkinElmer, Shelton, CT, USA). The spectrometer was equipped with a dynamic reaction cell
(DRC) operating with high purity methane and was calibrated using external calibration technique.
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Calibration standards were prepared from a 10 pg/mL Multi-Element Calibration Standard 3
(PerkinElmer, Shelton, CT, USA) by diluting with a blank reagent to the final concentration of 0.1; 0.5;
1.0; 2.0; 5.0; 10 pg/L. Correlation coefficients for calibration curves were always greater than 0.999.

Analysis protocol assumed a 100-fold dilution of serum in blank reagent. A blank reagent consists
of 10 mL of 65% Suprapur Grade nitric acid (Merck, Darmstadt, Germany) and 0.20 mL of Triton X-100
(PerkinElmer, Shelton, CT, USA) filled to the mark of 1 L flask with class I deionized water (Merck
Millipore). Germanium isotope (Ge74) was set as internal standard. The accuracy and precision of
measurements were tested using Certified Reference Material (CRM), Clincheck Plasmonorm Serum
Trace Elements Level 1 (RECIPE, Munich, Germany).

Additionally, internal quality control samples were measured during analysis. The general
precision was lower than 5% RSD (Relative Standard Deviation). The final concentration included a
dilution factor and coefficient, which was the mean value of two flanking certified reference material
concentrations divided by the mean concentration determined by the manufacturer of CRM.

2.4. Statistical Analyses

The data were imported into the Statistica 13 package in order to perform calculations. The data
were compared between the cases and the control group. The normality of the data distribution in
groups was checked by the Shapiro-Wilk test. The Mann-Whitney U test was used for comparisons of
continuous variables (variables were not normally distributed), and the Pearson chi-square test was
used for categorical variables comparisons (p-value <0.05 was assumed to be significant). Serum Se
concentrations were compared between groups using the Mann-Whitney U test (selenium levels were
not normally distributed; medians were compared).

We did individual matching. We chose the control normotensive group by matching cases of
pregnancy-induced hypertension (in a 1:3 ratio) in relation to the following criteria: Mother’s age,
pre-pregnancy BMI, and those who have never smoked. Due to the inability to select women at exactly
the same age, we had to expand the selection by +2 years. We found the difference in the maternal age
between the groups (p = 0.907). For this reason, we did not use the conditional logistic regression; we
used logistic regression.

As confounders, we used gestational age during recruitment, which may affect selenium levels
(statistically significantly different between groups) and risk factors for pregnancy induced hypertension,
which statistically significantly differed between groups: The pre-pregnancy BMI, gestational weight
gain (GWG) for one week of pregnancy (calculated for whole gestation), family history of chronic
hypertension, and maternal education level <12 years. The analyses were carried out for the whole
cohort (N = 484) and the subgroup of women who had never smoked with normal pre-pregnancy BMI
separately (N = 228). In the subgroup, the pre-pregnancy BMI was excluded.

The whole cohort and the subgroup were divided into quartiles. The odds ratios (and 95%
confidence intervals CI) of pregnancy-induced hypertension were calculated by univariate (OR-crude)
and multivariate (AOR) logistic regression for serum Se concentrations in each quartile with respect to
the quartile with the highest the number of normotensive females (OR = 1.00). p-value was calculated
using the Wald test, and value <0.05 was assumed to be significant. We adjusted the risk for all the
accepted confounders. Graphs showing the risk profiles were presented.

Predictive indicators of pregnancy-induced hypertension for Se levels for false positive rates (FPR)
of 5% and 10% were calculated using logistic regression and a neural network. In both methods, a test
set that comprised 20% of the total data set was randomly selected, while the remaining 80% served as
a training data set.

3. Results

The clinical characteristics of the cases and normotensive groups are presented in Table 1.
The differences were statistically insignificant in terms of maternal age, parity, number of those who
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had never smoked, pack-years in smokers, methods of assisting reproduction, gestational diabetes

mellitus, and use of multivitamins during pregnancy.

