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Abstract

:

For the first time in the Polish population, we aimed to investigate associations between the VDR gene single-nucleotide polymorphisms (SNPs) BsmI (rs15444410), ApaI (rs7975232), FokI (rs19735810), and TaqI (rs731236) and the development of preeclampsia (PE). A case–control study surveyed 122 preeclamptic and 184 normotensive pregnant women. The polymerase chain reaction–restriction fragment length polymorphism (PCR-RFLP) method was performed to examine the maternal VDR FokI, BsmI, TaqI, and ApaI polymorphisms. The VDR BsmI AA homozygous genotype was statistically significantly more frequent in preeclamptic women compared to the control group (p = 0.0263), which was also associated with a 2-fold increased risk of PE (OR = 2.06, p = 0.012). A correlation between the VDR BsmI polymorphism with systolic and diastolic blood hypertension was noted. Furthermore, 3-marker haplotype CTA (TaqI/ApaI/BsmI) was associated with significantly higher systolic (p = 0.0075) and diastolic (p = 0.0072) blood pressure. Association and haplotype analysis indicated that the VDR BsmI A allele could play a significant role in the PE pathomechanism and hence could be a risk factor for PE development in pregnant Polish women. These results indicate the importance of the VDR BsmI polymorphism and reveal that this variant is closely associated with a higher predisposition to hypertension.
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1. Introduction


Preeclampsia (PE) (ICD-10 code 014), a specific condition during pregnancy, still remains a significant clinical problem in perinatal medicine. Hypertensive disorders occur in about 5–10% of pregnancies throughout the world, and preeclampsia complicates the course of 3% of pregnancies in industrialized countries [1]. In Poland, as in other regions of the world, the frequency of this serious complication is estimated at an incidence rate of 2–3% [2,3]. Preeclampsia is connected to a significant risk of the appearance of serious complications in mothers and fetuses, which may require labor induction or a preterm caesarean section. Additionally, preeclampsia could be associated with an increased risk of several disorders in mothers later in life, such as cardiovascular diseases, chronic arterial hypertension, stroke, metabolic syndrome, and chronic kidney disease. Infants born to women with preeclampsia are at increased risk of, first of all, cardiovascular diseases and hypertension, but also insulin resistance, diabetes, and even neurodevelopmental disorders [4,5,6]. Thus, considering the above-mentioned, it undoubtedly becomes clear that it is worth paying a significant amount of attention to research into the pathogenesis of preeclampsia.



PE is characterized by maternal hypertension and proteinuria with or without pathological edema [7]. The etiology of PE is multifactorial; an important role is played by factors related to vasoconstriction and remodeling of the placenta, coagulation disorders, oxidative stress, lipid metabolism disorders, impaired adaptation of the immune system, and implantation disorders [8]. Thus far, a direct association between the above mechanisms and the risk of preeclampsia has been not established. Studies suggest that the placenta is central to the pathogenesis of PE [9,10]. According to Jena [10], a drug delivery system targeting the placenta needs to be developed for the potential treatment of PE. There are over 40 metabolites of vitamin D in peripheral blood, but it is believed that vitamin D status in the human is best reflected by the concentration of its 25-monohydroxylated compound isoform 25(OH)D, calcidiol, which is the most frequently measured metabolite [11]. In humans, the minimum normal concentration of the 25(OH)D metabolite is 30 ng/mL. However, this form is not biologically active and must be hydroxylated by 1 α-hydroxylase in the kidneys to its 1,25(OH)2D form [12,13,14].



This situation is more complicated in pregnant women in which the vitamin D metabolism remains complex and not fully understood. It has been documented that the concentration of ionized calcium and 25(OH)D in pregnant women does not change, and the concentration of PTH remains on the lower limit. The placental transport of vitamin D metabolites in human is unknown. It was shown that in deciduae and syncytiotrophoblasts metabolites 1,25(OH)2D and 24,25(OH)2D are both synthesized. On the other hand, it was also revealed that the concentration of the 1,25(OH)2D metabolite begins to increase from early pregnancy and achieves twice of its initial value by the third trimester. This is the result of the synthesis of VD metabolites in the maternal kidney, but also in the decidua, placenta, and fetal kidneys (1-alpha-hydroxylase activity has been demonstrated in all these tissues) [15,16,17]. An increase in the level of the 1,25(OH)2D metabolite enables a significant increase in intestinal calcium absorption, especially in the third trimester of pregnancy. Additionally, in the third trimester of pregnancy, the action of the active form 1,25(OH)2D metabolite allows the production of calcium from the bones, which is manifested by an increase in the concentration of bone turnover markers in pregnant women. It seems that the action of the active 1,25(OH)2D form, especially in the third trimester of pregnancy, is the key factor in ensuring proper vitamin D and calcium metabolism in the mother and fetus [18,19].



Vascular endothelial function is considered as a marker in many cardiovascular problems, including preeclampsia, which is a disease of the maternal endothelium [20,21]. In normal pregnancies, the endothelium is known to regulate vascular tone by balancing vasoconstriction with vasodilation to provide adequate perfusion pressure to target organs [22]. However, during preeclampsia there is a change in the endometrial levels of various angiogenic growth factors, such as vascular endothelial growth factor A (VEGF-A); mRNAs encoding VEGF-C; placental growth factor (PlGF); the angiopoietins, angiopoietin 1(Ang1) and Ang2; and the receptors VEGFR-3 (Flt-4), Tie 1, and Tie 2 [23]. Moreover, during preeclampsia a very low level of nitric oxide production leads to impaired vasodilatation. The progress of endothelial disfunction is dependent on the development of an inflammatory process [24,25]. At this point it should be emphasized that preeclampsia has been associated with low calcitriol levels, and vitamin D deficiency is correlated with a higher risk of the development of this disease [26]. It is well known that vitamin D metabolites influence the development of physiological pregnancy through various mechanisms. It participates in the process of the transformation of endometrial cells into decidual cells [27], promotes the invasion of human trophoblasts in vitro [28], and increases expression of the HOXA10 gene, which is necessary for implantation in early pregnancy [29]. The active 1,25(OH)2D also affects the proper functioning of endothelial cells, demonstrating a vasoprotective effect. In this role, this metabolite regulates the activity of NO synthase, enhances the activity of antioxidant enzymes such as superoxide dismutase, and neutralizes the activity of NADPH, an enzyme involved in the formation of free oxygen radicals [30].



According to Barrera [31], VDR mediates the effect of calcitriol, which dose-dependently inhibited IL-10 expression in normal and preeclamptic pregnancies. Xu et al. [32] showed that downregulation of VDR expression contributes to increased endothelial inflammatory response in preeclampsia and is associated with upregulation of the expression of VCAM-1 in systemic vessel endothelium in this disease. Xu et al. [32] also revealed that VDR expression has been significantly reduced in cells treated with TNFα. Moreover, it was shown that upregulation of miR-126 expression induced by 1,25(OH)2D3 is mediated through VDR. Thus, this upregulation of miR-126-3p expression may be involved in a mechanism of the anti-inflammatory activity of vitamin D.



