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A few years ago it was shown that disturbed metabolism of the vitamin D/receptor (VD/VDR) complex
may be important in the etiology of spontaneous abortion, as well as in the etiology of recurrent
miscarriages (RM). The goal of this study was to investigate the association between four maternal
VDR polymorphisms as well as haplotypes settings and RM occurrence in a Polish population of
women in reproductive age. A total of 230 women were recruited to this study (110 with RM, 120
consecutively recruited age-matched healthy women with at least two full-term pregnancies and with
no history of miscarriages). DNA samples were genotyped for VDR polymorphisms: Fokl (rs2228570),
Bsml (rs1544410), Apal (rs7975232) and Taql (rs731236). Significant differences in genotype
distributions and allele frequencies between case and control groups were observed in VDR Bsml
polymorphism (GG vs. GA and AA, OR=0.56, p=0.036 and OR=1.49, p=0.035, respectively). The best
evidence of an association with RM prevention was observed for the TTGT haplotype, which was more
frequent among controls than cases even after permutation test (0.09 vs. 0.017, p=0.0024). Other
haplotypes were also significantly more frequent in the control group: TGT (rs7975232, rs1544410,
rs2228570), TG (rs7975232, rs1544410), TTG (rs731236, rs7975232, rs1544410), TT (rs731236,
rs7975232). Our research indicated the possible role of VDR Bsml genetic polymorphism in RM
etiology, suggesting at the same time the active role of maternal VD metabolism and its influence on
pregnancy outcome. The significant influence of several maternal haplotypes was shown to prevent
RM occurrence.

For many years the importance of the active form of vitamin D (VD—1,25-dihydroxyvitamin D3, 1,25[OH]2D3)
in the processes of mineralization and bone metabolism has been known. The role of VD as a potential antiprolif-
erative and immunomodulatory compound has also been demonstrated. Due to its potential immunomodulatory
effect, vitamin D probably also affects the course and outcome of pregnancy. Recent studies indicate the associa-
tion of vitamin D deficiency with adverse pregnancy outcomes, including preeclampsia, gestational diabetes,
intrauterine fetal growth restriction, preterm labor and spontaneous abortions. The complex of vitamin D,
vitamin D binding protein (DBP), vitamin D receptor (VDR), as well as the vitamin D activating enzymes forms
an integral pathway in the human organism. The expression of these compounds is observed in many human
tissues, including placenta and decidua, where they are likely to take an active part in the local autocrine and
paracrine response. Additionally, attention was paid to the role of vitamin D in immunoregulation and tropho-
blast invasion. This suggests that local vitamin D synthesis potentially modulates the function of the placenta
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RM group Control group
Characteristic (mean+SD) | n=110 n=120 p-value
Age (years) 32.86+4.76 33.33+4.14 0.43
SBP (mmHg) 116.86+11.73 | 117.19+10.45 0.82
DBP (mmHg) 73.88+7.45 72.63+7.83 0.22
Weight (kg) 69.55+11.57 67.08£10.66 0.09
Height (cm) 168.36£6.23 166.91£5.87 0.07
BMI (kg/mz) 24.55+3.97 24.10+3.87 0.38
Number of miscarriages 3.45+0.72 0.00+0.00 NA

Table 1. Clinical data of recurrent miscarriages (RM) women and controls. SBD systolic blood pressure, DBP
diastolic blood pressure, BMI body mass index. p-value—T test.

and the development of the fetus!~>. Moreover, many studies have demonstrated the role of sufficient activity of
enzymes involved in VD metabolism as well as the presence of genetic polymorphism in the genes coding for
enzymes and VDR in pregnant women*™°.

Additionally, several studies have shown increased expression of VDR and la-hydroxylase (CYP27B1)
(enzyme that catalyzes the conversion of 25-hydroxyvitamin D3 prohormone to the active form 1,25-dihydroxy-
vitamin D3) in the first trimester in the trophoblast and decidua during pregnancy in humans and animals”?®.
At the same time, VD by attaching to the VDR regulates the activity of many target genes associated with the
implantation process, while the immunosuppressive effect of VD suggests its role in implant tolerance. Some
studies also show abnormal expression of 1a-hydroxylase in pregnancies complicated by preeclampsia, showing
the potential role of VD as a regulator of placentation®°.