6 of 14

Table 1. The clinical characteristics of the normotensive controls and cases of pregnancy-induced

hypertension.
Controls (n = 363) * Cases (n =121) *
Characteristics Mean (SD); Mean (SD); p**
Median or n (%) Median or n (%)
Maternal age (years) 35.1 (4.0); 36.0 35.1(4.2);36.0 0.907
Maternal age (range) (22-45) (19-45)
Primiparous 141 (38.84%) 56 (46.28%) 0.149
GDM at present pregnancy 73 (20.11%) 23 (19.01%) 0.792
ART ee 18 (4.96%) 11 (9.09%) 0.097
Pack-years during recruitment 19.3 (32.5); 6.6 21.2(32.3); 8.8 0.748
Women who had never smoked 302 (83.20%) 92 (76.03%) 0.080
Multivitamins in II-III trimester 184 (50.69%) 50 (41.32%) 0.074
Pre-pregnancy BMI (kg/m?) 25.0 (4.4);244 26.8 (5.4);26.5 0.003
Pre-pregnancy BMI (range) (16.5-39.4) (18.2-42.9)
Gestational age at recruitment (weeks) 12.3 (0.8); 12.0 11.6 (0.8); 11.0 1.97 x 10716
Gestational age at recruitment (range) (10-14) (10-14)
Education levels (available data) 305 105 0.042
higher 201 (65.90%) 57 (54.29%)
secondary 76 (24.92%) 28 (26.67%)
vocational 26 (8.53%) 17 (16.19%)
elementary 2 (0.66%) 3 (2.86%)
Financial status (available data) *** 141 63 0.002
lower levels 14 (9.93%) 5(7.94%)
medium level 32 (22.70%) 26 (41.27%)
higher levels 95 (67.38%) 32 (50.79%)
Place of residence (available data) 362 120 0.585
countryside 110 (30.39%) 30 (25.00%)
town <50,000 inhabitants 104 (28.73%) 35 (29.17%)
big city >50,000 inhabitants 148 (40.88%) 56 (46.67%)
Delivery
Gestational age at delivery (weeks) 38.7 (1.8); 39.0 38.0 (2.6); 39.0 0.011
Newborn birthweight (g) 3385.3 (546.8); 3400.0 3113.1 (785.4); 3150.0 0.0003

* Normotensive controls and cases of pregnancy-induced hypertension (PIH); ** The Mann-Whitney U test was used
for comparisons of continuous variables (p-value <0.05 was assumed to be significant (medians were compared)
and the Pearson chi-square test was used for categorical variables comparisons (p-value <0.05 was assumed to be
significant); ® GDM: gestational diabetes mellitus; e ART: assisted reproductive technology; *** Financial status

was assessed according to a 5 Lickert’s scale (see in Method section).

The mean age of women at conception was 35.05 years in the cases group (range 19-45) and 35.05
years in the normotensive group (range 22-45) (p = 0.907). We found 46.3% of primiparous in the cases
group and 38.8% in the control group (p = 0.149). In the cases group, compared to the normotensive
women matched, the mean pre-pregnancy BMI was higher (26.76 kg/m? vs. 25.03 kg/m?; p = 0.003),
and the mean gestational age during recruitment was lower (11.55 vs. 12.25 week; p = 1.97-x 10716).

In the socioeconomic characteristics, we found differences in education level categories (p = 0.042),
financial status level categories (p = 0.002), and place of residence (p = 0.585). In the case group, we
found more frequent occurrence of elementary and vocational education levels, less frequent occurrence
of high financial status, and more frequent residence in the big city, compared to the normotensive
control group.

The recruitment results are presented in Scheme 1 (in chapter of Materials and Methods).

Serum Se levels in the groups and subgroups are presented in Table 2 and Table S1. In the
whole cohort, the mean microelement level in the 10-14th pregnancy week was lower in the women
subsequently developing pregnancy-induced hypertension than in the matched normotensive women
(57.51 vs. 62.89 ug/L; medians 57.40 vs. 62.02, p = 2.59 x-10719).



Nutrients 2019, 11, 1028 7 of 14

Table 2. Serum Se levels (in the 10-14th gestational week) in the groups and subgroups.