The active 1,25(OH)2D form regulates blood pressure by influencing endothelial smooth muscle proliferation [33]. Vitamin D also affects the functioning of the renin–angiotensin–aldosterone system (RAAS) by inhibiting the transcription of renin, a proteolytic enzyme that raises blood pressure. Mice experimentally lacking the VDR gene developed arterial hypertension independent of classical regulatory mechanisms such as plasma volume and osmolality [34]. Recent studies have shown that impaired placement causes disturbed expression of the placental renin–angiotensin system, which may lead to systemic disturbances in the functioning of the RAAS system and the development of PE [30]. Vitamin D also modulates the functioning of the immune system, affecting the balance of Th1/Th2 helper lymphocytes, and in this way, it reduces the secretion of pro-inflammatory cytokines and increases the secretion of anti-inflammatory cytokines [35]. This leads to a state of transient immunosuppression necessary for the proper development of pregnancy at an early stage. Given the variety of functions, it is no wonder that disturbances in vitamin D homeostasis lead to many disorders, and vitamin D deficiency is also listed among the risk factors for the development of preeclampsia. It has been shown that pregnant women whose vitamin 25 (OH)D level falls below 20 ng/mL have an increased risk of developing preeclampsia [36].



VDR is a transcription factor that, when bound to the retinoid X receptor, binds to vitamin D responsive elements (VDREs) in the DNA promoter sequence of many genes. Vitamin D acts on cells after binding to a specific steroidal vitamin D receptor (VDR). In normal pregnancy, VDR expression was demonstrated in trophoblasts and temporal villi, in the smooth muscles of the placental vessels, in the nuclei of the fetal villi stromal cells, and in the nuclei of fetal epithelial cells [8]. The VDR gene, cloned for the first time by Baker et al. [37], is located on chromosome 12 (12q11-q13). The most intensively studied VDR polymorphisms are FokI, TaqI, BsmI, and ApaI variants. Three single nucleotide polymorphisms (ApaI, BsmI in intron 8 section, and TaqI in exon 9 (Ile352Ile) are in strong linkage disequilibrium (LD) with each other and additionally with a poly(A) length polymorphism (rs17878969) in the 3′ untranslated region of the VDR gene. These variants do not change the amino acid sequence in the VDR protein but can influence the gene expression through regulation of mRNA stability [38]. The most frequently studied variant that results in altered structure of the VDR protein is the FokI variant causing a change of C>T nucleotides (ACG-ATG) in exon 2. In carriers of the C allele (designated F) the VDR protein is three amino acids shorter (424 amino acids) and more active. In contrast, individuals carrying the T allele (designated f) synthesize a less active, full-length VDR protein (427 amino acids) [39].



Previously, no relationship between PE susceptibility and the maternal and placental VDR BsmI rs1544410, TaqI rs731236, and ApaI rs7975232 polymorphisms has been observed [40]. However, it was revealed that the maternal and placental VDR FokI polymorphism has been associated with lower PE risk in the dominant model (Ff + ff vs. FF) and it was concluded that these genotypes could decrease PE risk [40].



In addition to the above, it is worth noting that the results of the meta-analysis of 11 observational studies showed the relationship between the VDR polymorphism (FokI—seven, BsmI—eight, ApaI—five, and TaqI—seven studies) and the risk of preterm birth, and it was shown mainly the protective effect of the BsmI polymorphism against the risk of preterm birth in terms of the allele (A vs. G: OR = 0.74; 95% CI 0.59–0.93) and in the recessive model (AA vs. GG + AG: OR = 0.62; 95% CI 0.43–0.89) [41].



Considering the important role of vitamin D and its receptor in the development of physiological pregnancy and the possible influence of vitamin D deficiency on the occurrence of preeclampsia, it can be assumed that VDR gene polymorphisms influence the development of preeclampsia. In the present study, the four vitamin D receptor gene SNPs FokI (rs2228570), BsmI (rs1544410), ApaI (rs7975232), and TaqI (rs731236) were analyzed to assess their potential value for risk prediction in preeclamptic women.




2. Materials and Methods


2.1. Subjects


A total of 306 Caucasian women of Polish origin (122 with preeclampsia and 184 heathy normotensive pregnant women) were enrolled in the study. All patients were recruited from the Division of Perinatology and Women’s Diseases, Poznan University of Medical Sciences. Preeclampsia was diagnosed according to American College of Obstetricians and Gynecologists (ACOG) criteria [42]. The exclusion criteria were as follows: age younger than 19 or older than 35, diabetes mellitus, hemolytic disease, habitual smokers, multifetal pregnancy, chronic hypertension, endocrinological diseases, kidney diseases, or obesity. Depending on the time of disorder appearance, preeclampsia is classified either as early onset (EOPE), which requires delivery before 34 weeks’ gestation, or late-onset (LOPE), with delivery at or after 34 weeks.



In each woman with preeclampsia, venous blood was taken for laboratory tests leading to preeclampsia diagnosis routinely after their admission to hospital. The laboratory tests such as urea, uremic acid, total protein, creatinine, liver enzymes ALT, AST, and maternal proteinuria were performed in III trimester of gestation. In the laboratory analysis of the above tests, the protocol methods used routinely in our hospital were applied.



The participants in the control group were in the third trimester of a healthy pregnancy and had to be normotensive, without any fetal disorder, pathological states, or multiple pregnancies. All patients were Caucasians of Polish origin. The enrolled women were informed in detail about the study and provided their written consent to collect venous blood samples for diagnostic and scientific purposes including genotyping. The study was approved by the Local Bioethical Committee at Poznan University of Medical Sciences (No: 1129/18).




2.2. Genotyping


The preliminary data on the selected VDR gene SNPs are shown in Table 1. Genomic DNA was extracted from blood samples stored in EDTA-coated tubes using the QIAamp DNA Mini Kit according to the manufacturer’s instructions (Qiagen, Hilden Germany). The concentration of genomic DNA was quantified using a NanoDrop Spectrophotometer (Thermo Scientific, Waltham, MA, USA). Genotyping of the VDR gene polymorphisms was performed in the Molecular Biology Laboratory of Poznan Medical Science University by polymerase chain reaction and restriction fragment length polymorphism (PCR-RFLP). The rs7975232 and rs731236 polymorphic sites of the VDR gene were analyzed by a method described in the study of Pani et al. [43]. A 740-bp PCR product was digested with ApaI (Eurx, Gdańsk, Poland) at 25 °C overnight. The same PCR product was also digested overnight with the restriction enzyme TaqI (Eurx, Gdańsk, Poland) at 65 °C. The 825-bp fragment encompassing the rs1544410 polymorphic site in intron 8 was amplified using primers and PCR conditions described by Morrison et al. (1994) [44]. Mva12691 (BsmI) (Thermo Scientific, Waltham, MA, USA) enzymes were added directly to the PCR products and digested at 37 °C. The rs2228570 was identified using the method described by Harris et al. [45]. The products of PCR amplification were cleaved with the restriction enzyme FokI (Eurx, Gdańsk, Poland) at 37 °C overnight. DNA fragments obtained after respective restrictive enzyme digestion and the DNA size marker were electrophoresed on a 2.5% agarose gel with Midori Green Advanced DNA Stain (Nippon Genetics, Europe GmbH, Düren, Germany). For documentation of results, gel pictures were taken under ultraviolet light.




