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Vitamin D deficiency is very common in women of reproductive age. Studies in animals suggests a link between vitamin D and reproductive hormone biosynthesis. A systematic analysis of the correlation of reproductive hormones in reproductive-aged women with both total and free vitamin D was, however, not done so far. This cross-sectional study was performed in 351 healthy reproductive age Caucasian women (median age, 28.0 years; interquartile ranges, 24.7-31.0 years). We measured serum levels of both total and free 25(OH)D, endocrinological, hematological and biochemical parameters. Spearman’s rank correlations were performed to assess the correlation between 25(OH)D metabolites and selected parameters. Total vitamin D and free vitamin D measurements correlated well (rho=0.912, p < 0.0001). Both total 25(OH)D and free 25(OH)D showed significant negative correlation with FAI (rho=-0.229, p<0.0001 and rho=-0.195, p<0.0001 for total and free 25(OH)D, respectively); LH (rho=-0.177, p=0.001 and rho=-0.114, p=0.04 for total and free 25(OH)D, respectively), testosterone (rho=-0.174, p=0.001 and rho=-0.190, p<0.0001 for total and free 25(OH)D, respectively) and AMH (rho=-0.130, p=0.015 and rho=-0.107, p=0.047 for total and free 25(OH)D, respectively). Our study showed comparable correlations of both total and free 25(OH)D with endocrinological parameters, i.e. inverse correlations with free androgen index, luteinizing hormone, testosterone, LH/FSH ratio, androstenedione and anti-Müllerian hormone, and also with hematological and biochemical parameters, i.e. inverse correlations with erythrocytes, hsCRP and leukocytes count, and positive correlation with transferrin saturation, mean corpuscular hemoglobin and mean corpuscular volume in healthy reproductive age women.
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Introduction

Vitamin D deficiency is very common in women of reproductive age (1, 2). The physiological role of vitamin D in reproduction remains ambiguous. Early animal experiments found that 25(OH)D deficiency rats showed a compromised mating behavior, reduced fertility rates, decreased litter sizes and impaired neonatal growth, suggested the importance of vitamin D in reproduction (3–5). In human, low maternal vitamin D status has been associated with adverse maternal and fetal outcomes, including preeclampsia (6, 7), gestational diabetes mellitus (8, 9), small for gestational age (10) low birth weight (11).

Vitamin D appears to function through a single vitamin D receptor (VDR), which also has been identified in human female several reproductive tissues (12). Several studies reported that vitamin D deficiency affects both insulin secretion and insulin resistance. Insulin resistance is a hallmark of the polycystic ovarian syndrome, one of the most common endocrine disorders that affects reproductive age women (13–16).

As of today, measurements of total 25(OH)D are the most widely used way to assess vitamin D status in daily clinical practice. Serum 25(OH)D consists of three main metabolites, about 85 to 90% are bound to its specific carrier-vitamin D bound protein (DBP), about 10 to 15% are bound to serum albumin, only less than 0.1% exists as fully free unbound form (17, 18). However, only free vitamin D is bioactive, because it can pass freely the lipophilic cell membrane and interacts with the nuclear vitamin D receptor. Total vitamin D concentrations depends DBP concentrations, which depends itself on liver function, kidney function, endocrine status and even ethnicity rather than mineral-bone metabolism (19–22). Thus, total vitamin D concentrations may not entirely reflect the vitamin D status due to its above listed confounding factors. Free 25(OH)D might be a more reliable marker of vitamin D status in the body (23). This hypothesis is supported by recent studies (18, 24).

The associations of total 25(OH)D with sex steroid hormones were inconsistently reported in either women with PCOS or healthy women (25–28). We speculate that disparities in DBP levels in previous studies may led to the inconsistent associations between vitamin D and sex hormones. To the best of our knowledge, no information is available in human on the correlations of both total 25(OH)D and directly measured free 25(OH)D with reproduction related endocrinological parameters. We thus carried out a cross sectional study to compare total 25(OH)D and directly measured free 25(OH)D in a relatively large cohort of healthy reproductive age women (n=351). We evaluated correlations of 25(OH)D metabolites with reproduction related endocrinological parameters including follicle-stimulating hormone (FSH), luteinizing hormone (LH), thyroid hormones, anti-Müller hormone (AMH), sex steroid hormones and also hematological and biochemical parameters.



Methods


Study Participants

The study was a part of the Berlin Birth Cohort (BBC) study (29–31). This study was approved by the local ethical committee of the Charité - Universitätsmedizin Berlin, Germany. The study cohort consisted of 351 healthy Caucasian women of reproductive age asking for endocrine evaluation getting pregnant in four endocrine outpatients’ facilities in Berlin, Germany. Blood was taken between day 3 and 6 of the menstrual cycle. Patients with hypertension, any sign of heart/liver/kidney diseases, diabetes type 1 or 2 or any chronic disease such as rheumatoid arthritis and obesity were not asked to participate. All patients gave their written informed consent.



Measurement of 25(OH)D Metabolites

The serum concentrations of total 25(OH)D (25-hydroxyvitamin D2 and D3) was measured by Abbott Architect i2000 (Abbott Laboratories, Wiesbaden, Germany) using Architect 25-OH Vitamin D chemiluminescent microparticle immunoassay (REF 5P02, Abbott Diagnostics, Wiesbaden, Germany), as previously described (32). Free 25(OH)D (25-hydroxyvitamin D2 and D3) was measured using a commercial kit from Future Diagnostics Solutions B.V. (Wijchen, Netherlands) distributed by DIASource Immunoassays, Louvain-la-Neuve, Belgium), according to the instructions of the manufacturer. The limit of blank (LoB) and the limit of detection (LoD) are determined based on CLSI EP17-A2, and intermediate precision and repeatability is determined based on CLSI EP05-A3 (https://www.diasource-diagnostics.com/var/ftp_diasource/IFO/KAPF1991.pdf).