Serum Se Levels * (ug/L)

Groups and Subgroups p
n Mean Range: Min-Max Median
Whole cohort
Normotensive controls 363 62.89 41.14-125.54 62.02
Cases of PIH ** 121 57.51 40.91-74.36 57.40 2.59 x 10710
Pre-pregnancy BMI categories
BMI 18.5-24.99 kg/m2 265 62.23 40.91-90.14 61.57
BMI >25 kg/m2 211 60.27 44.39-125.54 58.91 7.00 x 1074
Smoking categories
Women who had never smoked 394 61.91 44.39-125.54 61.22
Smokers at the time of recruitment 32 57.74 40.91-70.03 57.62 1.80 x 1072
Subgroup #
Normotensive Controls 184 63.58 48.35-90.14 62.80
Cases of PIH ** 44 57.69 44.63-70.13 58.65 8.93-x 1077

# Subgroup of women who had never smoked with normal pre-pregnancy BMI; * Se levels in serum in the 10-14th
gestational week; ** PIH: pregnancy-induced hypertension; *** p-value obtained using the Mann-Whitney U test,
p < 0.05 was assumed to be significant (medians were compared); # normal pre-pregnancy BMI: body mass index
18.50-24.99 kg/m?.

The average Se level was lower in the women with the pre-pregnancy BMI >25 kg/m? than in the
women with the BMI within the normal range (60.27 vs. 62.23 ug/L; medians 58.91 vs. 61.57, p = 0.0007)
and lower in the smokers at the time of recruitment compared to the women who had never smoked
(57.74 vs. 61.91 nug/L; medians 57.62 vs. 61.22, p = 0.018).

The graphical picture of risk profile of pregnancy-induced hypertension for Se levels in the whole
cohort is presented in Figure 1.

Whole cohort
Odds ratios of pregnancy induced hypertension for Se levels

OR
N

-

48 50 52 54 56 58 60 62 64 66 68 70 72 74 76

Levels of Se in maternal serum in 10-14 week of pregnancy (pg/L)

Figure 1. The risk of pregnancy-induced hypertension for selenium levels in the 10-14th pregnancy
week in the whole cohort. The graph illustrates the changes in the odds ratios (OR) of pregnancy-induced
hypertension (PIH), calculated on a sliding window with respect to the changes in the Se levels in
serum in the 10-14th pregnancy week. The window width adopted was 50 observations. The (light
blue) points correspond to the odds ratios of pregnancy-induced hypertension in a window containing
a fixed number of neighboring cases whose center is for a Se level value. The (red) curve represents
the risk profile smoothed with the Lowess method. The horizontal (black) line marks is the reference
line for OR = 1.0; the points above this line indicate an increased risk, and the points below this line
correspond to a reduction in risk.
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The pictures illustrate that lower levels of this element in serum in the 10-14th week of pregnancy
are associated with a higher risk of the disease.

The risk profile in the subgroup of women who had never smoked with normal pre-pregnancy
BMI is presented in Figure S1.

The risk of pregnancy-induced hypertension after having divided the whole cohort into quartiles
according to the distribution of the Se levels is shown in Table 3. We found that the number of cases of
pregnancy-induced hypertension increased along with decreasing levels of Se in serum in the 10-14th
gestational week.

Table 3. The risk of pregnancy-induced hypertension for serum Se levels in univariate and multivariate
logistic regression.

Risk of Pregnancy-Induced Hypertension

Quartile Se (ug/L)! Casese Controls OR* (CI95%) p AOR**  (CI95%) p
Whole cohort
Q 40.91-55.83 47 74 5.28 (2.67-10.43) 1.73x107° 3.96 (1.87-8.42)  0.0003
Q 55.83-60.99 41 80 4.26 (2.14-847) 1.63-x107° 3.92 (1.84-8.32)  0.0004
Q3 60.99-65.82 20 101 1.65 (0.78-3.48) 0.193 1.85 (0.804.28)  0.150
Qq 65.82-125.54 13 108 1 1
Subgroup #

o)} 44.63-57.68 20 37 14.87  (3.28-67.43) 4.68x10™* 1534  (2.73-86.31) 0.002
Q2 57.68-61.65 16 41 10.73 (2.34-49.29) 0.002 12.38 (2.28-67.34)  0.004
Qs 61.65-66.60 6 51 3.24 (0.62-16.76) 0.162 4.12 (0.61-27.73)  0.146
Qq 66.60-90.14 2 55 1 1

# Subgroup of women who had never smoked with the normal pre-pregnancy BMI: body mass index
18.50-24.99 kg/rn2 ;! Border values are included in the lower quartile; e Cases: pregnancy-induced hypertension
(PIH); Controls: normotensive women; * OR: crude odds ratio calculated in univariate logistic regression; ** AOR:
adjusted odds ratio calculated in multivariate logistic regression, after adjusting for the gestational age at recruitment,
rate of gestational weight gain (calculated for the whole gestation), family history of chronic hypertension, mother’s
education <12 years (in the subgroup, the pre-pregnancy BMI was excluded); CI: confidence intervals; *** p-value
obtained using the Wald test, p < 0.05 was assumed to be significant.