2.3. Statistical Analysis


Statistical analyses were conducted using R version 4.0.3 version (R Foundation for Statistical Computing, Vienna, Austria, accessed on 20 October 2020) [46]. For continuous variables, normality was checked by the Shapiro–Wilk test. Continuous variables normally distributed were expressed as mean ± SD and in the absence of normal distribution as median and interquartile range (IQR). Categorical variables were expressed as numbers or percentages. Clinical characteristics between groups were compared using Student’s t-test or Mann–Whitney U test. Pearson’s χ2 and the Fischer test for nominal variables was used. For each SNP, the Hardy–Weinberg equilibrium (HWE) was assessed using Pearson’s goodness-of-fit χ2 statistic. Differences in allele and genotype frequencies between the case and control subjects, odds ratios (ORs) and associated 95% confidence intervals (95% CIs) were evaluated using the SNPassoc package for R [47]. Two-tailed values of p < 0.05 were accepted to be statistically significant. The Bonferroni multiple-comparison correction method was employed to calculate the corrected p value. The general linear model (GLM) was applied to compare blood pressure levels between genotypes and haplotypes.



The haplotype-based association analysis was performed using Haploview version 4.2 software ((Cambridge, MA, USA, https://www.broadinstitute.org/haploview/haploview (accessed on 1 October 2020)). Linkage disequilibrium (LD) parameters r2 and Dʹ and haplotype frequencies were calculated. Distribution of haplotypes was compared in case and control groups with chi-squared tests. Significant p values were corrected using the 10,000-fold permutation test.





3. Results


3.1. Baseline Demographics and Clinical Characteristics of Study Population


The preeclamptic women and controls had similar mean age (30.12 ± 5.52 vs. 30.58 ± 4.41 years, respectively, p = 0.4507). In the PE group lower gestational age, neonatal birth weight and Apgar score in the first and fifth minute, as well as higher systolic/diastolic blood pressure and pre-/post-pregnancy BMI index compared to the control group (all, p < 0.001), were noted. Accordingly, pre-pregnancy BMI and primiparity were selected as a covariate to be controlled for in subsequent analysis. In preeclamptic women delivery by caesarean section was more frequent (90.16 vs. 33.15% in controls, p < 0.001), and more women in this group were primiparas (61.48 vs. 39.13% in controls, p = 0.0001). Clinical characteristics of the study population are summarized in Table 2.



In the PE group early onset preeclampsia was diagnosed in 57 women (46.72%) and 65 (53.28%) cases were diagnosed as late-onset. Comparing early and late-onset groups, the most interesting observation was lower gestational age in the early onset subgroup (30.60 vs. 36.54 weeks, p < 0.001) and systolic blood pressure (175.65 vs. 166.97 mmHg, p = 0.0171). The two subgroups also differed in neonatal birthweight and Apgar score in the first and fifth minute (all, p < 0.001). For the PE group also blood chemistry tests were performed. In the early onset group a statistically significantly lower level of total protein (5.47 vs. 5.81 g/dL in LOPE, p = 0.0089) and significantly higher levels of ALT (53.83 vs. 23.08 in LOPE, p = 0.0411) and AST (52.17 vs. 25.50 in LOPE, p = 0.0492) were observed. The distribution of selected clinical and laboratory parameters in PE cases and controls is shown in Table 3.




3.2. Associations between SNPs and Preeclampsia Risk


The genotyping completion rates were 100% and all SNPs conformed to HWE in the control group (p > 0.05). The genotype distribution of BsmI rs1544410 differs significantly from that expected by HWE only in the preeclamptic group (p = 0.021). Higher minor allele frequency (MAF) for BsmI rs1544410 was found in PE cases (0.467 vs. 0.353 in controls, OR = 1.61, 95% CI = 1.15–2.23, p = 0.005) and this association remained significant after applying correction for multiple testing (p = 0.020). Additionally, for TaqI rs731236, the C allele was associated with increased risk of PE (OR = 1.42, 95% CI: 1.02–1.99, p = 0.038), but the association was not significant after Bonferroni correction (Table 4).



The risk of PE associated with a specific VDR genotype was confirmed by testing the effect of pre-pregnancy BMI and primiparity as confounding factors. Significantly higher frequencies of homozygous BsmI AA genotype carriers were found between PE cases and control women, respectively 27.0 vs. 15.2%, p = 0.0263 (recessive model: OR = 0.48, 95% CI = 0.27–0.85, p = 0.0119). This association remained significant after adjusting for maternal BMI (padj. = 0.0113, recessive model padj. = 0.0048).



The dominant models for rs1544410 (BsmI) and rs7975232 (ApaI) were significantly associated with PE after adjusting (padj. = 0.0334 and padj. = 0.0425, respectively). The prevalence of the maternal VDR rs731236 (TaqI) TC and CC genotype were higher in preeclamptic group than the healthy pregnant women. When the mode of inheritance was dominant, the OR (95% CI) for TT vs. TC + CC was 0.63 (0.39–1.00, p = 0.0498, padj. = 0.0375). The distribution of VDR genotypes in PE women and controls is summarized in Table 5. The prevalence of the maternal VDR rs7975232 GG genotype was higher in the healthy pregnant women than the preeclamptic group (25.5 vs. 18.9%). When the mode of inheritance was dominant, the OR (95% CI) for TT vs. TG + GG was 1.63 (0.97–2.74, p = 0.0660, padj. = 0.0503).



In the next stage a stratified analysis was performed. Women with preeclampsia were divided into two subgroups: early onset preeclampsia (57 cases), and late-onset preeclampsia (65 cases). Relative to the controls, significantly increased risk of EOPE was found to be associated with the TT genotype of ApaI (rs7975232) polymorphism in a codominant model, compared with GG genotype (p= 0.0724, OR = 2.85, 95%CI = 1.08–7.57, padj. = 0.036). Compared with GG genotype, markedly increased risk of preeclampsia was associated with the TT + TG genotypes in a recessive model (p = 0.0275, OR = 2.45, 95% CI = 1.04–5.78, padj. = 0.0185). No significant association was observed between ApaI polymorphism and risk of late-onset PE (p > 0.05). Significantly increased risk of early onset preeclampsia was also identified to be associated with the A allele of the BsmI (rs1544410) polymorphism (p = 0.0451 in the dominant model and padj. = 0.0305 in the recessive model). For this variant a difference was also found between late-onset preeclampsia and controls in the recessive model (p = 0.0165, OR = 0.43, 95% CI = 0.22–0.85). For the FokI (rs2228570) polymorphism, the only statistically significant difference was observed between the EOPE and control groups in the recessive model after adjusting for BMI (padj. = 0.0402). Our data indicated no significant difference in the allele frequencies of TaqI (rs731236) and FokI (rs2228570) polymorphisms between early and late-onset preeclampsia compared to the control group (Table 6).