Recurrent miscarriages (RM), whose frequency is assessed from 1 to 3% in the population of women of
reproductive age, are a serious medical, social and psychological problem. This disorder is defined as the loss
of three or more pregnancies before the 24 weeks of gestation. Despite the fact that several mechanisms have
been previously described for the pathogenesis of RM, the causes of about 50% of cases remain unknown'"'2,
However, for some years the multifactorial etiology of this complication, including disturbances of the immune
system and vitamin D deficiency, has been known. Because of this, it appears that disturbed metabolism of VD/
VDR complex by modulating the immune response may be important in the etiology of spontaneous abortion,
as well as in the etiology of RM!®. Moreover, VDR is a receptor with the pleiotropic effect of VD on human cells.
Interestingly, VDR activity can be modulated by the presence of polymorphic variants in the VDR gene'%. The
importance of VDR genetic variants has been shown in several complications in pregnant women, including in
preeclampsia, gestational diabetes and premature delivery®!>-%.

The most intensively studied VDR polymorphisms are FokI (rs2228570), Tagl (rs731236), BsmI (rs1544410),
and Apal (rs7975232) variants. Three single nucleotide polymorphisms (Apal, BsmI in intron 8 section and Tagl
in exon 9 (Ile3521le) 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 VDR protein but can influence the gene expression through regulation of mRNA
stability?!. Polymorphism FokI is the only known VDR gene variant that results in altered protein. The FokI
variant causes a change of C>T nucleotides (ACG-ATG) in exon 2. In carriers of C allele (designated F) VDR
protein is three amino acids shorter (424 amino acids) and more active. In contrast, individuals carrying T allele
(designated f) synthesize a less active, full-length VDR protein (427amino acids)®*.

Considering the above-mentioned observations, our study aimed highlight the association between four
maternal VDR polymorphisms (rs2228570, rs1544410, rs7975232, rs731236) as well as VDR haplotype settings
and RM occurrence in a Polish population of women in reproductive age.

Results

We did not observe statistically significant differences of age, systolic and diastolic blood pressure or body mass
index between studied groups. The number of miscarriages in the RM group was more than or equal to three
(mean £ SD 3.45 +0.72). The clinical data of investigated patients are listed in Table 1.

The genotype distributions of the VDR polymorphisms were in Hardy—Weinberg equilibrium. The genotype
and allele frequencies were compared between case and control subjects, and the data are shown in Table 2. Signif-
icant differences in genotype distributions and allele frequencies between case and control groups were observed
in VDR BsmI polymorphism (GG vs. GA and AA, OR=0.56, 95% CI 0.33-0.97, p=0.036; G/A, OR=1.49, 95%
CI 1.03-2.17, p=0.035, respectively).

The other VDR genotype polymorphisms were not significantly associated with RM. The allele frequen-
cies of VDR FokI (C/T, p=0.537), Apal (G/T, p=0.922) and TaqI (T/C, p=0.134) in RM cases were similar
to those in healthy controls. However, none of the results of single-marker association analysis were statisti-
cally significant after Bonferroni correction (p>0.01). The calculation of the power for detecting an association
between VDR variants and RPL was performed. Based on Hong and Marren study®, three or more unexplained
RM prevalence 1% on average in population was assumed. The parameters used were number of cases and con-
trol, disease prevalence, significance level =0.05, MAF for RPL cases and controls for the four tested SNPs and
estimated genotypic relative risk. Assuming these parameters, we had 58.95% statistical power in this study as
the average power of the tested SNPs.
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RM Controls
n (%) n (%) OR (95% CI) p value

CC 30 (27.3) 31(25.8) | 1.00 (ref) 0.332
rs2228570 (FokI) CT 51 (46.4) 66 (55.0) | 1.25(0.67-2.33)

TT 29 (264) | 23(19.2) |0.77 (0.37-1.61)
Dominant CCyvs. TC-TT 80 (72.7) 89 (74.2) | 1.08 (0.60-1.93) 0.805
Recessive CC-TCvs. TT 81 (73.6) 97 (80.8) | 0.66 (0.36-1.23) 0.192

C 111 (50.5) |128(53.3) | 1.00 (ref) 0.537
Allele

T 109 (49.5) | 112 (46.7) |0.89(0.62-1.29)

GG 33 (30.0) 52(43.3) | 1.00 (ref) 0.101
rs1544410 (Bsml) GA 53 (48.2) 49 (40.8) |0.59(0.33-1.05)

AA 24(21.8) | 19(15.8) |0.50(0.24-1.06)
Dominant GG vs. GA-AA 77 (70.0) 68 (56.7) |0.56(0.33-0.97) 0.036
Recessive GG-GA vs. AA 86(78.2) |101(84.2) |0.67 (0.35-1.31) 0.245

G 119 (54.1) | 153 (63.7) | 1.00 (ref) 0.035
Allele

A 101 (45.9) 87(36.2) |1.49(1.03-2.17)