In the lowest Q; quartile, the highest number of cases was found (47 cases among 121 women).
In the highest Q4 quartile, the lowest number of cases was found (13 cases among 121 women).
The adjusted odds ratio (AOR) of pregnancy induced hypertension was 3.96 (95% CI: 1.87-8.42,
p = 0.0003) for serum Se levels in the lowest quartile (<55.83 ug/L), compared to the highest quartile
(>65.82 ug/L) after being adjusted for all the accepted confounders in multivariate logistic regression.

In the subgroup of women who had never smoked with normal pre-pregnancy BMI women, the
adjusted odds ratio (AOR) of pregnancy-induced hypertension was 15.34 (95% CI: 2.73-86.31, p = 0.002)
for serum Se levels in the lowest quartile (<57.68 ug/L), compared to the highest quartile (>66.60 ug/L)
after being adjusted for all the accepted confounders in multivariate logistic regression.

The prediction indicators of pregnancy-induced hypertension for serum Se levels in the neural
network and logistic regression are presented in Table 4 and Table S2. The analysis was carried out for
the whole cohort (N = 484). Indicators were determined for false positive rates (FPR) of 5% and 10%.
In the test sets, the prognostic value of Se in pregnancy-induced hypertension by logistic regression
showed the area under curve (AUC) = 0.814 (see in Table 4). The prediction indicators in the training
sets are presented in Table S2.
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Table 4. Prediction indicators of pregnancy-induced hypertension for Se levels in serum in the 10-14th
gestational week in test sets of logistic regression and neural network.

Method and Set Prediction Indicators of Pregnancy-Induced Hypertension for Se Levels *

DR PPV NPV LR+ ACC AUC

Test set
Logistic regression (FPR 5%) 37.50% 69.23% 82.95% 7.219 81.19% 0.814
Logistic regression (FPR 10%) 45.83% 57.89% 84.15% 4411 79.21% 0.814
Neural network (FPR 5%) 29.17% 58.33% 80.90% 4.492 78.22% 0.761
Neural network (FPR 10%) 29.17% 46.67% 80.23% 2.807 75.25% 0.761

* Se levels were measured in serum from the 10-14th gestational week (ug/L); FPR 5% and 10%-fixed false positive
rates; DR—detection rate (sensitivity at a fixed FPR); PPV—positive predictive value; NPV—negative predictive
value; LR+ positive likelihood ratio; ACC—accuracy; AUC—area under curve ROC.

4. Discussion

The aim of this study was to determine whether the serum selenium level in early healthy
pregnancy may be risk marker of pregnancy-induced hypertension. We found that the mean serum Se
level in the 10-14th gestational week was statistically significantly lower in the women subsequently
developing pregnancy-induced hypertension (n = 121), compared to the matched women who remained
normotensive (n = 363) (p = 2.6 X 1071%). We found that the risk of pregnancy-induced hypertension
increased along with decreasing levels of Se in the serum. We found that excessively high BMI and
smoking have an influence on the estimated odds ratio. In the subgroup of women who had never
smoked with normal pre-pregnancy BMI, the adjusted odds ratio (AOR) of this dangerous disease was
15.34 (95% CI: 2.73-86.31, p = 0.002) for serum Se levels in the lowest quartile, compared to the highest
quartile (being adjusted for all the accepted confounders). The prognostic value of serum Se levels in
the 10-14th gestational week was high (AUC = 0.814).