3.3. Association between VDR Gene Variants and Blood Pressure


Linear regression analysis was used to examine genotype associations with blood pressure for all 306 women (Table 7). One SNP, rs1544410 (BsmI), was found to be associated with both systolic blood pressure (SBP) and diastolic blood pressure (DBP) in all genetic models evaluated. This association remained significant after adjusting for maternal BMI and primiparity (SBP p-value 0.0033, 0.0172 and 0.0015, DBP p-value 0.0026, 0.0073 and 0.0020 in the codominant, dominant, and recessive model, respectively). Carriers of the A allele in rs1544410 showed higher blood pressure in both SBP and DBP than non-carriers (GG genotype). The minor allele C of TaqI SNP (rs73123) increased the SBP and DBP of women who carried them in the dominant model, and the minor allele G of ApaI SNP (rs7975232) had the opposite effect on SBP and DBP.



When the examined women were divided into subgroups, statistically significant differences we observed for diastolic blood pressure in the codominant model and BsmI (padj. = 0.0431) and TaqI (padj. = 0.0469) variants in the controls. In the group of early onset preeclampsia, the differences were noted for TaqI in the recessive (for SBP padj. = 0.0301 and for DBP padj. = 0.0033) and the codominant model for DBP (padj. = 0.0130). For the late onset PE group, the FokI polymorphism and systolic blood pressure significant difference in recessive model was obtained (padj. = 0.0182).




3.4. Linkage Disequilibrium and Haplotype Analysis of VDR SNPs


It was also investigated whether the four SNPs were in linkage disequilibrium. A schematic diagram of the LD pattern among genotyped SNPs is shown in Figure 1 (the range of the area surrounded by lines indicates that three SNPs of the VDR gene were contained in a haplotype and in a state of linkage disequilibrium). Block 1 comprised rs1544410 (BsmI), rs7975232 (ApaI) and rs731236 (TaqI), which were in strong pairwise LD (D’ > 0.95; r2 > 0.5). However, rs2228570 (FokI) was poorly correlated with the other three SNPs.



The most common haplotypes of the study polymorphisms, calculated by Haploview 4.2, are summarized in Table 8. Eight four-marker haplotypes with a frequency of more than 1% were detected (TGGC 25.2%, TGGT 22.5%, CTAC 19.0%, CTAT 16.6%, TTGT 7.3%, TTGC 4.4%, TTAT 2.2%, and TTAC 1.6%). In the haplotype analysis, only the TTAT haplotype occurrence was more frequent in the study group compared to the control group (0.036 vs. 0.013, p = 0.0572). The other four-locus haplotypes did not show any difference in frequencies between the cases and controls. For three -marker haplotype analyses, CTA (p = 0.0241) and TAT (p = 0.0509) were more frequent in preeclamptic women, while the TGG haplotype was more common in the uncomplicated pregnancy group (0.510 vs. 0.425, p = 0.0376). In the permutation testing, none of the significant haplotypes was significantly associated with PE.



In a haplotype analysis the 3 -marker haplotype CTA (TaqI/ApaI/BsmI) was associated with a significantly higher systolic (p = 0.0075, 95%CI = 2.36–15.33) and diastolic (p = 0.0072, 95%CI = 1.50–9.56) blood pressure risk as compared with the most frequent haplotype TGG (Table 9).





4. Discussion


Polymorphic variants of vitamin D are involved in many biological processes and in the etiology of several disorders, including cardiovascular diseases, diabetes, osteoporosis, and cancer. These observations were supported by epidemiological studies. The association of genetic VDR polymorphisms with these disorders were indicated by recent studies for BsmI, ApaI, and TaqI nonfunctional variants. These variants probably could be in linkage disequilibrium (LD) with other functional polymorphisms, which explains the results observed recently. The explanation of this relationship may be helpful in defining the group of patients predisposed to development of the disorders as well as in creating tailored therapy [37,48].



It has often been indicated that some VDR gene variants could be associated with an increased risk of chronic hypertension [49,50]. Thus far, several publications have analyzed the relationship of VDR gene polymorphisms with the occurrence of certain complications in pregnancy [27]. It has been suggested that VDR polymorphism could be associated with the occurrence of gestational diabetes [51,52,53], preterm labor [54], recurrent miscarriages [55,56], gestational cholestasis [40], and intrauterine fetal restriction that often coexisted with PE and placental insufficiency [27]. Thus far, however, no unequivocal results have been obtained determining the importance of VDR gene variants in the pathways influencing the placenta function, regulating implantation, hormone secretion, or immune modulation.



According to our best knowledge, there have been no studies evaluating the frequency of VDR gene polymorphisms in the Polish population of pregnant women with preeclampsia that have been published. In our study, the most interesting observation was the demonstration that the VDR BsmI AA homozygous genotype was statistically significantly more frequent in preeclamptic women compared to the control group (p = 0.0263), which was also associated with a 2-fold increased risk of PE (OR = 2.06, p = 0.012). Additionally, the frequency of the VDR BsmI A allele was significantly higher in the PE group compared to controls (p = 0.005). The association between PE and VDR BsmI polymorphism occurrence persisted even after adjustment for the pre-pregnancy BMI value as a predisposing factor for hypertension in pregnancy. Moreover, the stratification analysis, after dividing the PE group into early onset and late-onset forms, showed a relationship between the EOPE form and VDR BsmI A allele carriage in both dominant (p = 0.0451) and recessive (padj. = 0.0441) models, as well as between the LOPE form and VDR BsmI A allele carriage in the recessive model (p = 0.0165).



Additionally, we noted a higher frequency of the homozygous VDR TaqI CC genotype (p = 0.117) and the mutated VDR TaqI C allele (p = 0.038) in the PE group than in the controls. However, stratified analysis did not show any significant association between VDR TaqI polymorphism and EOPE/LOPE.



Our analysis did not show a statistically significant difference for either the VDR ApaI or FokI polymorphism between the whole PE group and the controls. However, for these polymorphisms we noted an association between possession of the VDR ApaI T allele and EOPE in the codominant model (p = 0.0431) and in the recessive model (p = 0.0275), as well as the VDR FokI T allele in the recessive model after BMI adjustment (padj. = 0.0402).



The studies considering the participation of VDR gene variants in populations of pregnant women with preeclampsia in various regions of the world show inconclusive results. Farajian-Mashhadi et al., in a group of pregnant women from Iran (152 PE/160 healthy pregnant women), observed a lower frequency of the heterozygous VDR FokI Ff genotype in women with PE, both in maternal serum (p = 0.02) and in the placenta (p = 0.06). The VDR FokI polymorphism was also correlated with a lower risk of PE in the dominant model (Ff + ff vs. FF) both in the mother and in the placenta, indicating that both genotypes, heterozygous Ff (OR = 0.5, p = 0.007) and homozygous ff (OR = 0.5, p = 0.02), may reduce the risk of PE. No relationship was found between the presence of PE and VDR BsmI, TaqI, and ApaI polymorphisms in maternal serum and placenta. Additionally, no relationship was detected between the studied VDR polymorphisms and the severity of PE [57].



