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Abstract: (1) Background: Considerable evidence indicates that the occurrence of preeclampsia (PE)
is associated with a reduced vitamin D (VD) level. Several studies have found that VD deficiency is
correlated with disturbed trophoblast invasion, reduced angiogenesis and increased vasoconstriction.
Because the vitamin D receptor (VDR) and CYP27B1 and CYP2R1 hydrolases are strongly involved
in VD metabolism, the goal of the present study was to evaluate their genes and proteins expression
in the placentas from preeclamptic women. (2) Methods: Samples and clinical data were obtained
from 100 Polish women (41 women with preeclampsia and 59 healthy pregnant controls). The whole
PE group was divided into subgroups according to gestation week of pregnancy ending before and
after 34 gestational weeks (early/late-onset preeclampsia (EOPE/LOPE)). However, finally, to reduce
confounding by differences in gestational age, the EOPE group was excluded from the analysis of
mRNA and protein placental expression, and we focus on the comparison between LOPE and control
groups. The placental VDR, CYP27B1 and CYP2R1 mRNA expression was analyzed using RT-PCR,
and placental protein levels were determined by ELISA assay. (3) Results. (3.1) Placental gene
expression: Expression levels of both genes, CYP27B1 (1.17 vs. 1.05 in controls, p = 0.006) and CYP2R1
(2.01 vs. 1.89 in controls, p = 0.039), were significantly higher in preeclamptic placentas than in the
control group. Interestingly, VDR expression was significantly lower in placentas from the PE group
(1.15 vs. 1.20 in controls, p = 0.030). After dividing all preeclamptic women into subgroups only for
the CYP27B1 gene, a significantly higher placental expression in the LOPE subgroup than the healthy
controls was observed (Pagj = 0.038). (3.2) Placental protein expression: The results revealed that
protein expression levels of CYP27B1 in the preeclamptic group were similar (5.32 vs. 5.23 in controls,
p = 0.530). There was a significant difference in median VDR and CYP2R1 protein levels between
studied groups (VDR: 2.56 vs. 3.32 in controls, p < 0.001; CYP2R1: 1.32 vs. 1.43 in controls, p = 0.019).
After stratification of preeclamptic women into subgroups, a significant difference was observed only
in the VDR protein level. The medians in the LOPE subgroups were significantly lower compared to
the healthy control group. In the whole study group, the placental VDR protein level was inversely
correlated with systolic and diastolic blood pressure (all p < 0.001), and positively correlated with
gestational age (p < 0.001) and infant birth weight (p = 0.014). (4) Conclusions: Lower mRNA and
protein expression of VDR in preeclamptic placentas, and also VDR protein expression, could play
a pivotal role in preeclampsia development. Additionally, the higher mRNA expression of both
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CYP27B1 and CYP2R1 hydrolase genes in placentas from preeclamptic women could indicate the
compensatory role of these enzymes in preeclampsia etiology. Our results also indicate that placental
VDR protein level could be one of the factors modulating blood pressure in pregnant women, as well
as influencing gestational age and infant birth weight. Considering the importance of these findings,
future studies are warranted.

Keywords: preeclampsia; VDR genetic polymorphisms; placental expression; molecular biology meth-
ods

1. Introduction

Preeclampsia (PE) is a specific disease in pregnancy which can have serious implica-
tions, being a leading cause of fetal and maternal morbidity and mortality [1,2]. According
to a World Health Organization (WHO) systematic analysis performed in 2014, hyperten-
sive disorders in pregnancy were the second cause of maternal death after hemorrhage,
accounting for 14% of such cases worldwide [3]. In mothers with acute renal and liver
dysfunction, pulmonary edema and brain edema could be observed [4].

The etiology of preeclampsia is complex and not fully understood. Currently, it
is assumed that this disorder is based on processes that lead to a disturbed process of
placentation [5]. Many studies have shown that the occurrence of PE is associated with
a reduced vitamin D (VD) level [6]. Moreover, most scientific societies recommend VD
supplementation during pregnancy due to its widespread deficiency in the population of
pregnant women [7-9] and the potential relationship of VD deficiency with occurrence of
obstetric complications [10,11].