The strength of this study was the model of a prospective cohort study, which is the only one
that allows to assess whether Se can be a marker of the risk of pregnancy-induced hypertension. An
advantage was the large number of cases in the single-center study. An advantage of the study was that
it had a good match between groups and risk adjustment for identified risk factors; however an impact
of different confounders is possible. We used a new definition of preeclampsia. Another advantage
was an additional analysis after dividing participants into subgroups with regard to smoking and a
pre-pregnancy BMI, but the number of participants was lower in the subgroup of women who had
never smoked with a normal pre-pregnancy BMI. We adjusted the risk in the subgroup by the same
confounders as in the whole cohort study. The prediction indicators complemented the risk assessment.
To our knowledge, our prospective study is the first in which we determined the prediction indicators
of pregnancy-induced hypertension for this element for false positive rates (FPR) of 5% and 10%.

One limitation in our study was a small number of cases of preeclampsia. Seasonal variation of
selenium levels was not accounted in our analyses. Examining the level of the microelement at several
time points during pregnancy would be an interesting complement to the study. Participants reported
fasting before blood samples were taken, but this may be of limited value in pregnant women because
of the common impairment of peristalsis in pregnancy. The participants of the study reported some
data on their own, but the most important data came from the medical records, and all the information
was verified several times during the observation.

In the literature, we found only few prospective studies dealing with the assessment of this trace
status in the risk of pregnancy-induced hypertension, but the results are inconsistent.

Results convergent with ours were obtained by Rayman et al.; they obtained a lower risk of
pregnancy-induced hypertension for higher Se levels in the nail from the 16th gestational week [22].
Ghaemi et al. found a lower plasma level of Se in the 20-24th weeks of pregnancy in 38 primigravidae
subsequently developing preeclampsia compared to 38 matched healthy primigravidae (the crude
odds ratio of preeclampsia was 9.14, 95% CI: 2.25-37.01, for plasma levels <62.2 ug/L compared to



Nutrients 2019, 11, 1028 10 of 14

>74.4 ng/L) [23]. The epidemiological report of Vanderlelie and Perkins from 45 countries from different
continents showed that in countries where mean plasma or serum Se levels were higher than 95 pg/L,
preeclampsia was statistically significant lower (p = 0.0007); Poland was among the countries with a
low selenium level in the plasma (68.3 pug/L) and a high preeclampsia rate (4.4%) [12]. The predictive
indices obtained in our study (area under curve AUC = (.814) are high in comparison with the results
in the literature for other clinical and biochemical predictive models [14].

Results differing from ours were obtained by Mistry et al. in a study that was part of the SCOPE
(Screening for Pregnancy Endpoints) study of women with single pregnancies without a high risk of
developing preeclampsia (a multi-center international prospective cohort study) [24]. The authors
found statistically insignificantly lower levels of Se in the plasma at 15 + 1 week of pregnancy in
244 women who subsequently developed preeclampsia, compared to 472 women who remained
normotensive. The examined groups were matched in terms of age and BMI, but the cohort studied
came from six centers from four countries. Basu et al. [25] also found statistically insignificantly
lower serum levels of Se at 12.2 + 1.9 weeks in 23 women who subsequently developed preeclampsia,
compared to the results of 24 normotensive women, but the study included a cohort of 151 women
with a single pregnancy with pre-pregnancy diabetes mellitus.

In contrast, numerous retrospective studies have found a statistically significant connection
between low Se levels and pregnancy-induced hypertension [17,18,20,28]. However, another
retrospective study does not confirm these results [21]. For example, Katz et al. [28] found a
statistically significantly lower serum Se levels in 43 cases of severe preeclampsia, compared to 80
healthy pregnant women matched according to gestational age. Da Silva et al. [21] found no differing
of serum Se levels in 38 women with preeclampsia, compared to 32 normotensive women.

A meta-analysis of Se supplementation studies performed by Xu et al. [29], including 13
observational studies and 3 randomized controlled trials; they showed that this supplementation
reduced risk of preeclampsia. However, a systematic review of Salles et al. [30] showed no statistically
significant effect of antioxidant supplementation, including Se, on the development of preeclampsia.
Selenium displays a “U” curve, which means that both too low and too high Se levels are associated
with an increase in morbidity [31]. Therefore, supplementation in people with normal levels of this
element levels may not bring the expected effects and may even be harmful.