The influence of FokI, TaqI, and BsmI polymorphisms of the VDR receptor and the level of vitamin D (25(OH)-D) on the risk of PE and blood pressure were analyzed in the study by Rezavand et al. (100 PE/100 healthy pregnant women). The mean level of vitamin D in women with PE was significantly lower (16.6 vs. 19.6 ng/mL in healthy pregnant women, p < 0.001). A significantly higher frequency of the VDR FokI C allele was observed in women with PE (83%) compared to the control group (74%), which was associated with a 1.72-fold higher risk of PE. In the whole group of women, systolic and diastolic blood pressure values were significantly higher in carriers of the VDR FokI CC genotype compared to carriers of the VDR FokI TC and TT + TC genotypes. Moreover, VDR TaqI and VDR BsmI variants were not associated with the risk of PE. The study showed a relationship between the VDR FokI polymorphism, as well as insufficient level of vitamin 25(OH)-D in the mother’s serum, and the risk of developing PE. Additionally, the influence of an insufficient level of vitamin 25(OH)-D and the VDR FokI polymorphism on increased blood pressure in female carriers of variants of this polymorphism was also demonstrated [58].



The study by Zhan et al. analyzed a group of pregnant women from the Chinese population (Han province, 402 PE/554 healthy pregnant women in the third trimester). The relationship between three polymorphisms of the VDR gene (VDR FokI rs2228570, Cdx2 rs11568820 and BsmI rs1544410) and the risk of PE appearance was analyzed. A statistically significant difference was observed in the frequency of the VDR FokI (G/A) polymorphism genotypes between the PE group and the control group (p = 0.001). The VDR G allele was a risk factor for the development of PE (p = 0.002, OR = 1.137). No relationship was found between the Cdx2 and BsmI polymorphisms and the risk of PE (p < 0.05) [59].



Contrary to the results obtained in our research, the above analyses did not show a direct relationship between BsmI polymorphism and the increased risk of PE.



In the study of Baca et al., a population of women from the USA (744 preeclampsia cases and 2411 controls) was analyzed. The polymorphisms of three genes—VDR, GC, and CYP27B1—were analyzed. Minor alleles of the rs12831006 polymorphism in the non-coding region of the VDR gene were significantly correlated with the risk of PE (rs12831006: OR = 1.5, p < 0.0001). The study also showed a relationship between the polymorphic variants of the GC gene: one in the intron (rs843010: OR = 1.4, p < 0.05) and two variants in the flanking region (rs842991: OR = 1.5, p < 0.05; rs16846876: OR = 0.75, p < 0.05). An association of the CYP27B1 gene polymorphism with the risk of PE was not found [60].



Some available analyses also suggest no influence of VDR gene polymorphisms on hypertensive complications in pregnancy. In the study by Rezende et al., the relationship between VDR polymorphisms (FokI, ApaI, and BsmI) and the occurrence of PE and GH (154 with GH, 162 with PE, and 213 healthy pregnant women) was analyzed. The frequency of all three VDR polymorphisms in the PE, GH, and healthy pregnant groups was similar (all p > 0.05) [61].



In our study we also performed haplotype analysis. Notably, each haplotype with significantly or borderline higher frequency in the PE group compared to controls contains the mutated BsmI A allele, which is correlated with PE development in our study (CTA p = 0.0241, TAT p = 0.0509, TTAT p = 0.0572).



Haplotype analysis has been performed in a few studies. Farajian-Mashhadi et al. reported that maternal and placental TABf haplotype may lead to decreased risk of PE development, and the placental TABF haplotype was associated with higher risk of PE [57].



Interesting results were also obtained in the analysis by Ghorbani et al., which indicated that in carriers of CYP T, VDR T, and RXR A (TTA) haplotypes compared to the GTG haplotype, the risk of PE was 6.71 times higher (p = 0.044). At the same time, in carriers of the heterozygous VDR ApaI GT genotype, an increased risk of PE (OR = 2.55, p = 0.04) was observed, while the presence of VDR ApaI GT + TT genotypes correlated with higher BMI and systolic blood pressure and a lower level of 25 (OH)-D3 [61].



In contrast to the above-mentioned literature, in a study by Rezende et al. haplotype frequency of VDR genes was similar in PE and GH groups and healthy pregnant women (all p > 0.05). These results did not show any association between VDR polymorphism or haplotypes and PE or GH development [60].



Caccamo et al. [62] analyzed FokI and BsmI polymorphisms of VDR gene in 116 women with gestational hypertension (GH) and 69 normotensive pregnant women. The authors reveal that VDR FF/bB haplotype is linked to GH development (increasing two folds GH risk). The interesting results show that insufficiency of vitamin D was detected in 92% GH women carrying of FF/bB haplotype. This study underlines that analysis of polymorphic variants could personalize vitamin D supplementation strategy in prevention of hypertensive disorders in pregnancy [62].



Additionally, in our study the correlation of VDR BsmI polymorphism with systolic and diastolic blood hypertension was noted. In carriers of the BsmI A allele, higher blood pressure values were observed. The results in our study reveal that the VDR BsmI polymorphism is closely associated with predisposition to higher hypertension. The results were corroborated by the research performed by Wang et al., in which the authors found associations of VDR BsmI and FokI variants with hypertension risk in Japanese men [49]. Additionally, a meta-analysis performed by Zhu et al. revealed a significant correlation between the VDR BsmI variant and susceptibility to hypertension [50]. The very exciting result in our study was the observation that 3-marker haplotype CTA (TaqI, ApaI, BsmI) was associated with significantly higher systolic (p = 0.0075) and diastolic (p = 0.0072) blood pressure values. This result indicates the combined influence of different polymorphisms on blood pressure modulation.



Summarizing the research carried out thus far, overall, it indicates the significant role of the endogenous vitamin D placental system in the development of PE. Furthermore, it was shown that VDR receptor is present in the decidua and syncytiotrophoblast, probably modulating the immune response and endothelial function. From this point of view, VDR polymorphic variants may play a crucial role in PE development. The results of our study provide additional evidence for the biological role of polymorphisms and haplotypes of the VDR gene in the etiology of PE. At this point, it should be emphasized that the analysis of polymorphic variants may lead to a personalized vitamin D supplementation strategy in the prevention of hypertensive disorders in pregnancy, which is a serious challenge in medical care.



Certainly, this study has a few limitations. First, a relatively small sized control group and low number of cases of early onset preeclampsia and late-onset preeclampsia. However, the analyzed group was selected very carefully with respect to age of patients and week of the end of pregnancy, allowing for a valuable case–control study analysis. On the other hand, the study covers the four most studied VDR polymorphisms. The frequency of the occurrence of particular genotypes and alleles was analyzed, and simultaneously haplotype analysis of the VDR gene polymorphisms was performed. Additionally, we carefully assessed the influence the VDR genetic variants on clinical parameters such as the blood pressure and body mass index of preeclamptic women. Another limitation is primiparity, which may be associated with elevated risk of preeclampsia. Moreover, in this study we did not perform measurements of the level of vitamin D in the study subjects. It should be emphasized that this kind of study indicating the importance of polymorphic variants of the VDR gene in PE etiology was performed for the first time in a population of preeclamptic Polish women. It makes this study valuable in the discussion about the pivotal role of VDR genetic variants in pathogenesis of hypertension in pregnancy in a particular European population and undoubtedly constitutes the strength of the study.