GG 26 (23.6) 28(23.3) | 1.00 (ref) 0.994
157975232 (Apal) GT 59 (53.6) 64 (53.3) |1.01(0.53-1.91)

T 25(227) | 28(23.3) |1.04(0.49-2.22)
Dominant GGvs. TG-TT 84 (76.4) 92 (76.7) |1.02(0.55-1.87) 0.957
Recessive GG-GT vs. TT 85(77.3) 92 (76.7) |1.03(0.56-1.91) 0.913

G 111 (50.5) | 120 (50.0) | 1.00 (ref) 0.922
Allele

T 109 (49.5) | 120 (50.0) |0.98 (0.68-1.42)

TT 35(31.8) 53 (44.2) |1.00 (ref) 0.145
rs731236 (Taql) TC 59 (53.6) 51(42.5) |0.57(0.32-1.01)

cc 16 (14.5) | 16(13.3) |0.66 (0.29-1.49)
Dominant TT vs. TC-CC 75 (68.2) 67 (55.8) |0.59(0.34-1.01) 0.054
Recessive TT-TCvs. CC 94 (85.5) |104(86.7) |0.90(0.43-1.91) 0.791

T 129 (58.6) | 157 (65.4) | 1.00 (ref) 0.134
Allele

C 91 (41.4) 83(34.6) |0.75(0.51-1.09)

Table 2. Genotype and allele frequencies of VDR polymorphisms among RM cases and controls. OR odds
ratio, CI confidence interval. p value chi-square test.

rs731236 | rs7975232 | rs1544410 | rs2228570
rs731236 - 0.960 0.949 0.058
rs7975232 | 0.566 - 1.000 0.027
rs1544410 | 0.793 0.697 - 0.025
152228570 0.002 0.001 0.000 -

Table 3. Linkage disequilibrium across the study SNPs. D’ is shown above the diagonal; r? is shown below the
diagonal.

Table 3 presents results of linkage disequilibrium (LD) tests noted as D" and r2 between each studied locus in
the VDR gene. The distribution of haplotype frequencies between cases and controls is shown in Table 4. Eight
four-marker haplotypes with a frequency of more than 1% were detected (TGGC 26.6%, TGGT 22.9%, CTAC
19.7%, CTAT 17.0%, TTGT 5.5%, TTGC 3.0%, TTAT 2.3%, TTAC 1.9%). The best evidence of an association
with RM prevention was observed for the TTGT haplotype, which was more frequent among controls than cases
even after the permutation test (0.09 vs. 0.017, p=0.0024). The following three-and two-marker haplotypes were
also significantly more frequent in the control group: TGT (rs7975232, rs1544410, rs2228570, p=0.0008), TG
(rs7975232, rs1544410, p=0.0007), TTG (rs731236, rs7975232, rs1544410, p=0.0003), TT (rs731236, rs7975232,
p=0.0278).

Discussion

The VD shows the great influence on pregnancy development®. It has been demonstrated the expression of
vitamin D receptor (VDR) and la-hydroxylase (CYP27B1) which is enzyme involved in the local VD synthesis
in the chorion and placenta. This placental system is involved in transient immunosuppression by modulating
the local immune system response, leading to lack of rejection of the antigenically foreign embryo and fetus by
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rs731236 | rs7975232 | rs1544410 | rs2228570 | Frequency (overall) | Frequency (case, control) | x* pvalue | *pvalue
T G 0.495 0.503, 0.487 0.128 0.7203| 1.0000
C T 0.371 0.412,0.332 3.146 0.0761| 0.2534
T T 0.127 0.083, 0.168 7.390 0.0066 | 0.0278
G G 0.502 0.505, 0.500 0.009 0.9224| 1.0000
T A 0.409 0.459, 0.362 4431 0.0353| 0.1332
T G 0.089 0.036, 0,138 14.461 <0.001 | 0.0007
G C 0.302 0.271, 0.331 1.999 0.1574| 0.4707
G T 0.289 0.270, 0.306 0.723 0.395 | 0.8330
A C 0.217 0.234, 0.202 0.683 0.4084| 0.8614
A T 0.191 0.225, 0.160 3.111 0.0778| 0.2764
T G G 0.495 0.504, 0.487 0.132 0.7165| 1.0000
C T A 0.367 0.409, 0.329 3.162 0.0754| 0.2796
T T G 0.085 0.032,0.133 15.207 <0.001 | 0.0003
T T A 0.042 0.050, 0.034 0.791 0.3738 | 0.9218
G G C 0.271 0.254, 0.286 0.592 0.4417 | 0.9461
G G T 0.231 0.250,0.214 0.858 0.3543 | 0.8795
T A C 0.215 0.230, 0.201 0.606 0.4364 | 0.9425
T A T 0.194 0.229,0.162 3.273 0.0704 | 0.2793
T G T 0.055 0.016, 0.091 12.164 <0.001 | 0.0008
T G C 0.034 0.020, 0.047 2.508 0.1133 | 0.4198
T G G C 0.266 0.254, 0,278 0.341 0.559 | 0.9979
T G G T 0.229 0,251, 0.210 1.093 0.2957 | 0.9724
C T A C 0.197 0.211,0.185 0.503 0.4783 | 0.9941
C T A T 0.170 0.198, 0.144 2.339 0.1261 | 0.4309
T T G T 0.055 0.017, 0.090 11.711 <0.001 | 0.0024
T T G C 0.030 0.015, 0.044 3.251 0.0714 | 0.2488
T T A T 0.023 0.030, 0.017 0.903 0.3420 | 0.9826
T T A C 0.019 0.021, 0.017 0.071 0.7896 | 1.0000