In the placenta, especially in the syncytiotrophoblast, the expression of genes related to
the vitamin D pathway, such as 25-hydroxylase (CYP2R1), 1a-hydroxylase (CYP27B1), and
24-hydroxylase (CYP24A1), has been described, which guarantees efficient VD metabolism
in pregnant women. These hydroxylases play an important role in the conversion of
cholecalciferol to calcitriol, which is the active form of vitamin D (1,25(OH), D3, 1,25-D3).
Alterations in expression and activity of hydroxylases could disturb the circulating VD level.
The plasma concentration of calcitriol increases 2-3 times in pregnant women compared to
the level before pregnancy, starting at 10-12 weeks of gestation and continuing until the
end of pregnancy [12]. The VD augmentation is independent of the parathyroid hormone,
the level of which remains unchanged throughout pregnancy [13].

In humans, vitamin D manifests a pleiotropic function and acts on target organs,
specifically binding to the vitamin D receptor (VDR). The important action of vitamin D in
pregnancy has a combined influence in both mother and fetus. Experimental studies have
shown that both the 1,25(0OH),D3 form and its precursor 25(OH)D increase trophoblast
invasion in vitro [14]. In the human syncytiotrophoblast, calcitriol in an autocrine manner
regulates the synthesis of human chorionic gonadotropin (hCG) [15], human placental
lactogen (hPL) [16], estradiol, and progesterone [17].

The vitamin D receptor (VDR) belongs to a family of nuclear steroid receptors and,
as a nuclear transcription factor, binds to the retinoid X receptor (RXR). This complex
recognizes the vitamin D responsive elements (VDREs) in the DNA promoter sequence
of genes regulated directly by vitamin D [18]. The expression of VDR is influenced by
co-activators and co-repressors, which enhance or inhibit gene expression, respectively.
Co-receptors bind to the VDR and block its activity in the absence of a ligand. According
to the multipotential action of vitamin D, even VDRs have been located in many tissues of
the human body [19,20].

It was demonstrated conclusively that the proper VD level during pregnancy and ap-
propriate placental expression of genes linked to the VD pathway are crucial for the growth
and function of the placenta [21]. On the other hand, several studies have shown that
vitamin D deficiency could be strongly associated with preeclampsia development [22-25].
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This fact may be related to changes in VDR and hydrolase placental expression, which
disturb VD metabolism in preeclamptic women. Additionally, the abnormal trophoblast
invasion in early pregnancy and disturbing placental angiogenesis are connected with the
development of PE. Considering the above observations, we hypothesized that expression
of VDR and several hydrolase genes, as well as proteins, in preeclamptic placentas would
differ from those in physiological pregnancies [5]. Thus, the goal of the present study
was to evaluate the VDR, CYP27B1 and CYP2R1 gene and protein expression levels in the
placentas from preeclamptic women.

2. Materials and Methods
2.1. Patients

Samples and clinical data were obtained from 100 women (41 women with preeclamp-
sia and 59 controls) living in west-central Poland. All women were patients at the Division
of Perinatology and Women'’s Diseases, Poznan University of Medical Sciences, between
December 2018 and March 2021, where they underwent obstetric examination and had a
hospital delivery. Informed consent was obtained from each mother before delivery, and
the study protocol was approved by the Local Bioethical Committee at Poznan Univer-
sity of Medical Sciences (No. 1129/18). Preeclampsia was defined, according to ACOG
criteria, as systolic > 140 mmHg and diastolic > 90 mmHg blood pressure confirmed
by two measurements, with other signs of disease [26]. All patients were with singleton
pregnancy, of Polish origin. Women with chronic hypertension, diabetes mellitus, renal
or endocrinological disease, multiple pregnancy, age younger than 19 or older than 35, as
well as habitual smokers, were excluded from the study. Healthy, pregnant, normotensive
women were enrolled in the control group. The whole group with preeclampsia was
divided into subgroups according to gestation week of pregnancy ending before and after
gestation week 34 (early/late-onset PE (EOPE/LOPE)) [26-28]. However, finally, to reduce
confounding by differences in gestational age, the EOPE group was excluded from the
analysis of mRNA and protein placental expression, and we focused on the comparison
between LOPE and control groups.