The discrepancies among different research results could be due to different constructs of the
studies and differences in population risk, size of groups, degree of match, and confounding variables,
as well as biochemical materials (determination of the microelement in the serum, plasma, nails,
erythrocytes, or leukocytes).

In our study, we examined microelement levels in the serum by the inductively coupled plasma
mass spectrometry (ICP-MS) method. In our methodology, we excluded a priori chronic diseases
existing before pregnancy (except for being overweight and for obesity) as well as racial differences,
multiple pregnancies, fetal defects, and delivery before the 25th pregnancy week. We matched the
studied groups well to several clinical factors, and our study covered one geographical region of Poland,
which additionally matched the researched women with respect to diet composition in the region and
the same level of prenatal care. Geographical differences can cause discrepancies. The average Se level
in North America is 122.4-151.8 pg/L, while the level in the serum / plasma of Poles is about 70 pg/L;
in some regions, it is even 50-55 pg/L [2,32-34]. In our control (normotensive group), the mean Se
level in the serum in the 10-14th pregnancy week was 62.89 ug/L (range 41.14-125.54 ug/L). In our
study, we recruited women in a specific range of gestational age (the 10-14th pregnancy week), but the
differences between groups were statistically significant, so we included this feature as confounders.
Most studies show that this microelement levels in pregnancy become lower [35].

In our study, mean serum Se levels in early healthy pregnancy were lower in the women with
pre-pregnancy overweight/obesity than in the women with the pre-pregnancy BMI within the normal
range (p = 0.0007) and in smokers than in those who have never smoked (p = 0.018) (Table 2). For the
micronutrient levels in the lowest Q1 quartile compared to the highest quartile, the adjusted odds ratio
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(AOR) of the disease was 3.96 (p = 0.0003) in the whole cohort and 15.34 (p = 0.002) in the subgroup of
women who had never smoked with normal pre-pregnancy BMI (Table 3). Data from the literature
confirm the existence of this element deficiency in obese people compared to people with a normal
BMI and in smokers compared to non-smokers [36,37]. Our results suggest that changes in serum Se
levels in overweight/obese women and in smokers strongly influence the estimated odds ratios and
the structure of the studied populations; BMI and smoking may cause discrepancies between studies.

In our study, we also compared socio-economic factors between groups. They can affect the
risk of disease and the level of the micronutrient. In our study, the group developing hypertension
was characterized by a greater frequency of lower education levels. Higher financial status was less
frequent in the case group. It may be connected to worse access to proper health care and medicines or
multivitamins, the lack of ability to recognize symptoms of the threat, and a lack of knowledge about
the harmfulness of a bad lifestyle (e.g., obesity, smoking), among others.

Methods of compensating for selenium deficiencies are the subject of the latest research [2,3].
The main source of this element is an appropriate and balanced diet. However, depending on the
region of the world, there may be a need to top it up due to the intake of products that are low in
Se. The research includes the use of direct supplementation (in the form of supplements containing
micronutrients and vitamins) or indirect supplementation (by adding this microelement to fertilizers
or animal fodder). The effects depend, among other things, on the chemical form of the micronutrient.
The preferred strategy for compensating for shortages of this element are Se organic yeast preparations
(containing selenomethionine) with a higher bioavailability. Inorganic Se salt (selenites and selenates)
may be a more favorable solution when a rapid effect is recommended, e.g., in the treatment of tumors.
Strategies for the use of functional food include inter alia, foods containing lactic acid bacteria (that
accumulate Se). It is emphasized, however, that the strategies used must be proven and safe, and they
require further research [2,3]. Still, other studies indicate the cytotoxic effect of excess Se, which may
be conductive to the development of certain diseases but may also be used in developing new drugs
that target fungi, bacteria, or cancer cells [6]. An interesting issue is the study of new anticancer drugs
that use reactive oxygen species (ROS) levels by redox modulation and whose aim are selenoproteins
TrxR (thioredoxin reductases) [7].