Table 4. Haplotype analysis of SNPs genotyped in VDR gene. p value—chi-square test. *p value calculated
using permutation test and a total of 10,000 permutations.

Diaz et al.”® and Chan et al.'. On the other hand in syncytiotrophoblast VD regulates the synthesis of human
chorionic gonadotropin (hCG), human placental lactogen (hPL), estradiol and progesterone, which are hormones
contributing to the growth and development of the placenta?®?’.

Additionally, VD modulates the response of the immune system by regulating the synthesis of cytokines
and inhibiting the proliferation of pro-inflammatory cells. The calcitriol directly inhibits Th1 lymphocytes dif-
ferentiation and as the same way the production of pro-inflammatory cytokines, including IFNy. Additionally
calcitriol promotes Th2 lymphocytes differentiation and stimulates synthesis of anti-inflammatory cytokines as
IL-4, IL-5, IL-10. The disturbances in this field by VD deficiency leads to serious pregnancy complication such
as preterm delivery. Many researches shown that the presence of VD deficiency may increase the risk of preterm
labor. The meta-analysis made by Zhou et al. in 2017 indicated a possible relationship between the occurrence of
VD deficiency and preterm labor, as well as the possible protective effect of VD supplementation on the occur-
rence of this pregnancy complication?. The study performed by McDonnell et al. indicated that the women
with optimal VD concentration had a 60% lower risk of preterm labor®. Also many others researches shown an
adverse influence of VD deficiency on preterm birth occurrence as well as others pregnancy complications®*-*2.

Results of four meta-analyzes of randomized clinical trials (RTC)**7%, concerning the assessment of the
impact of vitamin D supplementation during pregnancy on maternal and offspring health, proved that vitamin D
intake resulted in significantly higher 25 (OH) D concentration in both the mother**-*® and in infants compared
to the control group®®. In addition, the results of a meta-analysis of 15 randomized and quasi-randomized clinical
trials®* showed that vitamin D supplementation during pregnancy reduced the risk of preeclampsia, although
this was not found in two other meta-analyzes®**. The results of two meta-analyzes***® found that birth weight
was significantly greater in infants whose mothers took vitamin D. The latest results of a meta-analysis of 20
randomized clinical trials*® showed that vitamin D supplementation significantly reduces insulin resistance,
with no effect of supplementation on other outcomes in the mother (pre-eclampsia, cesarean section) and the
infant (gestational age, birth length). The results of the meta-analysis by Perez-Lopez et al.”> showed no effect
of vitamin D supplementation for preterm birth. However, it should be emphasized that last meta-analysis in
Cochrane Database®, which included 30 trials (7033 women), allowed to state that supplementation of vitamin
D probably can reduce the risk of pre-eclampsia, gestational diabetes, low birthweight and may reduce the risk
of severe postpartum haemorrhage in comparison with women who received placebo or no intervention.
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The potential role of impaired vitamin D metabolism in the etiology of recurrent miscarriages has been
indicated in several studies, including the placental expression and serum level of VD and VDR. Most of them
suggested reductions in VD and VDR expression as well as enzyme activity in placenta from women with RM.
A large review of 11 studies covering populations with 2 or more RM indicated a significant reduction in VD
levels among this group of women. Moreover, reduced expression of the VDR and 1a hydroxylase (CYP27B1)
in placental villi and decidua of women with RM has also been reported!®. Yan et al.*” studied the expression
of VDR in the first trimester of pregnancy (7-10 gw.) in 40 women with RM and 40 healthy pregnant women.
Women with RM showed weaker expression of VDR mRNA in villi (46% weaker expression, p <0.0001) and
in decidua (52% weaker expression, p <0.0001) compared to women in the control group. Serum VDR level
was lower in the RM group compared to the control (p=0.003). In addition, significantly lower levels of VDR
expression were observed in cytotrophoblast villi and stromal cells as well as in decidual glandular epithelial
and stromal cells (p <0.05). The study reported lower expression of VDR in trophoblastic, decidua and serum
villi in the RM group compared to the control, suggesting that impaired VDR expression in the first trimester of
pregnancy may be associated with the occurrence of RM*.