The fragments of the placenta were obtained immediately after vaginal delivery or
caesarean section. Samples approximately 1 cm? in size were obtained from the maternal
side in order to obtain villous cytotrophoblasts and decidua (central and marginal part
of placental disc). Following removal of the maternal and fetal surfaces, the sample was
washed twice in cold PBS (phosphate-buffered saline), placed in liquid nitrogen, and
transported to the laboratory for storage at —80 °C.

2.2. RNA Extraction and cDNA Synthesis

Total cellular RNA was isolated from the placenta tissue using TriPure Isolation
Reagent (Roche, Basel, Switzerland) according to the manufacturer’s protocol. The concen-
trations and the purity of RNA were determined using a NanoDrop spectrophotometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA). RNA samples were stored at —80 °C.
Complementary DNA was synthesized from 2 ug of total RNA in a total volume of 20 pLL
using the Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel, Switzerland). The
obtained transcripts were stored at —20 °C or used directly for the real-time quantitative
PCR (RT-PCR).

2.3. Real-Time PCR

The level of mRNA expression was analyzed using the RT-PCR method. All primer
sequences were synthesized by TIB Molbiol (TIB Molbiol GmbH, Berlin, Germany) and
are summarized in Table 1. Amplicon size and reaction specificity were confirmed by
agarose gel electrophoresis and melting curve analysis. RT-PCR was carried out using a
LightCycler 96 Instrument (Roche, Basel, Switzerland) and a LightCycler 96 SYBR Green I
Master (Roche, Basel, Switzerland) according to the manufacturer’s protocol. GAPDH was
used as a housekeeping gene for normalization (endogenous internal standard). The PCR
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program was initiated with activation at 95 °C for 10 min. Each PCR cycle comprised a
denaturation step at 95 °C, an annealing step at a specific temperature, and an extension step
at 72 °C. The quantitative PCR was monitored by measuring the increase in fluorescence
by the binding of SYBR Green I dye to the generated double-stranded cDNA. All samples
were run in duplicate using the LightCycler 96 Instrument, and the melting curves were
analyzed using the LightCycler 96 Basic Software.

Table 1. Sequences of primers used for real-time PCR.

Gene Forward Reverse Reference
VDR GCCCACCATAAGACCTACGA  AGATTGGAGAAGCTGGACGA [29]
CYP27B1  TGGCCCAGATCCTAACACATTT GTCCGGGTCTTGGGTCTAACT [30]
CYP2R1 TTGGAGGCATATCAACTGTGGT CTCGGCCATATCTGGAATTGAG  [31]
]

GAPDH GCAAATTCCATGGCACCGT TCGCCCCACTTGATTTTGG [32
Legend: VDR—Vitamin D Receptor.

2.4. Enzyme-Linked Immunosorbent Assay

The Human VDR (Vitamin D3 receptor) ELISA Kit (sensitivity: 0.375 ng/mL; Assay-
Genie, Dublin, Ireland), Human 25-hydroxyvitamin D-1 alpha hydroxylase (CYP27B1)
ELISA Kit (sensitivity: 0.33 ng/mL; MyBioSource, San Diego, CA, USA), and Human
Vitamin D 25-Hydroxylase (CYP2R1) ELISA Kit (sensitivity: 0.1 ng/mL; MyBioSource, San
Diego, CA, USA) were employed to evaluate the concentrations of VDR, CYP27B1 and
CYP2R1 from placenta tissue homogenates according to the manufacturers’ protocols. The
reaction was blocked, and the absorbance was measured on a microplate reader (Infinite
200, TECAN, Méannedorf, Switzerland). The concentrations of VDR, CYP27B1 and CYP2R1
were determined by interpolation of the standard curve using linear regression analysis.