Measurement of Biochemical and Endocrine Parameters

Hematological and biochemical measurements including hemoglobin, erythrocytes, leukocytes, thrombocytes, mean corpuscular hemoglobin concentration (MCHC), mean corpuscular hemoglobin (MCH), mean corpuscular volume (MCV), hematocrit, red cell distribution width (RDW), high-sensitivity C-reactive protein (hsCRP), liver function, aspartate transaminase (AST), alanine transaminase (ALT), gamma-glutamyl transferase (GGT), thrombophilia parameters (APC-resistance, Antithrombin, Protein C, Protein S), anemia related parameters (Vitamin B12, Holotranscobalamin, Fe, Ferritin, Folic acid, Transferrin, Transferrin saturation).

Sex hormones and their metabolites including LH, FSH, estradiol (E2), estrone (E1), estrone sulfate (E1S), Progesterone (P4), 17-hydroxyprogesterone (17α-OHP), prolactin (PRL), testosterone (T), dihydrotestosterone (DHT), androstenedione (A4), dehydroepiandrosterone sulfate (DHEAS), AMH, androstenediol (Adiol), sex hormone-binding globulin (SHBG). The free androgen index (FAI) was calculated as (total testosterone × 100)/SHBG. Thyroid function parameters including free- triiodothyronine (fT3), thyroxin (T4), thyroid stimulating hormone (TSH) and thyroid peroxidase (TPO). Additional metabolites of steroid hormones - cortisol was also measured in this study.

Routine hematological, coagulation and clinical chemistry parameters were analyses on the following laboratory systems: Beckman Coulter UniCel® DxH 800 analyzer (Beckman Coulter, Brea, CA, USA); Sysmex CS-5100 System (Siemens, Germany); Beckman Coulter UniCel® DxC 800 Synchron Clinical Systems (Beckman Coulter, Brea, CA, USA); Abbott Architect i2000sr analyzer (Abbott Diagnostics, Wiesbaden, Germany) and Abbott Architect c4000 analyzer (Abbott Diagnostics, Wiesbaden, Germany) using to the manufacturers’ instructions. For the analyzed endocrine parameters details are provided in Supplementary Table 1.

All biochemical and endocrine parameters measurements were analyzed in a certified clinical laboratory, IFLb – Institute für Laboratoriumsmedizin Berlin (https://www.iflb.de/das-labor/), which has committed to quality management in accordance with the requirements of the DIN EN 15189 standard, verified by regular system and process reviews and monitoring by the German Accreditation Service (DAkkS) (accreditation number D-ML-13224-01). All measurements are subject to daily quality controls. External standards provided by an organization of the German clinical chemistry association are included in the daily measurements. All methods were performed in accordance with relevant guidelines and regulations.



Statistical Analysis

Each parameter was examined for normality using the D’Agostino test, and most parameters were found to be not normally distributed (p <0.05). Descriptive statistics are presented as medians (interquartile ranges). Spearman’s rank correlation coefficients were performed to assess the correlation between 25(OH)D metabolites and selected hematological, biochemical and endocrinological parameters. Correlations were regarded significant if p-values were lower than 0.05. All analysis was performed using SPSS version 25.0 (Chicago, IL, USA) and GraphPad Prism version 8.0 (San Diego, CA, USA).




Results


Study Participant Characteristics

The study recorded 508 reproductive age women, 157 of them were excluded because of various health problems after clinical evaluation (45 with autoimmune thyroiditis; 30 anemia; 24 leukocytosis; 42 abnormal liver function; 11 thrombopenia; four subclinical hyperthyroidisms; one unknown). In 351 health women, the median age was 28.0 years (interquartile ranges: 24.7-31.0 years). 57.3 percent of participants (n=201) had 25(OH)D levels below 20 ng/mL. The median (interquartile ranges) of total 25 (OH)D and free 25 (OH)D were 18.37 ng/mL (12.65- 23.47) and 4.55 pg/mL (3.14-6.23), respectively. Baseline parameters are presented in Table 1, and baseline parameters of whole cohort (n=508) are presented in Supplementary Table 2.


Table 1 | Main characteristics of the 351 healthy women (women without any abnormal laboratory parameter).





Associations Between Free 25(OH)D and Total 25(OH)D

The positive and strong correlation between total 25(OH)D and free 25(OH)D was statistically significant (rho=0.912, p < 0.0001, Figure 1).




Figure 1 | Scatter plots depicting bivariate associations between free 25(OH) D and total 25(OH)D. rho=0.912, p<0.0001.