On the other hand, studies show the effect of disorders of vitamin D metabolism on the synthesis of cytokines
in the immune response while pointing to a possible relationship with the occurrence of RM. In the study of Li
etal.®, VD levels and VDR expression in decidua of women with RM were analyzed (study group of 30 women
with RM and control group of 30 women with elective abortion). In addition, the expression of interleukins IL-17,
IL-23, transforming growth factor p (TGF-p), VDR and 1-a-hydroxylase (CYP27B1) in the decidua taken during
the curetting procedure was analyzed. In the RM group, VD, VDR and TGF- expression levels were significantly
lower while IL-17 and IL-23 expression levels were significantly higher compared to the control group. These
results show that VD and VDR levels in decidua are associated with local immune responses and inflammatory
cytokine synthesis, and at the same time suggest that VD and VDR may play a role in RM etiology™.

The same observations were made by Wang et al.*® who analyzed the expression of the 1a-hydroxylase enzyme
(CYP27B1) in the maternal-fetal space in women in the first trimester of pregnancy (20 women with 1 miscar-
riage, 20 women with RM and 20 women in normal pregnancy). In addition, the expression of IL-10, IFN-y,
TNF-a and IL-2 cytokines was examined. Women with RM showed a lower level of CYP27B1 mRNA expres-
sion and a lower level of CYP27B1 protein in villi and mortality compared to normal pregnancy (for mRNA:
p=0.000 in villi, p=0.002 in decidua and for protein level: p=0.036 in villi, p=0.007 in decidua). There were
no differences in the location of CYP27B1, IL-10, IFN-y, TNF-q, and IL-2 expression between the RM group
and normal pregnancy. These studies show that lower CYP27B1 expression may be associated with RM etiology
and indicate the importance of local VD synthesis in the maternal-fetal space in regulating cytokine response®.

In contrast, Tavakoli et al.** indicated the importance of VD metabolism in RM etiology. The authors stud-
ied 8 women with RM and 8 healthy control women in whom expression of VDR, 1a-hydroxylase (CYP27B1),
and 24-hydroxylase (CYP24A1) was analyzed. The comparative expression of VDR, CYP27B1, and CYP24A1
genes in the endometrium of women in both groups was noted, suggesting that expression disturbances of VD
metabolism do not play any role in the pathomechanism of RM*.

No less interesting are the studies concerning the polymorphic variants of the VDR gene and its role in preg-
nancy outcome. Moreover, in the interesting study of Workalemahu et al.*! conducted in 506 mother—child pairs,
a pleiotropic impact of VD on fetal growth was observed. Analyzing 8 polymorphisms in 5 genes CUBN, LRP2,
VDR, GC, and CYP2RI related to VD metabolism, an effect of rs2282679 (GC) polymorphism on the increase
in birth weight in the examined group of children was found. Additionally, the relationship of the rs4667591
(LRP2) variant (p <0.001) with the sex and mass of born children was noted. This study suggests a link between
genetic variants in the placenta involved in VD metabolism and birth weight of newborns*'.

There are only a few studies referring to the role of VDR genetic variants in RM etiology. In the large study
by Barisi¢ et al.®> 320 women with RM from Slovenia and Croatia were analyzed to assess the relationship of
VDR polymorphisms (Folk rs222857, Cdx2 rs11568820, and Taq1 rs731236) with occurrence of this condition.
The possible participation of VDR FokI polymorphism in RM etiology was demonstrated. The authors observed
higher frequency of mutated variants of VDR FokI polymorphism in RM etiology (for CC genotype p=0.036,
for C allele p=0.015, additionally CC vs. TT: OR=2.21, p=0.029). Other polymorphisms were not associated
with RM development®.