2.5. Statistical Analysis

All statistical analyses were carried out using R version 4.1.1 (R Foundation for Statis-
tical Computing, Vienna, Austria, accessed on 12 October 2021) [33] and the ggstatsplot
package [34]. The normal distribution of the data was tested using the Shapiro-Wilk test.
Quantitative variables with Gaussian distribution were expressed as means + standard
deviation (SD), and in the absence of normal distribution as median and interquartile
range. Clinical characteristics between groups were compared using Student’s ¢-test for
normally distributed data and Fisher’s test for nominal variables. The Mann-Whitney U
test was used for nonparametric gene and protein expression data. The correlation analyses
were performed using the Spearman rank method. Holm method adjusted p-values of
<0.05 were considered statistically significant.

3. Results
3.1. Clinical Characteristics

The baseline clinical characteristics of 41 preeclamptic women and 59 healthy con-
trols are summarized in Table 2. The women of both study groups were of similar age
(mean % SD was 30.73 £ 5.00 in PE women vs. 30.98 &+ 4.54 years in controls, p = 0.7988).
Mean values of maternal blood pressure and pre- and post-pregnancy BMI were higher in
the group of women with preeclampsia than in the control group. The gestational age was
significantly lower in the group of women with PE (33.78 £ 3.24 vs. 39.02 & 1.05 gestation
weeks in controls, p < 0.001). In the group of women with preeclampsia, all pregnancies
ended with caesarean births, while there was no statistically significant difference in the
prevalence of primiparous women compared to the control group (p = 0.2223). Mean
birth weight, Apgar score, and placenta weight of infants from mothers with PE were
significantly lower than in normotensive mothers. Twenty women (48.78%) from the study
group developed preeclampsia before 34 weeks of gestation (EOPE), and in 21 women
(51.22%) after 34 weeks of pregnancy (LOPE). The mean gestational age at delivery was
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38.29 £ 1.31 in LOPE and 29.30 =+ 1.72 weeks in the EOPE group (p < 0.001). Comparing
the gestational age at delivery between controls and PE subgroups, it differed significantly
for EOPE, (p < 0.001) but not for the LOPE group (p = 0.068).

Table 2. Basic characteristics of preeclampsia cases and normotensive controls.

_— Preeclampsia Controls
Characteristics n =4l =59 P
Maternal age (years) 30.73 £ 5.00 30.98 + 4.54 0.7988
Gestational age (weeks) 33.78 £3.24 39.02 +1.05 <0.001
Systolic blood pressure (mmHg) 164.15 £+ 18.39 107.50 £ 9.51 <0.001
Diastolic blood pressure (mmHg) 105.49 £ 11.21 66.85 £+ 7,27 <0.001
Pre-pregnancy BMI (kg/mz) 25.16 £ 5.68 21.59 + 3.52 <0.001
Post-pregnancy BMI (kg/mz) 30.12 £ 5.08 26.87 £ 3.90 <0.001
Caesarean section 71 (%) 41 (100.00) 40 (67.80) <0.001 *
Primipara 7 (%) 24 (58.54) 26 (44.07) 0.2223 *
Infant birthweight (g) 1948.61 + 877.50 3476.55 + 417.89 <0.001
1 min Apgar score 9 (7-10) 10 (10-10) <0.001 #
5 min Apgar score 9 (8-10) 10 (10-10) <0.001 #
Placenta weight (g) 385.31 £+ 163.07 565.96 £ 103.94 <0.001
Urea (mg/dL) 32.33 £12.25 — —
Uremic acid (mg/dL) 16.67 + 8.68 — —
Creatinine (mg/dL) 0.77 £ 0.31 — —
Total protein (g/dL) 5.42 £ 0.51 — —
Proteinuria (mg/dL) 256.36 + 206.14 — —
Proteinuria (g/24 h) 4.21 £3.50 — —
ALT (IU/L) 36.69 + 46.84 — —
AST (IU/L) 43.95 + 54.98 — —
Early-onset PE n (%) 20 (48.78) — —
Late-onset PE n (%) 21 (51.22) — —

Values are presented as mean =+ SD unless indicated # median (IQR) or 1 (%), p value—Student’s t-test, * Fisher’s
test. Abbreviations: ALT—Alanine aminotransferase, AST—Aspartate aminotransferase, PE—preeclampsia.