5. Conclusions


Association and haplotype analysis indicated that the VDR BsmI A allele could play a significant role in the PE pathomechanism and hence could be a risk factor for PE development. Additionally, the VDR BsmI polymorphism and CTA haplotype (TaqI/ApaI/BsmI), containing the VDR BsmI A allele, could be closely associated with higher values of systolic and diastolic blood pressure in the Polish population of pregnant women. However, the stratification analysis, after dividing PE group into early onset and late-onset form, showed also the influence of VDR TaqI and FokI polymorphisms on changing of blood pressure in pregnant women. Together the results of our study indicate the importance of the VDR BsmI polymorphism and reveal that this variant is closely associated with higher risk of PE development, thus these interesting results merit future studies.
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Figure 1. Linkage disequilibrium pattern between the four SNPs of the VDR gene determined by Haploview software (A)—Lewontin’s D′ on the left and (B)—r2 on the right. 
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Table 1. Primary information of the selected VDR gene polymorphisms.
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	SNP
	Chromosome Position *
	Localization
	Function
	Alleles
	Genomic Positions **





	rs2228570 (FokI)
	chr12:47879112
	Exon 2
	Met-Thr
	C>T
	g.30920T>C



	rs1544410 (BsmI)
	chr12:47846052
	Intron 8
	Non-coding
	G>A
	g.63980G>A



	rs7975232 (ApaI)
	chr12:47845054
	Intron 8
	Non-coding
	T>G
	g.64978G>T



	rs731236 (TaqI)
	chr12:47844974
	Exon 9
	Ile-Ile
	T>C
	g.65058T>C







* Location on chromosome based on human reference sequence (GRCh38.p12). ** Genomic positions refer to VDR reference sequence NG_008731.1.
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Table 2. Clinical characteristics of the study population.
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	Variables
	Preeclampsia

n = 122
	Controls

n = 184
	p





	Maternal age (years), mean ± SD
	30.12 ± 5.52
	30.58 ± 4.41
	0.4507



	Gestational age (weeks), mean ± SD
	33.72 ± 3.52
	39.01 ± 1.21
	<0.001



	Systolic blood pressure (mmHg), mean ± SD
	171.04 ± 19.27
	102.31 ± 9.83
	<0.001



	Diastolic blood pressure (mmHg), mean ± SD
	106.61 ± 12.89
	64.97 ± 7,69
	<0.001



	Pre-pregnancy BMI (kg/m2), mean ± SD
	24.56 ±.6.97
	20.90 ± 1.97
	<0.001



	Post-pregnancy BMI (kg/m2), mean ± SD
	30.40 ± 5.30
	26.24 ± 2.60
	<0.001



	Caesarean section, N (%)
	110 (90.16)
	61 (33.15)
	<0.001 *



	Primipara, N (%)
	75 (61.48)
	72 (39.13)
	0.0001 *



	Infant birthweight (g), mean ± SD
	1887.95 ± 841.64
	3417.66 ± 428.15
	<0.001



	1-min Apgar score, median (IQR)
	8.00 (6.00–9.75)
	10.00 (10.00–10.00)
	<0.001 #



	5-min Apgar score, median (IQR)
	9.00 (8.00–10.00)
	10.00 (10.00–10.00)
	<0.001 #







BMI = body mass index, p value—Student’s t-test, * Pearson’s χ2, # Mann–Whitney test.
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Table 3. Characteristics of the case women according to onset of preeclampsia.
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	Variables
	EOPE

n = 57
	LOPE

n = 65
	p





	Maternal age (years), mean ± SD
	29.70 ± 5.49
	30.50 ± 5.57
	0.4298



	Gestational age (weeks), mean ± SD
	30.60 ± 2.09
	36.54 ± 1.69
	<0.001



	Systolic blood pressure (mmHg), mean ± SD
	175.65 ± 19.51
	166.97 ± 18.26
	0.0171



	Diastolic blood pressure (mmHg), mean ± SD
	107.44 ± 13.53
	105.88 ± 12.37
	0.5268



	Pre-pregnancy BMI (kg/m2), mean ± SD
	24.46 ± 5.72
	24.65 ± 7.93
	0.8859



	Post-pregnancy BMI (kg/m2), mean ± SD
	30.02 ± 4.19
	30.74 ± 6.12
	0.4660



	Caesarean section, N (%)
	56 (98.25%)
	52 (80.00%)
	0.0171 **



	Primipara, N (%)
	35 (61.40%)
	40 (61.54%)
	0.9878 *



	Infant birthweight (g), mean ± SD
	1336.11 ± 433.69
	2403.61 ± 803.82
	<0.001



	1-min Apgar score, median (IQR)
	7.00 (4.00–8.00)
	9.00 (8.00–10.00)
	<0.001 #



	5-min Apgar score, median (IQR)
	8.00 (7.00–9.00)
	10.00 (9.00–10.00)
	<0.001 #



	ALT (IU/L), mean ± SD
	53.83 ± 58.51
	23.08 ± 17.49
	0.0411



	AST (IU/L), mean ± SD
	52.17 ± 52.50
	25.50 ± 16.80
	0.0492



	Urea (mg/dL), mean ± SD
	32.42 ± 13.65
	29.59 ± 14.00
	0.2740



	Uremic acid (mg/dL), mean ± SD
	6.74 ± 1.49
	6.35 ± 1.16
	0.1198



	Total protein (g/dL), mean ± SD
	5.47 ± 0.56
	5.81± 0.78
	0.0089



	Creatinine (mg/dL), mean ± SD
	0.81 ± 0.26
	0.76 ± 0.30
	0.5558



	Proteinuria (mg/dL), mean ± SD
	365.76 ± 185.91
	195.07 ± 165.32
	<0.001



	Proteinuria (g/24 h), mean ± SD
	4.57 ± 2.92
	2.92 ± 3.64
	0.1680







ALT = alanine transaminase; AST = aspartate transaminase, BMI = body mass index. p value—Student’s t-test, # Mann–Whitney test, * Pearson’s χ2, ** Fischer test.
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Table 4. Prevalence of VDR alleles in PE cases (n = 244) and controls (n = 368).
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SNP

	
Alleles

	
Preeclampsia n = 244

	
Controls n = 368

	
p

	
p Corr.




	
MAF

n (Frequency)

	
HWE p

	
MAF

n (Frequency)

	
HWE p






	
rs2228570 (FokI)

	
C>T

	
118 (0.484)

	
0.595

	
182 (0.495)

	
0.140

	
0.791

	
1.000




	
rs1544410 (BsmI)

	
G>A

	
114 (0.467)

	
0.021

	
130 (0.353)

	
0.104

	
0.005

	
0.020




	
rs7975232 (ApaI)

	
T>G

	
107 (0.439)

	
0.865

	
191 (0.519)

	
0.448

	
0.051

	
0.204




	
rs731236 (TaqI)

	
T>C

	
101 (0.414)

	
0.971

	
122 (0.332)

	
0.554

	
0.038

	
0.152








SNP—single-nucleotide polymorphism, MAF—minor allele frequency, HWE—Hardy–Weinberg equilibrium χ2, p—Pearson’s chi-squared test.
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Table 5. Genotype distribution of the VDR gene polymorphisms in PE patients and healthy controls.






Table 5. Genotype distribution of the VDR gene polymorphisms in PE patients and healthy controls.