Correlations Between Total 25(OH)D and Free 25(OH)D With Endocrinological Parameters

Spearman’s correlations between endocrinological parameters and 25(OH)D metabolites are presented in Table 2. Both total 25(OH)D and free 25(OH)D showed weak but still significant negative correlations with FAI (rho=-0.229, p<0.0001 and rho=-0.195, p<0.0001 for total and free 25(OH)D, respectively); LH (rho=-0.177, p=0.001 and rho=-0.114, p=0.04 for total and free 25(OH)D, respectively), testosterone (rho=-0.174, p=0.001 and rho=-0.190, p<0.0001 for total and free 25(OH)D, respectively), androstendion (rho=-0.132, p=0.014 and rho=-0.121, p=0.024 for total and free 25(OH)D, respectively) and AMH (rho=-0.130, p=0.015 and rho=-0.107, p=0.047 for total and free 25(OH)D, respectively). Total 25(OH)D showed a significant negative association with DHEAS (rho=-0.109, p=0.041), however, free 25(OH)D showed no significant correlation with DHEAS (rho=-0.085, p=0.111). Free 25(OH)D showed weak correlation with PRL (rho=-0.119, p=0.027), whereas total 25(OH)D showed no such significant correlation. Besides, total 25(OH)D levels showed a stronger positive correlation with SHBG (rho=0.195, p<0.001) compared to the free 25(OH)D levels (rho=0.156, p=0.004).


Table 2 | Bivariate correlations between total and free 25(OH)D and selected hormones sorted in ascending order according to spearman’s rank correlation coefficient (rho) for total 25(OH)D in 351 healthy women (women without any abnormal laboratory parameter).





Correlations Between Total 25(OH)D and Free 25(OH)D With Hematological and Biochemical Parameters

Regarding the associations with hematological parameters, both 25(OH)D metabolites showed weak associations with erythrocytes, leukocytes (rho=-0.228, p<0.0001 and rho=-0.154, p=0.004 for total 25(OH)D with erythrocytes and leukocytes, respectively, compared to rho=-0.227, p<0.0001 and rho=-0.168, p=0.002 for free 25(OH)D with erythrocytes and leukocytes, respectively). Both total 25(OH)D and free 25(OH)D showed significant negative correlations with hsCRP (rho=-0.167, p=0.002 and rho=-0.219, p<0.0001 for total and free 25(OH)D, respectively). Although both 25(OH)D metabolites showed positive correlation MCH and MCV, free 25(OH)D showed better correlations (rho=0.260, p< 0.0001 and rho=0.312, p< 0.0001 with MCH and MCV, respectively, compared to rho=0.232, p< 0.0001 and rho=0.267, p< 0.0001 for total 25(OH)D with MCH and MCV, respectively). Whereas, free 25(OH)D but not total 25(OH)D showed negative correlation with thrombocytes (rho=-0.134, p=0.012) and protein C (rho=-0.148, p=0.030). Both free 25(OH)D and total 25(OH)D showed significant correlations with folic acid than total 25(OH)D (rho= 0.250, p<0.0001 and rho=0.220, p<0.0001 with free and total 25(OH)D, respectively), and transferrin saturation (rho=0.193, p=0.031 and rho= 0.223, p=0.012 with free and total 25(OH)D, respectively). Free 25(OH)D but not total 25(OH)D showed significant positive correlation with Vitamin B12 (rho=0.150, p=0.005 and rho= 0.076, p= 0.159 with free and total 25(OH)D, respectively).

All these correlations remained basically similar also after inclusion of 157 women having not completely normal clinical laboratory parameters (45 with autoimmune thyroiditis; 30 with anemia; 24 with leukocytosis; 42 with unnormal liver function; 11 with thrombopenia; four women with subclinical hyperthyroidism, one with unknown reason). The results of bivariate correlations of the 508 women are given in Supplementary Tables 3 and 4.




Discussion

This cross-sectional study compared total 25(OH)D and directly measured free 25(OH)D in healthy reproductive age women. Total vitamin D and free vitamin D measurements correlated well. Both showed comparable correlations with reproduction related endocrinological, hematological parameters, liver function parameters, thrombophilia parameters and anemia related parameters (see Tables 2 and 3).


Table 3 | Bivariate correlations between total and free 25(OH)D and hematological and biochemical parameters sorted in ascending order according to according to spearman’s rank correlation coefficient (rho) for total 25(OH)D in 351 healthy women (women without any abnormal laboratory parameter).



Increasing evidences show that vitamin D may play an important role in regulating female fertility (33–36). Low vitamin D status is associated with adverse maternal and fetal outcomes (6–11), and is involved in the development of specific gynecological conditions that affecting fertility, such as endometriosis and polycystic ovarian syndrome (PCOS) (14, 37, 38). Several animal and human studies have linked vitamin D metabolism with sex steroid synthesis (25, 39). In the present study we observed that both total and free 25(OH)D were inversely correlated with FAI, LH, total testosterone, AMH, androstenedione, TSH, and positively correlated with SHBG in reproductive-age women.

It is a key finding of the current study that laboratory parameters describing androgens such as free androgen index (FAI), total testosterone and androstenedione are among the parameters with the strongest negative correlation between either free or total vitamin D in reproductive-age Caucasian women. Testosterone has been extensively studied in male, and considerable evidence supports the influence of vitamin D on semen quality through the regulation of calcium metabolism and testosterone production (39). However, few studies have focused on the effects of vitamin D on testosterone in women. Our results showed that both total and free 25(OH)D were negatively correlated with testosterone. Our data are in agreement with another study showing a negative correlation between total 25 (OH)D and free T as well as total T in the follicular fluid of healthy women (40) and with a meta-analysis of studies in women with PCOS (41) showing likewise an inverse relationship of testosterone to total vitamin D. There is, however, a small study in healthy women showing a positive correlation between androgens and total vitamin D (25). Given the size of this study – eight times smaller than our study and the other studies in PCOS women and the study analyzing ovarian fluid, see above, it is more likely that this small study was simply underpowered.