Blood chemistry tests were performed only in the PE group. When comparing their
results for groups with EOPE and LOPE, statistically significant differences were observed
for proteinuria (mean 24-h protein measurements: 6.07 in EOPE vs. 2.82 g/24 h in LOPE,
p = 0.031, and in the single sample: 353.68 in EOPE vs. 163.69 mg/dL in LOPE, p = 0.002,
respectively).

3.2. Placental Gene Expression

The mRNA expression of VDR, CYP27B1 and CYP2R1 was studied in 100 human
placentas using quantitative real-time PCR. The expression levels of both genes—CYP27B1
(1.17 vs. 1.05 in controls, p = 0.006) and CYP2R1 (2.01 vs. 1.89 in controls, p = 0.039)—were
significantly higher in preeclamptic placentas compared to the control group. Interestingly,
VDR expression was significantly lower in placentas from the PE group (1.15 vs. 1.20
in controls, p = 0.030) (Table 3). After dividing all preeclamptic women into subgroups
according to delivery before and after the 34th week of gestation, significantly higher
placental expression in the LOPE subgroup compared to healthy controls was observed
only for the CYP27B1 gene (p = 0.012) (Figure 1).
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Table 3. Expression of mRNA VDR, CYP27B1 and CYP2R1 in placentas of preeclamptic and
healthy women.

Gene Preeclampsia Controls »
n=41 n =59
VDR/GAPDH 1.15 (1.04-1.25) 1.20 (1.15-1.28) 0.030 *
CYP27B1/GAPDH 1.17 (1.07-1.23) 1.05 (0.97-1.15) 0.006 *
CYP2R1/GAPDH 2.01 (1.83-2.12) 1.89 (1.65-2.02) 0.039 *

* p < 0.05, the values are presented as relative gene expression levels medians (interquartile range), p value
calculated using the Mann-Whitney U test.

Placental CYP27B1 mRNA level

“rank

10Gel W ptanmithitney) = 596, p = 0.012, e = -0.37, Clagy, [-0.65, -0.01], e = 80

biserial —

=5
(&%)
|

CYP27B1 relative mRNA level

=
(=]
|

cirl LOPE
(n=59) (n=21)

Group

Figure 1. Box and whisker plot of placental relative levels of CYP27B1 mRNA in the late-onset
preeclampsia (LOPE) subgroup and healthy controls.

3.3. Placental Protein Expression

Concentrations of placental proteins were measured using enzyme-linked immunosor-
bent assay. The results (Table 4) revealed that protein expression levels of CYP27B1 in
the preeclamptic group were similar (5.32 vs. 5.23 in controls, p = 0.530). There was a
significant difference in median VDR and CYP2R1 protein levels between studied groups
(VDR: 2.56 vs. 3.32 in controls, p < 0.001; CYP2R1: 1.32 vs. 1.43 in controls, p = 0.019). After
stratification of preeclamptic women into early- and late-onset subgroups, statistically
significant differences were observed only in the VDR protein level. The medians (25th,
75th percentile) were as follows: 2.56 (1.90-2.77) ng/mL in the LOPE, and 3.32 (2.78-3.86)
in the controls (Figure 2).
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Table 4. Concentrations of VDR, CYP27B1 and CYP2R1 protein from placenta tissue homogenates (ELISA).