The current, scientifically discussed problem is the assessment of the influence of vitamin D receptor gene
polymorphisms (BsmI, Apal, FokI and Tagl) on preterm birth and low birth weight. The results of an earlier
cohort analysis** showed that the maternal FokI polymorphism affected both the duration of pregnancy and
birth weight, which decreased with increasing number of mutant alleles (A). It was found that mothers with the
AA genotype, compared to mothers with GG or GA genotypes, showed an increased risk of preterm delivery
(12-fold). In addition, in this study, supplementation with vitamin D was not associated with the results of
anthropometric measurements of newborns and the risk of preterm birth. The results of the meta-analysis of 11
observational studies by Barchitta et al.*? regarding the relationship between the VDR polymorphism (FokI—7,
BsmI—8, Apal—5, TaqI—7 studies) and the risk of preterm birth, showed mainly the protective effect of the
BsmlI polymorphism against the risk of PTB 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). Previously, Swamy et al.*’ carried out
assessment of the effect of 38 polymorphisms of VDR (615 pregnant women) on several birth outcomes and
showed that 8 of 38 of single nucleotide polymorphisms (SNPs including Apal) have been significantly associ-
ated with birth weight in black women. On the other side, Rosenfeld et al.** observed that number of women
with preterm birth decreased with increasing number of A allele of maternal BsmI polymorphism. Moreover, in
group of women with previous history of spontaneous miscarriage, the risk of preterm birth was higher when
their newborns had the non-mutated allele of BsmI or the mutated allele of Apal. Recent case-control study*
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showed that, genotypes: Bsml/TT, Apal/ AA, Fokl/GG, and haplotype: GAG (Taql/G-Apal/ A-Fokl/G) have been
significantly more frequent in women with preterm birth.

In our study we noted higher frequency of the genotype containing a mutated A allele (GA + AA) of VDR Bsml
(70.0 vs. 56.7% in RM group (p=0.036), as well as mutated A allele (45.9 vs. 36.2%, p=0.035), which suggested
the role of these genetic variants in VDR function and consequently disturbed vitamin D metabolism. In con-
trast to Barisi¢ et al.> we did not observe any significance of VDR FokI polymorphism in RM etiology. The great
value of our research is the haplotype analysis that shows the preventive effect of some three- and two-marker
settings of genetic variants TGT (p=0.0008), TTG (p=0.0003), TG (p=0.0007), TT (p=0.0278), and especially
four-marker TTGT haplotype (0.017 vs. 0.090 p=0.0024) on RM occurrence. These results suggest the special
role of maternal setting genetic variants of the VDR gene in etiology of this complication.

Certainly, our study has some limitations. First, our analysis which is a type of association study was con-
ducted on a relatively small group of patients (230 women, including 120 controls and 110 cases). We also noted
that the statistical power of the tests being only 58.95% was lower than expected (80%). It is known that the statis-
tical power of a genetic tests depend on the number of enrolled patients, prevalence of disease in the population,
frequency of alleles and genotype of investigated polymorphism, and genotype relative risk. We recognize that
our study is unsatisfactory due to inadequate sample size. On the other hand, it should be noted that patients
were precisely classified into both groups as an ethnically homogenous and age matched case-control pair. In
addition, women were carefully selected considering their obstetric history: in the RM group (equal or more than
3 miscarriages) and in the control group (without pregnancy loss, each woman with at least 2 pregnancies ended
successfully with the birth of healthy baby). Such precise selection of patients ensured the appropriate level of
analyzes, but made it difficult to obtain a larger group of patients. Secondly, in our study only 4 single nucleotide
variants of the VDR gene were analyzed. Evidently there are several other genetic polymorphisms influencing
VD metabolism, but considering the pivotal role of VDR, which is the central moderator of the pleiotropic
effect of VD in human cells, it is clear that the analysis of these 4 variants both in single and haplotype settings
is most important and could bring a lot to explain the mechanism of RM. On the other hand, our study reports
interesting haplotype analysis of 4 genetic variants of the VDR gene indicating the possible protective influence
of some settings of variants on RM manifestation. Finally, it should acknowledge that some unmeasured variables
(including socio-demographic factors, lifestyle, diet, supplement usage and vitamin D dietary intake) could also
influence RM occurrence what even limit the current analysis.

Considering the complex VD system, it seems clear that there are several other genetic variants influencing
VD metabolism that can affect the various pregnancy complications. Among the polymorphisms involved in
the VD pathway there are variants in the genes coding for vitamin D binding protein (DBP), enzymes of VD
synthesis: cytochrome P450 2R1 (CYP2R1), cytochrome P450 27B1 (CYP27B1), 7-dehydrocholesterol reduc-
tase (DHCR?7), as well as retinoid X receptor (RXRA). Simultaneously there are many meta-analysis emphasize
the impact of prenatal VD status on the occurrence of complications in pregnancy*®=>°. It should be assumed
then certain polymorphisms in the VD pathway are able to predict circulating vitamin D concentration. This
hypothesis further complicate the situation and have an additional impact on the occurrence of pregnancy
complications. These variants could also demonstrated their influence on RM appearance making the problem
more complicated.