From a biochemical aspect, both androgens and vitamin D belong to the steroid family. As mentioned above, we report a negative correlation between laboratory parameters describing androgens and vitamin D. A potential explanation of such a correlation could be derived from the ability of vitamin D to act as a regulator of a number of enzymes involved in the regulation of the production of adrenal steroid hormones including adrenal androgens as well as ovarian sex hormones (42). Sex hormones are produced in the gonads either by in situ synthesis from cholesterol or by enzyme catalyzed conversion of androstenedione or DHEA which are excreted to the circulation from the adrenal gland. Androgens (e.g. testosterone) are produced via reactions catalyzed by 17β-hydroxysteroid dehydrogenase (17β-HSD). The expression of this enzyme was reported to be regulated by 1α,25-dihydroxyvitamin D3 in human prostate cell lines and keratinocytes (43, 44). Moreover, 1α,25-dihydroxyvitamin D3 was reported to exert tissue-specific effects on androgen metabolism where it led to increased androgen production in breast cancer cells, however, dihydrotestosterone production was decreased in adrenocortical cells treated with 1α,25-dihydroxyvitamin D3 (45).

Our observational clinical data might suggest that treatment with vitamin D might be a way to improve the endocrine status in women with hyperandrogenism. However, two meta-analyses have reported controversial findings with respect to the effect of vitamin D supplementation on androgens in women with PCOS (46, 47). This could be due to two circumstances. First, the vitamin D status in these studies was determined using total vitamin D. Second, the optimal doses to improve the androgen status in humans are still unknown. Proper dose finding studies would be needed. However, this was not done. Vitamin D concentrations for an optimal androgen status, fertility rate and embryo development in humans are currently unknown. PCOS - beside high androgens - is also characterized by elevated LH and AMH (48, 49). Both are also inversely correlated to free and total vitamin D. This again underlines the possible importance of vitamin D to optimize the endocrine situation in women with PCOS. As mentioned above, this would require adequately designed dose-finding studies.

The present study also indicated an association between 25(OH)D and anemia related parameters, which is in line with some previous studies (50–54). And we also found that both vitamin D metabolites are negatively correlated with hsCRP, which draw attention to the hypothesis that low 25(OH)D maybe involved in the chronic inflammation. Low grade inflammation is an unfavorable factor when aiming to become pregnant and also harmful for the developing fetus (55–57).

The strength of correlation of free and total 25(OH)D and endocrinological, hematological and biochemical parameters was similar in healthy reproductive age women. Thus, both ways of analyzing the vitamin D status in healthy reproductive age women with regard to the evaluation of endocrine fertility parameters are suitable tools. The effect of estrogens on vitamin D binding protein and hence the relationship of free and total 25(OH)D is obviously negligible in a study population of healthy women with the same genetic background. This might be different in populations with mixed ethnic background and underlying diseases with known effects on serum vitamin D binding protein concentrations such as kidney diseases or liver diseases (5, 17). Kidney diseases and major liver diseases are usually rare in young women, thus the use of both ways of analysing the vitamin D status in this particular population is justified. If these young women get pregnant, the situation changes, then, the rising levels of female steroids hormones do substantially induce hepatic synthesis of vitamin D binding protein (58) and hence free 25(OH)D is much better correlated with markers of bone metabolism (calcium, BSAP), lipid metabolism (adiponectin, LDL cholesterol, LDL/HDL ratio) and kidney function (urea) than total 25(OH)D (32).

A strength of our study represents its large sample size of Caucasian women. Furthermore, we measured both total and free 25(OH)D. We acknowledge that a cross-sectional study design limits drawing conclusion on causality, and the lack of clinical data such as previous obstetric/gynecological history, body mass index and blood pressure represents a study limitation.

In conclusion, this is the first study to compare total 25(OH)D and directly measured free 25(OH)D in a relatively large cohort of healthy reproductive age women. Total and free vitamin D showed similar correlations with reproduction related endocrinological parameters, hematological parameters, liver function parameters, thrombophilia parameters and anemia related parameters in healthy reproductive age women. In particular androgens but also LH and AMH are inversely correlated with both free and total 25(OH)D.

In conclusion, this is the first study to compare total 25(OH)D and directly measured free 25(OH)D in a relatively large cohort of healthy reproductive age women. Total and free vitamin D showed similar correlations with endocrinological parameters, i.e. inverse correlations with free androgen index, luteinizing hormone, testosterone, LH/FSH ratio, androstenedione and anti-Müllerian hormone, and also with hematological and biochemical parameters, i.e. inverse correlations with erythrocytes, hsCRP and leukocytes count, and positive correlation with transferrin saturation, mean corpuscular hemoglobin and mean corpuscular volume in healthy reproductive age women.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author Contributions 

BH designed the study. CC, OT, XC, and SE collected the data. BH and CC did statistics. CC, BH, and BK wrote the manuscript. All authors contributed to the article and approved the submitted version.