Protein (ngmp)  Trecclampsia Control ’
VDR 2.56 (1.90-2.77) 3.32(2.78-3.86) <0.001 *
CYP27B1 5.32 (4.68-5. 68) 5.23 (4.67-5.81) 0.530 *
CYP2R1 1.32 (0.98-1.45) 1.43 (1.22-1.65) 0.019*

* p < 0.05, median (interquartile range), p value calculated using the Mann-Whitney U test.

Placental VDR protein level
10g( W yamnininey) = 6.92, p = 1.688-05, Freee = 0.64, Clags, [0.36, 0.81], g = 80

biserisl

n

4_
I
=
o 3-
5 |
=

ctrl LOPE
(n=539) (n=21)

Group

Figure 2. Box and whisker plots of placental levels of VDR protein in the LOPE group and
healthy controls.

3.4. Correlations Analysis between Placental Gene/Protein Expression and Clinical Parameters

Correlation analysis was conducted in order to identify associations between expres-
sion levels of studied placental genes and proteins. In the total 100 analyzed women,
positive correlations were found for mRNA and protein levels of all studied genes. The
highest correlation was observed between CYP27B1 mRNA and CYP2R1 mRNA (rho = 0.61,
95% CI: 0.47-0.72, p < 0.001), and the lowest between CYP2R1 mRNA and VDR protein
levels (rho = 0.07, 95% CI: 0.13-0.27, p = 0.493).

In the group of women with PE, the most statistically significant correlations were
found between the VDR mRNA level and CYP2R1 mRNA (p < 0.001), VDR mRNA
(p = 0.029), and CYP27B1 protein (p < 0.001). Moreover, in this group, CYP2R1 mRNA
positively correlated with CYP2R1 protein (p = 0.017) and CYP27B1 mRNA (p < 0.001).

In the controls, CYP27B1 mRNA significantly correlated with CYP2R1 mRNA (p = 0.005),
VDR mRNA (p = 0.013) and VDR protein (p < 0.001). Moreover, VDR mRNA was correlated
with VDR and CYP27B1 proteins (p = 0.025 and 0.014, respectively), and for CYP2R1,
the protein level correlated with mRNA (p < 0.001). More detailed information on the
correlations between protein and mRNA levels of the studied genes in the preeclamptic
women and healthy controls is presented in Figure 3.
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X = non-significant at p < 0.05 (Adjustment: Holm)

Figure 3. Correlation matrix of placental VDR, CYP27B1 and CYP2R1 mRNA and protein levels in
preeclamptic women and healthy controls (inside each group).

The correlation was also analyzed between gene and protein expression levels and
various mother and offspring clinical factors. In the whole study group, placental VDR pro-
tein level was inversely correlated with systolic and diastolic blood pressure (all p < 0.001)
and positively with gestational age (p < 0.001) and infant birth weight (p = 0.014).

4. Discussion

The vitamin D endocrine system plays a pivotal role in the control of bone turnover
and calcium hemostasis, as well as modulation of the immunological system [35]. From
this point of view it is not surprising that vitamin D is linked to many diseases, including
diabetes, cardiovascular disease, and cancer, osteoarthritis, and neurodegenerative disor-
ders [36-38]. Recently it has been reported that vitamin D may be involved in hypertensive
disturbances during pregnancy. Subsequently, several studies showed that PE is character-
ized by changes in the systemic and placental metabolism of vitamin D in comparison with
physiological pregnancies [39,40]. Moreover, preeclampsia was shown to be associated
with decreased activation, increased catabolism, and impaired placental uptake of vitamin
D [41]. These findings are supported by demonstration of VDR and RXR alpha expression
in trophoblastic villi, decidua and smooth muscle cells of the placental vessels [42]. The
presence of VDR expression on placental smooth muscle cells could indicate that VD is
also involved in remodeling of placental vessels, such as growth and migration of vascular
smooth muscle cells [43].
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4.1. VDR mRNA Expression

In our study we analyzed VDR, CYP27B1 and CYP2R1 genes involved in vitamin
D metabolism. The most interesting observation was the lower VDR mRNA expression
(p = 0.030) in placentas of preeclamptic women. This finding was maintained after strat-
ification of the preeclamptic group into early- and late-onset subgroups, both of which
differed significantly from the control group.