	
SNP

	
Genotypes/Models

	
Preeclampsia n = 122

n (%)

	
Controls n = 184

n (%)

	
OR (95%CI)

	
p

	
padj.






	
rs2228570 (FokI)

	
CC

	
34 (27.9)

	
42 (22.8)

	
1.00

	
0.3897

	
0.5040




	
CT

	
58 (47.5)

	
102 (55.4)

	
1.42 (0.82–2.48)

	

	




	
TT

	
30 (24.6)

	
40 (21.7)

	
1.08 (0.56–2.08)

	

	




	

	
Dominant

	
88 (72.1)

	
142 (77.2)

	
1.31 (0.77–2.21)

	
0.3194

	
0.5383




	

	
Recessive

	
92 (75.4)

	
144 (78.3)

	
0.85 (0.50–1.46)

	
0.5620

	
0.4498




	
rs1544410 (BsmI)

	
GG

	
41 (33.6)

	
82 (44.6)

	
1.00

	
0.0263

	
0.0113




	
GA

	
48 (39.3)

	
74 (40.2)

	
0.77 (0.46–1.30)

	

	




	
AA

	
33 (27.0)

	
28 (15.2)

	
0.42 (0.23–0.79)

	

	




	

	
Dominant

	
81 (66.4)

	
102 (55.4)

	
0.63 (0.39–1.01)

	
0.0545

	
0.0334




	

	
Recessive

	
89 (73.0)

	
156 (84.8)

	
0.48 (0.27–0.85)

	
0.0119

	
0.0048




	
rs7975232 (ApaI)

	
TT

	
38 (31.1)

	
40 (21.7)

	
1.00

	
0.1304

	
0.0765




	
TG

	
61 (50.0)

	
97 (52.7)

	
1.51 (0.87–2.61)

	

	




	
GG

	
23 (18.9)

	
47 (25.5)

	
1.94 (1.00–3.79)

	

	




	

	
Dominant

	
84 (68.9)

	
144 (78.3)

	
1.63 (0.97–2.74)

	
0.0660

	
0.0425




	

	
Recessive

	
99 (81.1)

	
137 (74.5)

	
1.48 (0.84–2.59)

	
0.1688

	
0.1064




	
rs731236 (TaqI)

	
TT

	
42 (34.4)

	
84 (45.7)

	
1.00

	
0.1171

	
0.0830




	
TC

	
59 (48.4)

	
78 (42.4)

	
0.66 (0.40–1.09)

	

	




	
CC

	
21 (17.2)

	
22 (12.0)

	
0.52 (0.26–1.06)

	

	




	
Dominant

	
80 (65.6)

	
100 (54.3)

	
0.63 (0.39–1.00)

	
0.0498

	
0.0375




	
Recessive

	
101 (82.8)

	
162 (88.0)

	
0.65 (0.34–1.25)

	
0.1987

	
0.1353








OR and 95%CI regression calculated, padj. values adjusted for BMI and primiparity.
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Table 6. Genotypes distribution of VDR gene polymorphisms in EOPE and LOPE.
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SNP

	
Genotypes/

Models

	
Controls (n = 184)

n (%)

	
EOPE

(n = 57)

n (%)

	
OR (95%CI)

	
p

	
padj.

	
LOPE

(n = 65)

n (%)

	
OR (95%CI)

	
p

	
padj.






	
rs2228570 (FokI)

	
CC

	
42 (22.8)

	
14 (24.6)

	
1.00

	
0.5173

	
0.2164

	
20 (30.8)

	
1.00

	
0.4240

	
0.4995




	
CT

	
102 (55.4)

	
27 (47.4)

	
1.26 (0.60–2.64)

	

	

	
31 (47.7)

	
1.57 (0.80–3.05)

	

	




	
TT

	
40 (21.7)

	
16 (28.1)

	
0.83 (0.36–1.93)

	

	

	
14 (21.5)

	
1.36 (0.61–3.05)

	

	




	

	
Dominant

	
142 (77.2)

	
43 (75.4)

	
1.10 (0.55–2.20)

	
0.7873

	
0.6852

	
45 (69.2)

	
1.50 (0.80–2.82)

	
0.2097

	
0.2387




	

	
Recessive

	
144 (78.3)

	
41 (71.9)

	
0.71 (0.36–1.40)

	
0.3299

	
0.0815

	
51 (78.5)

	
1.01 (0.51–2.01)

	
0.9731

	
0.7277




	
rs1544410 (BsmI)

	
GG

	
82 (44.6)

	
17 (29.8)

	
1.00

	
0.0913

	
0.0464

	
24 (36.9)

	
1.00

	
0.0563

	
0.0835




	
GA

	
74 (40.2)

	
26 (45.6)

	
0.59 (0.30–1.17)

	

	

	
22 (33.8)

	
0.98 (0.51–1.90)

	

	




	
AA

	
28 (15.2)

	
14 (24.6)

	
0.41 (0.18–0.95)

	

	

	
19 (29.2)

	
0.43 (0.21–0.90)

	

	




	

	
Dominant

	
102 (55.4)

	
40 (70.2)

	
0.53 (0.28–1.00)

	
0.0451

	
0.0498

	
41 (63.1)

	
0.73 (0.41–1.30)

	
0.2819

	
0.2465




	

	
Recessive

	
89 (73.0)

	
43 (75.4)

	
0.55 (0.27–1.14)

	
0.1150

	
0.0305

	
46 (70.8)

	
0.43 (0.22–0.85)

	
0.0165

	
0.0263




	
rs7975232 (ApaI)

	
TT

	
40 (21.7)

	
17 (29.8)

	
1.00

	
0.0724

	
0.0356

	
21 (32.3)

	
1.00

	
0.2232

	
0.2956




	
TG

	
97 (52.7)

	
33 (57.9)

	
1.25 (0.63–2.49)

	

	

	
28 (43.1)

	
1.82 (0.93–3.57)

	

	




	
GG

	
47 (25.5)

	
7 (12.3)

	
2.85 (1.08–7.57)

	

	

	
16 (24.6)

	
1.54 (0.71–3.35)

	

	




	

	
Dominant

	
144 (78.3)

	
40 (70.2)

	
1.53 (0.79–2.98)

	
0.2176

	
0.0911

	
44 (67.7)

	
1.72 (0.92–3.22)

	
0.0906

	
0.1258




	

	
Recessive

	
137 (74.5)

	
50 (87.7)

	
2.45 (1.04–5.78)

	
0.0275

	
0.0185

	
49 (75.4)

	
1.05 (0.54–2.02)

	
0.8820

	
0.7935




	
rs731236 (TaqI)

	
TT

	
84 (45.7)

	
18 (31.6)

	
1.00

	
0.1613

	
0.1940

	
24 (36.9)

	
1.00

	
0.2311

	
0.2636




	
TC

	
78 (42.4)

	
31 (54.4)

	
0.54 (0.28–1.04)

	

	

	
28 (43.1)

	
0.80 (0.43–1.49)

	

	




	
CC

	
22 (12.0)

	
8 (14.0)

	
0.59 (0.23–1.53)

	

	

	
13 (20.0)

	
0.48 (0.21–1.10)

	

	