Acknowledgments

CC and XC are supported by China Scholarship Council.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2021.666687/full#supplementary-material



References

1. Holick, MF, Binkley, NC, Bischoff-Ferrari, HA, Gordon, CM, Hanley, DA, Heaney, RP, et al. Evaluation, treatment, and prevention of vitamin D deficiency: an Endocrine Society clinical practice guideline. J Clin Endocrinol Metab (2011) 96:1911–30. doi: 10.1210/jc.2011-0385

2. Tangpricha, V, Pearce, EN, Chen, TC, and Holick, MF. Vitamin D insufficiency among free-living healthy young adults. Am J Med (2002) 112:659–62. doi: 10.1016/S0002-9343(02)01091-4

3. Kwiecinksi, GG, Petrie, GI, and DeLuca, HF. 1,25-Dihydroxyvitamin D3 restores fertility of vitamin D-deficient female rats. Am J Physiol (1989) 256:E483–7. doi: 10.1152/ajpendo.1989.256.4.E483

4. Halloran, BP, and DeLuca, HF. Effect of vitamin D deficiency on fertility and reproductive capacity in the female rat. J Nutr (1980) 110:1573–80. doi: 10.1093/jn/110.8.1573

5. von Websky, K, Hasan, AA, Reichetzeder, C, Tsuprykov, O, Tsuprykov, O, and Hocher, B. Impact of vitamin D on pregnancy-related disorders and on offspring outcome. J Steroid Biochem Mol Biol (2018) 180:51–64. doi: 10.1016/j.jsbmb.2017.11.008

6. Bodnar, LM, Catov, JM, Simhan, HN, Holick, MF, Powers, RW, and Roberts, JM. Maternal vitamin D deficiency increases the risk of preeclampsia. J Clin Endocrinol Metab (2007) 92:3517–22. doi: 10.1210/jc.2007-0718

7. Baker, AM, Haeri, S, Camargo, CA Jr., Espinola, JA, and Stuebe, AM. A nested case-control study of midgestation vitamin D deficiency and risk of severe preeclampsia. J Clin Endocrinol Metab (2010) 95:5105–9. doi: 10.1210/jc.2010-0996

8. Poel, YH, Hummel, P, Lips, P, Stam, F, van der Ploeg, T, and Simsek, S. Vitamin D and gestational diabetes: a systematic review and meta-analysis. Eur J Intern Med (2012) 23:465–9. doi: 10.1016/j.ejim.2012.01.007

9. Aghajafari, F, Nagulesapillai, T, Ronksley, PE, Tough, SC, O’Beirne, M, and Rabi, DM. Association between maternal serum 25-hydroxyvitamin D level and pregnancy and neonatal outcomes: systematic review and meta-analysis of observational studies. BMJ (2013) 346:f1169. doi: 10.1136/bmj.f1169

10. Gernand, AD, Simhan, HN, Klebanoff, MA, and Bodnar, LM. Maternal serum 25-hydroxyvitamin D and measures of newborn and placental weight in a U.S. multicenter cohort study. J Clin Endocrinol Metab (2013) 98:398–404. doi: 10.1210/jc.2012-3275

11. Gernand, AD, Bodnar, LM, Klebanoff, MA, Parks, WT, and Simhan, HN. Maternal serum 25-hydroxyvitamin D and placental vascular pathology in a multicenter US cohort. Am J Clin Nutr (2013) 98:383–8. doi: 10.3945/ajcn.112.055426

12. Ciepiela, P, Duleba, AJ, Kowaleczko, E, Chelstowski, K, and Kurzawa, R. Vitamin D as a follicular marker of human oocyte quality and a serum marker of in vitro fertilization outcome. J Assist Reprod Genet (2018) 35:1265–76. doi: 10.1007/s10815-018-1179-4

13. Thomson, RL, Spedding, S, and Buckley, JD. Vitamin D in the aetiology and management of polycystic ovary syndrome. Clin Endocrinol (Oxf) (2012) 77:343–50. doi: 10.1111/j.1365-2265.2012.04434.x

14. Li, HW, Brereton, RE, Anderson, RA, Wallace, AM, and Ho, CK. Vitamin D deficiency is common and associated with metabolic risk factors in patients with polycystic ovary syndrome. Metabolism (2011) 60:1475–81. doi: 10.1016/j.metabol.2011.03.002

15. Mazloomi, S, Sharifi, F, Hajihosseini, R, Kalantari, S, and Mazloomzadeh, S. Association between Hypoadiponectinemia and Low Serum Concentrations of Calcium and Vitamin D in Women with Polycystic Ovary Syndrome. ISRN Endocrinol (2012) 2012:949427. doi: 10.5402/2012/949427

16. Wehr, E, Trummer, O, Giuliani, A, Gruber, HJ, Pieber, TR, and Obermayer-Pietsch, B. Vitamin D-associated polymorphisms are related to insulin resistance and vitamin D deficiency in polycystic ovary syndrome. Eur J Endocrinol (2011) 164:741–9. doi: 10.1530/EJE-11-0134

17. Tsuprykov, O, Chen, X, Hocher, CF, Skoblo, R, Lianghong, Y, and Hocher, B. Why should we measure free 25(OH) vitamin D? J Steroid Biochem Mol Biol (2018) 180:87–104. doi: 10.1016/j.jsbmb.2017.11.014

18. Bikle, D, Bouillon, R, Thadhani, R, and Schoenmakers, I. Vitamin D metabolites in captivity? Should we measure free or total 25(OH)D to assess vitamin D status? J Steroid Biochem Mol Biol (2017) 173:105–16. doi: 10.1016/j.jsbmb.2017.01.007

19. Bikle, DD, Gee, E, Halloran, B, Kowalski, MA, Ryzen, E, and Haddad, JG. Assessment of the free fraction of 25-hydroxyvitamin D in serum and its regulation by albumin and the vitamin D-binding protein. J Clin Endocrinol Metab (1986) 63:954–9. doi: 10.1210/jcem-63-4-954

20. Hannan, MT, Litman, HJ, Araujo, AB, McLennan, CE, McLean, RR, McKinlay, JB, et al. Serum 25-hydroxyvitamin D and bone mineral density in a racially and ethnically diverse group of men. J Clin Endocrinol Metab (2008) 93:40–6. doi: 10.1210/jc.2007-1217