In conclusion, our research indicated the possible role of VDR BsmI genetic polymorphism in RM etiology
suggesting at the same time the active role of maternal VD metabolism and its influence on pregnancy outcome.
On the other hand, the significant influence of several maternal haplotypes (TTGT, TGT, TTG, TG, TT) was
shown to prevent RM appearance. These observations merit further studies and should be repeated in groups
with a larger number of patients.

Additionally, considering the relationship between VD deficiency, dysregulation of the immunological sys-
tem and the occurrence of pregnancy complications, it seems that VD supplementation favorably affecting
the immune system could have a significant impact on the placental and fetal environment and prevent RM
occurrence.

The possible role of the VDR BsmI genetic polymorphism in the etiology of recurrent miscarriages extends
and supplements the knowledge of intrauterine programming processes, which are long-term adaptive changes
taking place in the developing fetus and which are a response to the unfavorable conditions of the intrauterine
environment®'. The long-term effect of unfavorable factors is most pronounced in certain periods of embryo and
fetal development (critical windows) and may have a detrimental effect and cause the development of diseases
in early postnatal period, including cardiovascular diseases, nervous and endocrine systems, metabolic diseases,
including osteoporosis®>** and may also contribute to miscarriages. In addition, the effects of programming can
be passed on to the next generations through not yet fully understood pathophysiological pathways®*. Hence,
the multifaceted links of our results may provide some solutions for the health care of pregnant women at risk of
miscarriage in terms of long-term physiological consequences for the fetus and also in adult offspring. Therefore,
the obtained results may be important for prenatal care in the context of the entire health and life of a woman
and in the aspect of preventive medicine. Our work can help develop guidelines for future practice.

Methods

Study population. A total of 230 women were recruited to the study: 110 women (mean age
32.86£4.76 years) who experienced 3 or more unexplained RM before the 24th gestational week and 120 healthy
women (mean age 33.33 £4.14 years). The analysis was performed as a case—control study. In the RM group we
confirmed three or more consecutive pregnancy losses of idiopathic etiology, with the same partner and with no
classical risk factors. From each patient in the case group the precise obstetric history was collected comprising
the number of pregnancy losses, gestational weeks at the moment of pregnancy ending, and conducted labora-
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Genomic positions refer to VDR reference
s no Location (Chr. Location) | sequence NG_008731.1 Base change (Traditional Name Variant) | MAF p for HWE in case/control
152228570 Exon 2 (chr12:47879112) 2.30920T>C C>T T (0.480) | 0.446/0.250
rs1544410 Intron 8 (chr12:47846052) | g.63980G>A G>A A (0.409) | 0.754/0.202
157975232 Intron 8 (chr12:47845054) | g.64978G>T G>T T (0.498) | 0.445/0.455
rs731236 Exon 9 (chr12:47844974) 2.65058T>C T>C C(0.378) | 0.268/0.506

Table 5. Primary information for study of the VDR polymorphisms. Chr. Location according to the human
reference sequence (GRCh38.p12), MAF minor allele frequency, HWE Hardy-Weinberg equilibrium. HWE
p-value chi-square test.

tory and clinical analysis elucidating the cause of each miscarriage. The women were recruited to the case group
according to ESHRE criteria®.

The healthy subjects (mean age 33.33 +4.14 years) underwent a structured interview to obtain the data about
clinical and family history, as well as the number of pregnancies. These patients formed the control group con-
sisting of age-matched women with a regular menstrual cycle, normal karyotype 46 XX, at least two successful
pregnancies, and no history of infertility or pregnancy loss.

The exclusion criteria for both cases and controls were as follows: age > 40 years at first miscarriage, twin
pregnancy, chromosomal numerical and structural abnormalities in both parents (karyotyping was performed
using standard protocols), uterine and cervical anatomical abnormalities (using several imaging methods),
thrombophilia (excluding protein C, protein C antithrombin, factor V (R506Q)/prothrombin G20210A polymor-
phism), cigarette smoking or alcohol consumption, endocrinological (excluding luteal failure, diabetes mellitus,
hyperprolactinemia and thyroid disease), autoimmunological (excluding antiphospholipid antibodies, such lupus
anticoagulant, anti-cardiolipin antibodies, B2-glicoprotein I, antinuclear antibodies), incompatibility in Rh blood
groups, infectious diseases (toxoplasmosis, rubella, HIV, HCMV, HBV, HCV) and chronic genitourinary infec-
tion (positive culture for GBS, chlamydia, mycoplasma as well as the presence of bacterial vaginosis). Patients
with a history of preeclampsia, preterm birth, or placental abruption were also excluded from the study. All
women from both case and control groups formed a homogeneous Caucasians population with Polish ethnicity.