	
Dominant

	
100 (54.3)

	
39 (68.4)

	
0.55 (0.29–1.03)

	
0.0574

	
0.0843

	
41 (63.1)

	
0.70 (0.39–1.25)

	
0.2199

	
0.2094




	
Recessive

	
162 (88.0)

	
49 (86.0)

	
0.83 (0.35–1.99)

	
0.6815

	
0.2832

	
52 (80.0)

	
0.54 (0.26–1.15)

	
0.1200

	
0.1492








OR and 95%CI regression calculated, padj. values adjusted for BMI and primiparity.
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Table 7. Comparisons of quantitative traits of blood pressure between genotypes of VDR gene.
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Mean ± SD (mmHg)

	
Codominant

	
Dominant

	
Recessive




	

	
AA

	
AB

	
BB

	
p

	
padj.

	
p

	
padj.

	
p

	
padj.






	
rs2228570 (FokI)

	

	

	

	

	

	

	

	

	




	
SBP

	
131.27 ± 35.25

	
124.91 ± 34.93

	
132.15 ± 39.84

	
0.2736

	
0.3156

	
0.3920

	
0.6805

	
0.3070

	
0.2073




	
DBP

	
81.87 ± 22.63

	
79.49 ± 22.15

	
81.90 ± 23.44

	
0.6620

	
0.6926

	
0.5860

	
0.9268

	
0.6048

	
0.4344




	
rs1544410 (BsmI)

	

	

	

	

	

	

	

	

	




	
SBP

	
122.58 ± 33.55

	
127.69 ± 35.04

	
140.08 ± 41.00

	
0.0091

	
0.0033

	
0.0303

	
0.0172

	
0.0041

	
0.0015




	
DBP

	
76.74 ± 21.47

	
81.03 ± 21.51

	
87.57 ± 25.00

	
0.0094

	
0.0026

	
0.0148

	
0.0073

	
0.0074

	
0.0020




	
rs7975232 (ApaI)

	

	

	

	

	

	

	

	

	




	
SBP

	
136.84 ± 40.02

	
126.79 ± 34.90

	
121.54 ± 33.16

	
0.0319

	
0.0121

	
0.0151

	
0.0066

	
0.0855

	
0.0436




	
DBP

	
85.34 ± 24.21

	
80.12 ± 22.00

	
76.54 ± 21.06

	
0.0591

	
0.0196

	
0.0345

	
0.0127

	
0.0870

	
0.0431




	
rs731236 (TaqI)

	

	

	

	

	

	

	

	

	




	
SBP

	
122.56 ± 33.78

	
130.91 ± 36.45

	
135.71 ± 40.54

	
0.0641

	
0.0432

	
0.0263

	
0.0169

	
0.1451

	
0.1229




	
DBP

	
76.90 ± 21.93

	
82.54 ± 21.82

	
85.45 ± 25.15

	
0.0448

	
0.0263

	
0.0171

	
0.0104

	
0.1352

	
0.0936








SBP—systolic blood pressure, DBP—diastolic blood pressure, padj. values adjusted for BMI and primiparity. A—major allele, B—minor allele.
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Table 8. Haplotype analysis of SNPs genotyped in the VDR gene.
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	rs731236
	rs7975232
	rs1544410
	rs2228570
	Frequency (Overall)
	Frequency (PE, Control)
	χ2
	p Value
	* p Value





	T
	G
	G
	
	0.476
	0.425, 0.510
	4.325
	0.0376
	0.1705



	C
	T
	A
	
	0.356
	0.410, 0.320
	5.090
	0.0241
	0.0940



	T
	T
	G
	
	0.117
	0.104, 0.125
	0.654
	0.4185
	0.9505



	T
	T
	A
	
	0.038
	0.045, 0.033
	0.657
	0.4178
	0.9503



	
	G
	G
	C
	0.256
	0.238, 0.269
	0.734
	0.3917
	0.9553



	
	G
	G
	T
	0.225
	0.188, 0.250
	3.225
	0.0725
	0.3043



	
	T
	A
	C
	0.205
	0.229, 0.190
	1.347
	0.2458
	0.7768



	
	T
	A
	T
	0.188
	0.226, 0.163
	3.812
	0.0509
	0.2231



	
	T
	G
	T
	0.075
	0.064, 0.082
	0.708
	0.4000
	0.9594



	
	T
	G
	C
	0.045
	0.043, 0.046
	0.028
	0.8660
	1.0000



	T
	G
	G
	C
	0.252
	0.236, 0.262
	0.502
	0.4789
	0.9959



	T
	G
	G
	T
	0.225
	0.188, 0.249
	3.091
	0.0787
	0.3742



	C
	T
	A
	C
	0.190
	0.220, 0.170
	2.419
	0.1199
	0.5402



	C
	T
	A
	T
	0.166
	0.189, 0.150
	1.598
	0.2062
	0.8185



	T
	T
	G
	T
	0.073
	0.062, 0.080
	0.673
	0.4122
	0.9892



	T
	T
	G
	C
	0.044
	0.042, 0.045
	0.046
	0.8299
	1.0000



	T
	T
	A
	T
	0.022
	0.036, 0.013
	3.618
	0.0572
	0.2777



	T
	T
	A
	C
	0.016
	0.009, 0.020
	1.015
	0.3138
	0.9720







* p value calculated using permutation test and a total of 10,000 permutations.
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Table 9. Estimated frequency of haplotypes and association with risk of higher blood pressure.
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4-Marker

	
SBP

	
DBP




	
Haplotype

	
Frequency

	
Difference

	
95%CI

	
p-Value

	
Difference

	
95%CI

	
p-Value






	
TGGC

	
0.253

	
122.07

	
Ref.

	

	
76.31

	
Ref.

	




	
CTAC

	
0.195

	
7.94

	
(−2.24–18.13)

	
0.1264

	
6.10

	
(−0.37–12.57)

	
0.0648




	
CTAT

	
0.162

	
8.12

	
(−1.55–17.79)

	
0.0998

	
4.57

	
(−1.42–10.56)

	
0.1348




	
TTGT

	
0.073

	
2.63

	
(−10.61–15.86)

	
0.6970

	
0.90

	
(−7.42–9.21)

	
0.8324




	
TGGT

	
0.222

	
-2.17

	
(−11.79–7.45)

	
0.6587

	
−0.51

	
(−6.72–5.71)

	
0.8728




	
rare

	
0.094

	
4.99

	
(−6.38–16.37)

	
0.3897

	
3.00

	
(−4.29–10.28)

	
0.4201




	
3-marker

	

	

	

	

	

	




	
TGG

	
0.475

	
120.21

	
Ref.

	

	
75.93

	
Ref.

	




	
CTA

	
0.357

	
8.84

	
(2.36–15.33)

	
0.0075

	
5.53

	
(1.50–9.56)

	
0.0072




	
TTG

	
0.114

	
3.59

	
(−6.10–13.27)

	
0.4677

	
1.38

	
(−4.64–7.40)

	
0.6529




	
rare

	
0.053

	
7.76

	
(−4.23–19.75)

	
0.2046

	
4.12

	
(−3.33–11.58)

	
0.2780








(TaqI/ApaI/BsmI/FokI).
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