21. Chaykovska, L, Heunisch, F, von Einem, G, Alter, ML, Hocher, CF, Tsuprykov, O, et al. Urinary Vitamin D Binding Protein and KIM-1 Are Potent New Biomarkers of Major Adverse Renal Events in Patients Undergoing Coronary Angiography. PloS One (2016) 11:e0145723. doi: 10.1371/journal.pone.0145723

22. Powe, CE, Evans, MK, Wenger, J, Zonderman, AB, Berg, AH, Nalls, M, et al. Vitamin D-binding protein and vitamin D status of black Americans and white Americans. N Engl J Med (2013) 369:1991–2000. doi: 10.1056/NEJMoa1306357

23. Mendel, CM. The free hormone hypothesis: a physiologically based mathematical model. Endocr Rev (1989) 10:232–74. doi: 10.1210/edrv-10-3-232

24. Johnsen, MS, Grimnes, G, Figenschau, Y, Torjesen, PA, Almas, B, and Jorde, R. Serum free and bio-available 25-hydroxyvitamin D correlate better with bone density than serum total 25-hydroxyvitamin D. Scand J Clin Lab Invest (2014) 74:177–83. doi: 10.3109/00365513.2013.869701

25. Chang, EM, Kim, YS, Won, HJ, Yoon, TK, and Lee, WS. Association between sex steroids, ovarian reserve, and vitamin D levels in healthy nonobese women. J Clin Endocrinol Metab (2014) 99:2526–32. doi: 10.1210/jc.2013-3873

26. Maidana, P, Fritzler, A, Mocarbel, Y, Perez Lana, MB, Gonzalez, D, Rosales, M, et al. Association Between Vitamin D and Adrenal Parameters with Metabolic and Inflammatory Markers in Polycystic Ovary Syndrome. Sci Rep (2019) 9:3968. doi: 10.1038/s41598-019-40653-z

27. Mesinovic, J, Teede, HJ, Shorakae, S, Lambert, GW, Lambert, EA, Naderpoor, N, et al. The Relationship between Vitamin D Metabolites and Androgens in Women with Polycystic Ovary Syndrome. Nutrients (2020) 12(5):1219. doi: 10.3390/nu12051219

28. Yildizhan, R, Kurdoglu, M, Adali, E, Kolusari, A, Yildizhan, B, Sahin, HG, et al. Serum 25-hydroxyvitamin D concentrations in obese and non-obese women with polycystic ovary syndrome. Arch Gynecol Obstet (2009) 280:559–63. doi: 10.1007/s00404-009-0958-7

29. Dwi Putra, SE, Reichetzeder, C, Hasan, AA, Slowinski, T, Chu, C, Kramer, BK, et al. Being Born Large for Gestational Age is Associated with Increased Global Placental DNA Methylation. Sci Rep (2020) 10:927. doi: 10.1038/s41598-020-57725-0

30. Yong-Ping, L, Reichetzeder, C, Prehn, C, Yin, LH, Chu, C, Elitok, S, et al. Impact of maternal smoking associated lyso-phosphatidylcholine 20:3 on offspring brain development. J Steroid Biochem Mol Biol (2020) 199:105591. doi: 10.1016/j.jsbmb.2020.105591

31. Warrington, NM, Beaumont, RN, Horikoshi, M, Day, FR, Helgeland, O, Laurin, C, et al. Maternal and fetal genetic effects on birth weight and their relevance to cardio-metabolic risk factors. Nat Genet (2019) 51:804–14. doi: 10.1038/s41588-019-0403-1

32. Tsuprykov, O, Buse, C, Skoblo, R, and Hocher, B. Comparison of free and total 25-hydroxyvitamin D in normal human pregnancy. J Steroid Biochem Mol Biol (2019) 190:29–36. doi: 10.1016/j.jsbmb.2019.03.008

33. Anagnostis, P, Karras, S, and Goulis, DG. Vitamin D in human reproduction: a narrative review. Int J Clin Pract (2013) 67:225–35. doi: 10.1111/ijcp.12031

34. Chu, J, Gallos, I, Tobias, A, Tan, B, Eapen, A, and Coomarasamy, A. Vitamin D and assisted reproductive treatment outcome: a systematic review and meta-analysis. Hum Reprod (2018) 33:65–80. doi: 10.1093/humrep/dex326

35. Dabrowski, FA, Grzechocinska, B, and Wielgos, M. The role of vitamin D in reproductive health–a Trojan Horse or the Golden Fleece? Nutrients (2015) 7:4139–53. doi: 10.3390/nu7064139

36. Grundmann, M, and von Versen-Hoynck, F. Vitamin D - roles in women’s reproductive health? Reprod Biol Endocrinol (2011) 9:146. doi: 10.1186/1477-7827-9-146

37. Ciavattini, A, Serri, M, Delli Carpini, G, Morini, S, and Clemente, N. Ovarian endometriosis and vitamin D serum levels. Gynecol Endocrinol (2017) 33:164–7. doi: 10.1080/09513590.2016.1239254

38. Lerchbaum, E, and Obermayer-Pietsch, B. Vitamin D and fertility: a systematic review. Eur J Endocrinol (2012) 166:765–78. doi: 10.1530/EJE-11-0984

39. Blomberg Jensen, M. Vitamin D metabolism, sex hormones, and male reproductive function. Reproduction (2012) 144:135–52. doi: 10.1530/REP-12-0064

40. Masjedi, F, Keshtgar, S, Agah, F, and Karbalaei, N. Association Between Sex Steroids and Oxidative Status with Vitamin D Levels in Follicular Fluid of Non-obese PCOS and Healthy Women. J Reprod Infertil (2019) 20:132–42.