It was also noteworthy that in placentas of the PE group higher mRNA expression
of CYP27B1 (p = 0.006) and CYP2R1 (p = 0.039) genes compared to the healthy pregnant
women was observed. In addition, a reduced placental level of CYP2R1 protein in the PE
group (CYP2R1 median 1.32 vs. 1.43 in controls, p = 0.019) compared to healthy women
was noted. This difference was also observed after dividing the whole PE group into early-
and late-onset preeclampsia.

Numerous studies have assessed the gene expression in placenta from preeclamptic
women. Our results are consistent with several previous analyses performed in women
with preeclampsia and fetal growth restriction (FGR).

In an interesting study, Ma et al. analyzed the expression of proteins related to VD
metabolism—vitamin D binding protein (VDBP), 25-hydroxylase (CYP2R1), 1&-hydroxylase
(CYP27B1), 24-hydroxylase (CYP24A1), and vitamin D receptor (VDR)—in placenta of
preeclamptic women and healthy pregnant controls. The expression of VDR and CYP2R1
proteins was lower, while CYP27B1 and CYP24A1 were higher, in the group of women with
PE. The authors explain these inconsistent results as an effect of oxidative stress, which
could have disturbed the expression of genes related to VD metabolism in the placenta of
women with PE [21].

Less encouraging results were obtained in a study analyzing both methylation and
expression of genes related to VD metabolism: VDR, CYP27B1, and RXR. Hypermethylation
of DNA for VDR, CYP27B1 and RXR was observed in the placenta of women with PE,
assuming that hypermethylation reduces gene expression. Only decreased expression of
RXR was observed in the group of preeclamptic women, without statistically significant
differences for other proteins [44].

In contrast to the above-mentioned studies, Xiao et al. observed higher placenta VDR
mRNA expression and lower VD maternal concentration in women with preeclampsia
compared to healthy controls. The authors stated that this may be due to the placental
compensation mechanism in conditions of vitamin D deficiency [45].

No less exciting results were obtained in pregnant women with FGR, which is a
condition associated with impaired invasion of the placenta and repeatedly occurs in
preeclampsia. In the study by Nguyen et al., the VDR mRNA expression in placenta was
reduced in FGR pregnancies compared to the healthy control group. In addition, this
study also attempted to assess the influence of VDR mRNA expression on the trophoblast
function. For this purpose, BeWo cell lines were used, where VDR mRNA inactivation
led to increased levels of markers for cell differentiation, adhesion and apoptosis, and in
this way to uncontrolled premature maturation and trophoblast apoptosis [46]. Further
studies by Nguyen et al. showed that decreased VDR mRNA expression in the placenta
may lead to disturbed expression of genes regulating the cell cycle and directly lead to
placenta insufficiency with FGR and PE development [47]. Furthermore, it was found that
vitamin D deficiency in the mother may be connected with lower VDR mRNA expression
in the placenta in FGR and PE women, which could be associated with the trophoblast
persistence capacity in these disorders [48].

4.2. VDR Protein Level in Placentas

Second interesting observation was the lower VDR protein level (p < 0.001) in placentas
of preeclamptic women. Numerous studies have assessed the protein level of VDR and
hydrolases involved in the VD pathway in placenta from preeclamptic women. Our
obtained results are consistent with several previous analyses performed in women with
preeclampsia and fetal growth restriction (FGR). In the study by Nguyen et al., the VDR
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protein level in placenta was reduced in FGR pregnancies compared to the healthy control
group [46].

Moreover, in our research was to find in the whole studied group a positive correlation
between placental VDR protein level and gestational age (p < 0.001) as well as infant birth
weight (p = 0.014). This issue has been discussed in several aspects in recent analysis.