The study was conducted in the Division of Perinatology and Women’s Diseases of Poznan University of
Medical Sciences in Poznan. The research was approved by the Bioethics Committee of Poznan University of
Medical Sciences, Poland (210/16, 456/20), and all patients gave written informed consent to participate before
enrolling in the study.

VDR genotyping. The peripheral blood was collected in EDTA tubes, from which genomic DNA samples
were isolated according to the manufacturers guidelines using the QIAamp Blood Kit (Qiagen, Germany), and
later stored at minus 20 °C. DNA was quantified by measuring the absorbance at 260 nm using a NanoDrop
spectrophotometer (Thermo Scientific, USA). Basic information about the tested variants and their descrip-
tion in accordance with the guidelines of the Human Genome Variation Society (HGVS) (http://www.hgvs.org/
content/guidelines)*® are presented in Table 5. Genotyping was performed in the Molecular Biology Laboratory
of Poznan Medical Science University using the PCR/RFLP method. DNA samples were genotyped for VDR
polymorphisms: FokI (rs2228570), BsmI (rs1544410), Apal (rs7975232) and Tagl (rs731236) according to the
previously published protocols®->. The amplification was performed in a volume of 25 uL, containing 0.2 pg
genomic DNA, 1X PCR buffer, 2.5 mM MgCl,, 0.2 mM of each ANTP, 0.1 uM of each primer (TIB Molbiol Inc.,
Germany), and 0.5 U DreamTaq Green DNA polymerase (Thermo Scientific, Waltham, CA, USA) using a Bio-
Rad thermal cycler (California, United States). The cycling profile consisted of initial denaturation at 95 °C for
5 min, 30 cycles consisting of denaturation at 95 °C for 30 s; 30 s annealing temperature (varied according to
polymorphism), and extension was at 72 °C for 30 s. The PCR product was hydrolyzed at 37 °C with 1 uL FokI
restriction enzyme (Eurx, Poland). The following genotypes were obtained: CC 267 bp; CT 267, 197, 70 bp and
TT 197, 70 bp. For the detection of the rs1544410 variant, the 821 bp PCR product was hydrolyzed at 37 °C with
1 pL of the restriction enzyme Mval2691 (Bsml) (Thermo Scientific, USA) obtaining the following genotypes:
GG 646, 175 bp; GA 821, 646 175 bp; AA 821 bp. The PCR products for the rs7975232 and rs731236 variants
(length 745 bp) were hydrolyzed with 1 mL of the restriction enzyme Apal at 25 °C (Eurx, Poland), resulting in
the following genotypes: TT 745 bp; TG 745, 528, 217 bp and GG 528 bp, 217 bp. The same length PCR product
was hydrolyzed at 65 °C with 1 mL of the restriction enzyme Taql (Eurx, Poland) to give the following fragments:
TT 494, 251 bp, TC 494, 293, 251, 201 bp and CC 293, 251, 201 bp. Digested fragments were separated by elec-
trophoresis on 2.5% agarose gel with Midori Green Advanced DNA Stain (Nippon Genetics, Europe GmbH).
Genotyping methods was summarized in Supplementary Table S1.

Statistical analysis. Statistical analyses were performed with R version 3.6.0 version®. Continuous data
were reported as mean + standard deviation and compared using Student’s t test. Each SNP was tested for devia-
tion from Hardy-Weinberg equilibrium (HWE) in both patients and controls using the chi-square test. Two-
tailed p values less than 0.05 were accepted to be statistically significant.

Genotype frequencies in the study groups were evaluated by SNPassoc®'. The differences in genotype frequen-
cies between cases and controls were analyzed using codominant, recessive and dominant inheritance models.
Bonferroni correction was applied to account for multiple comparisons, and p-values <0.01 (0.05/4 SNPs) were
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interpreted as statistically significant. GAS (Genetic Association Study Power Calculator) was used to perform
power calculations®?. After considering sample size (cases and controls), disease allele frequency, genotype relative
risk, and significance level, the overall study power (average of four tested variants) was calculated at 58.95%.

The haplotype-based association analysis was performed using Haploview version 4.2 software®. Linkage
disequilibrium (LD) parameters R and D’ and haplotype frequencies were calculated. Distribution of haplotypes
was compared in case and control groups with the chi-squared test. Significant p values were corrected using
the 10,000-fold permutation test.

All methods were carried out in accordance with relevant guidelines and regulations.
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