41. He, C, Lin, Z, Robb, SW, and Ezeamama, AE. Serum Vitamin D Levels and Polycystic Ovary syndrome: A Systematic Review and Meta-Analysis. Nutrients (2015) 7:4555–77. doi: 10.3390/nu7064555

42. Lundqvist, J. Vitamin D as a regulator of steroidogenic enzymes. F1000Research (2014) 3:155. doi: 10.12688/f1000research.4714.1

43. Wang, JH, and Tuohimaa, P. Regulation of 17beta-hydroxysteroid dehydrogenase type 2, type 4 and type 5 by calcitriol, LXR agonist and 5alpha-dihydrotestosterone in human prostate cancer cells. J Steroid Biochem Mol Biol (2007) 107:100–5. doi: 10.1016/j.jsbmb.2007.02.009

44. Hughes, SV, Robinson, E, Bland, R, Lewis, HM, Stewart, PM, and Hewison, M. 1,25-dihydroxyvitamin D3 regulates estrogen metabolism in cultured keratinocytes. Endocrinology (1997) 138:3711–8. doi: 10.1210/endo.138.9.5406

45. Lundqvist, J, Norlin, M, and Wikvall, K. 1alpha,25-Dihydroxyvitamin D3 exerts tissue-specific effects on estrogen and androgen metabolism. Biochim Biophys Acta (2011) 1811:263–70. doi: 10.1016/j.bbalip.2011.01.004

46. Azadi-Yazdi, M, Nadjarzadeh, A, Khosravi-Boroujeni, H, and Salehi-Abargouei, A. The Effect of Vitamin D Supplementation on the Androgenic Profile in Patients with Polycystic Ovary Syndrome: A Systematic Review and Meta-Analysis of Clinical Trials. Horm Metab Res (2017) 49:174–9. doi: 10.1055/s-0043-103573

47. Xue, Y, Xu, P, Xue, K, Duan, X, Cao, J, Luan, T, et al. Effect of vitamin D on biochemical parameters in polycystic ovary syndrome women: a meta-analysis. Arch Gynecol Obstet (2017) 295:487–96. doi: 10.1007/s00404-016-4247-y

48. Sova, H, Unkila-Kallio, L, Tiitinen, A, Hippelainen, M, Perheentupa, A, Tinkanen, H, et al. Hormone profiling, including anti-Mullerian hormone (AMH), for the diagnosis of polycystic ovary syndrome (PCOS) and characterization of PCOS phenotypes. Gynecol Endocrinol (2019) 35:595–600. doi: 10.1080/09513590.2018.1559807

49. Silfen, ME, Denburg, MR, Manibo, AM, Lobo, RA, Jaffe, R, Ferin, M, et al. Early endocrine, metabolic, and sonographic characteristics of polycystic ovary syndrome (PCOS): comparison between nonobese and obese adolescents. J Clin Endocrinol Metab (2003) 88:4682–8. doi: 10.1210/jc.2003-030617

50. Sim, JJ, Lac, PT, Liu, IL, Meguerditchian, SO, Kumar, VA, Kujubu, DA, et al. Vitamin D deficiency and anemia: a cross-sectional study. Ann Hematol (2010) 89:447–52. doi: 10.1007/s00277-009-0850-3

51. Perlstein, TS, Pande, R, Berliner, N, and Vanasse, GJ. Prevalence of 25-hydroxyvitamin D deficiency in subgroups of elderly persons with anemia: association with anemia of inflammation. Blood (2011) 117:2800–6. doi: 10.1182/blood-2010-09-309708

52. Patel, NM, Gutierrez, OM, Andress, DL, Coyne, DW, Levin, A, and Wolf, M. Vitamin D deficiency and anemia in early chronic kidney disease. Kidney Int (2010) 77:715–20. doi: 10.1038/ki.2009.551

53. Coutard, A, Garlantezec, R, Estivin, S, Andro, M, and Gentric, A. Association of vitamin D deficiency and anemia in a hospitalized geriatric population: denutrition as a confounding factor. Ann Hematol (2013) 92:615–9. doi: 10.1007/s00277-012-1633-9

54. Shin, JY, and Shim, JY. Low vitamin D levels increase anemia risk in Korean women. Clin Chim Acta (2013) 421:177–80. doi: 10.1016/j.cca.2013.02.025

55. Belo, L, Santos-Silva, A, Rocha, S, Caslake, M, Cooney, J, Pereira-Leite, L, et al. Fluctuations in C-reactive protein concentration and neutrophil activation during normal human pregnancy. Eur J Obstet Gynecol Reprod Biol (2005) 123:46–51. doi: 10.1016/j.ejogrb.2005.02.022

56. Fink, NR, Chawes, B, Bonnelykke, K, Thorsen, J, Stokholm, J, Rasmussen, MA, et al. Levels of Systemic Low-grade Inflammation in Pregnant Mothers and Their Offspring are Correlated. Sci Rep (2019) 9:3043. doi: 10.1038/s41598-019-39620-5

57. Renz, H, von Mutius, E, Brandtzaeg, P, Cookson, WO, Autenrieth, IB, and Haller, D. Gene-environment interactions in chronic inflammatory disease. Nat Immunol (2011) 12:273–7. doi: 10.1038/ni0411-273

58. Nielson, CM, and Chun, RF. Chapter 51 - Free Vitamin D: Concepts, Assays, Outcomes, and Prospects. In: Vitamin D (Fourth Edition). Biochemistry, Physiology and Diagnostics (2018) Volume 1, Pages 925–37. doi: 10.1016/B978-0-12-809965-0.00051-3