The main mechanism connecting the low serum Se level in the 10-14th pregnancy week with
the risk of pregnancy-induced hypertension may be a deficiency of this micronutrient antioxidant
effects in the time of trophoblast development. However, processes related to the development
of the placenta are multifactorial, complicated, and not fully explained. The results of different
studies indicate that under normal conditions, low oxygen tension in the placenta in the 8-10th
week of pregnancy is accompanied by a low level of reactive forms of oxygen and nitrogen. Next,
with the normal progression of trophoblast invasion, blood flow in the placenta increases (in the
11-12th week of pregnancy, the oxygen tension was around 50 mmHg) and reactive forms of oxygen
increase [38]. However, the environment of the uterus is equipped with enzymes with antioxidant
activity (selenium-dependent also) [11]. In experimental studies, the Se supplement was shown to
increase the level of selenium-dependent glutathione peroxidase (GPx) in trophoblastic cells exposed
to experimental prooxidant activity or to protect mitochondria of trophoblasts [39,40]. The exposure of
cells to oxidative stress leads to a decrease in the expression and antioxidant activity of selenoproteins,
which require adequate Se supply for their activity.

Other Se effects may also be part of the pathomechanisms of pregnancy-induced hypertension,
including the element’s participation in the immune and inflammatory response, in apoptosis, and in
detoxification processes [4].

It has been found that abnormal invasion of trophoblasts in the walls of the spiral arteries (between
the 6-18th weeks of pregnancy) results in their insufficient re-modelling, which leads to utero-placental
high-resistance circulation. This results in hypoxia and intensification of the production of reactive
oxygen species, affecting apoptosis, the immune system, and the intensification of the inflammatory
response. The cascade of processes in the placenta and, subsequently, in the maternal circulation
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system, is activated and leads to the damage of the vascular endothelium; this results in an increase in
blood pressure [13]. Pathophysiological mechanisms of this disease are complex, multifactorial, and not
fully explained (metabolic, genetic, and immunological). However, in the circulatory system of women
with advanced preeclampsia, the presence of markers released by activated or damaged endothelium
(markers of oxidative stress, von Willebrand factor, thrombomodulin, endothelin-1, fibronectin, and
inflammatory cytokines, among others) and deficiency of vasodilators (prostacyclin and nitric oxide)
have been demonstrated [13].

In recent years, new interesting research has been carried out, including studies in which the
impact of seasonality on the levels of micronutrients was found [41], or studies of new strategies for
compensating selenium deficiencies, as described above. We believe that our study and these new
directions of research can help improve predicting and treating pregnancy-induced hypertension.

5. Conclusions

In this prospective study, lower serum selenium levels in early healthy pregnancy were associated
with the higher risk of pregnancy-induced hypertension and showed high prognostic indicators. Serum
Se levels in early healthy pregnancy served as a risk marker for this dangerous disease.

Our results show that the measurement of this element serum level in early pregnancy can be
included in diagnostics for identifying women at risk of pregnancy-induced hypertension.

The results of our study can be applied in practice; this microelement level measurement is an
accessible and inexpensive test.

In our study, statistically significant changes in this micronutrient serum levels in overweight/obese
women and in smokers strongly influence the estimated odds ratios of pregnancy-induced hypertension.
The structure of the studied populations, in terms of BMI and smoking, may cause discrepancies
between studies. The mechanisms as a result of which obesity increases the risk of various diseases are
very complex, but the role of Se in these mechanisms should be investigated.

Our results may suggest that it should be attempted to balance the Se level in women in early
pregnancy and before pregnancy. Attention should be paid to the latest research related to modern
methods of compensating this micronutrient deficiencies.

This study may help to better understand the causes of pregnancy-induced hypertension and to
improve the effectiveness of treatment.
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pregnancy-induced hypertension for serum selenium levels in the 10-14th gestational week, in training sets of
logistic regression and neural network methods, Figure S1: The risk of pregnancy-induced hypertension for
selenium levels in the 10-14th pregnancy week in the subgroup of women who had never smoked with normal
pre-pregnancy BMI. The graph illustrates the changes in the odds ratios (OR) of pregnancy-induced hypertension
(PIH), calculated on a sliding window with respect to the changes in the selenium levels in serum in 10-14
pregnancy week. The window width adopted was 50 observations. The (light blue) points correspond to the odds
ratios of pregnancy-induced hypertension in a window containing a fixed number of neighboring cases, whose
center is for a selenium level value. The (red) curve represents the risk profile smoothed with the Lowess method.
The horizontal (black) line marks is the reference line for OR = 1.0; the points above this line indicate an increased
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