It is also noteworthy that in our whole study group the VDR protein level in placentas
was inversely correlated with systolic and diastolic blood pressures (all p < 0.001). In
animal studies it was proposed that vitamin D serum level is involved in the pathogenesis
of cardiovascular diseases as well as arterial hypertension. In correlation with the blood
pressure level, vitamin D shows antihypertensive properties through reducing renin-
angiotensin-aldosterone system activity and improves vasodilatation [49,50]. Following
this information it is believed that the best antihypertensive vitamin D effect is noted in
patients with elevated blood pressure and, additionally, VD deficiency [51,52].

Nema et al. in an animal model noted reduced blood pressure after VD supplemen-
tation during pregnancy. In addition, the authors observed improvement of placental
angiogenesis by normalizing the VEGF and Flt-1 placental levels, without influencing the
levels of PIGF and Hiflx [53].

Despite these observations, the human clinical research reveals inconsistent results in
this field. Shahid et al. observed a significantly lower VD level in the PE group compared to
healthy normotensive women (p < 0.001), as well as a negative correlation of VD level with
systolic (p < 0.001) and diastolic blood pressure (p < 0.001) [54]. Zeng et al. reported that low
VD level could be a risk factor for early- and late-onset PE occurrence [55]. Interestingly,
Forde et al. did not detect any effect of VD intake on maternal blood pressure in healthy
pregnant women [56].

Budhwar et al. reported that VD deficiency disturbed homeostasis of the inflammatory
response in the placenta, activating the cytokine network and followed by spontaneous
premature preterm delivery [57]. At the same time, Dutra et al. observed a correlation
between maternal VD levels and VDR gene polymorphisms, as well as the risk of premature
birth [58]. No less interesting was the observation that maternal VD serum level was
associated with infant birthweight among both white and black women [59,60].

Because the VD metabolism is closely linked with VDR protein activity, it is clear
that placental VDR gene and protein expression could play a significant role in regulation
of blood pressure in healthy pregnant as well as preeclamptic women [61,62] and have a
significant impact on preterm birth occurrence and newborn birthweight.

4.3. Study Limitation

Our study assessed the placental expression of three genes related to the VD pathway—
VDR, CYP27B1 and CYP2R1—which could elucidate the significance of disturbances of
VD metabolism in preeclamptic women. The presented analysis covers a relatively small
sample size of material; however, the patients were carefully enrolled into the study based
on the presence of severe preeclampsia, and subsequently divided into early- and late-
onset preeclampsia. Moreover, in the performed analysis, the concentration of vitamin D
in women with preeclampsia was not determined.

However, on the other hand, the most pivotal results, such as placental expression
levels, were correlated with important baseline clinical and laboratory data, which provided
important results such as the inverse correlation of placental VDR protein level with systolic
and diastolic blood pressure, as well as the positive correlation with gestational age and
infant birth weight in the whole studied group.

Unfortunately, we did not have the opportunity to compare mRNA and protein
expression in placentas between the EOPE group and a gestational-age-appropriate group
of women.

Furthermore, it should be remarked that some additional factors influence VD metabolism,
such as other polymorphism variants of candidate genes of VD metabolism, life style, and
another environmental agents.
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5. Conclusions

To our best knowledge, this is the first study investigating whether the placental ex-
pression of genes and proteins involved in vitamin D metabolism is linked to preeclampsia
occurrence in Polish women. We found that the disturbed, lower mRNA and protein
expression of VDR in preeclamptic placentas, and furthermore, VDR protein expression,
could play a pivotal role in preeclampsia development.

Additionally, the higher mRNA expression of both CYP27B1 and CYP2R1 hydrolase
genes in placentas from preeclamptic women could indicate the compensatory role of these
enzymes in preeclampsia etiology. Our results also indicate that placental VDR protein
level could be one of the factors modulating blood pressure in pregnant women, as well
as influencing gestational age and infant birth weight. Considering the importance of the
obtained results, this analysis merits future studies.
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