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Chu, Tsuprykov, Chen, Elitok, Krämer and Hocher. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Relationship Between Vitamin D and Hormones Important for Human Fertility in Reproductive-Aged Women

      

        		

          Introduction

        



        		

          Methods

        

          		

            Study Participants

          



          		

            Measurement of 25(OH)D Metabolites

          



          		

            Measurement of Biochemical and Endocrine Parameters

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Study Participant Characteristics

          



          		

            Associations Between Free 25(OH)D and Total 25(OH)D

          



          		

            Correlations Between Total 25(OH)D and Free 25(OH)D With Endocrinological Parameters

          



          		

            Correlations Between Total 25(OH)D and Free 25(OH)D With Hematological and Biochemical Parameters

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions 

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Parameter, units Total25  Free25  Spearman's rho color

(OHD,  (OHID, gradient
ng/ml  pg/ml
P
LH, miEsmi
Testosterone, ng/mi -0.0551h02-0.10, p<0.05
LHFSH ratio 0.05, p<0.05

Androstenedione, ng/mi
AMH, ng/mi

DHEAS, ng/mi
PRL, ng/mi

TSH, mUL

17- 0089 0083
Hydroxyprogesterone.

g/l

T4, ng/di 0086 0047
FSH, mE/m 0075 0008
Progesterone, ng/mi 0070 0069
DHT, pg/mi 0088 0048
Acso), ng/mi 0048 0048
Free T3, pg/mi 0024 0083
Estraciol, py/ml 0021 0021
Estrone, pg/mL. 0037 0167
Cortsol, g/l

SHBG, nmolt

£1S, ngimL 0302 0404

“Comelation s signifcant a the .01 v “comataton s sinificantat the 0.05 kel FA
Free androgen index; LK, Luteinizng homone; AMH, Ant-Materan homone; TSH,
Thyroid-stimulating hormone; DHEA-S, Dehycoepandrosterone sulate; PRL, Prolactin
FSH, Follck-stimuating homons; DHT, Dindrotestosterone; SHBG, Sex homone-
binding globulin: E1S, Estrone sulfate.





OEBPS/Images/fendo.2021.666687_cover.jpg
, frontlers
n Endocrinology

Relationship Between Vitamin D and
Hormones Important for Human
Fertility in Reproductive-Aged
Women





OEBPS/Images/fendo-12-666687-g001.jpg
Total 25(0OH)D, ng/mi

5 10 15
Free 25(0H)D, pg/ml

20





OEBPS/Images/table3.jpg
Parameter, units  Total 25(0H) Free 25(0H) ~ Spearman's rho color
D,ng/mi D, pg/mi gradient

Erytivocytes
SCRP, mgL
Leukooytes
Protein S X 00031t 5
ROW 0.00<10<0.05 or p>0.05
GeT, Ut 0.05410<0.10, p<0.05
Transteri, mg/cl
ProteinC

ALT, UR
Anttvombin
Thrombocytes
Holotranscobalamin,
pmolt

MCHC, g/di 0012 0012
Hematokrt 0003 0010

Thyreoidale 0002 0000
Peroxidase

Hemogiobin, g/dl
AST, UN

APC- resistance
Viamin B12, pg/mi
Fertn, ng/mL
Age, years

Fo. ug/d

Folic acid, ng/m
Transferin
saturation, %
MCH, pg

MOV, i

“Corelaton s sgniican a e 0.01 ke “cordaton s sgnfcant at 106 0.05 ovel ROV,
ed bbood csll ditnbution with; hSCRP, high-sensiivty C-reactve proten; AL, lanie
vransamiase; GGT, Gamma:gutamy transierase; AST, aspartale tansaminase; MCHC,
mean corpuscuaricaluiar hemoglobin concentraion; APCresistance, resistance (0
sclhatid coiah £ MEH Misesoairony amocbbi MOV fesn comescolarvolns:





OEBPS/Images/logo.jpg
’ frontiers
in Endocrinology





OEBPS/Images/table1.jpg
Parameter, units
Age. e

Homatoogica parameters
Hamogitin .8

MOHC, 5

v, 1
amator, %

oW, %,

Lver unction parameters
STt

AT Ut

GT. ut

16, eestnoe
posrontin 5
Proen . .

proens, 5

Thyrod uncton parameters
Foa T3, oo

Corss poa

s i
Anemia olted parameters
Ut 812, gt
iootansccsaiani,pril
Fo. iyt

o, ot
Fic 056 ngmi

Tarstrin, mgd

T sirsion, %
Vitomin © statvs

Toa 250HD, ng.

oo Z5OHO, pym-

w1
wr

w1
w1
)
1
w1
31
w1
st
w1

a1
"
15
1
st
2
2

a9
w9

Median (terauarte ranges)

279821723100
038003250,

12002701370,
4506426470
58060770

2500020400:26800)

3050033103100
206028503070
820 E56091.10)
59308104070,
192012701360

1000895220,
1460(1200.1885
142001901820

108102111
10630 0725-11135)
1200100001250
870007509500,

281 2e0308
100002108
124088176

1700011002400,

4%0@597.10
435030560
400021008125
7700637510225
265213400
020010020
050040070,
1208101598
031 025041
2005007100:39400)
1700130220
281500 2089.00.3884.00)
0450359588
170020290
8008001100
3300408
seswmez

ss0@ra.ean
5360357439
712960209836
75028405570,
60020910
2890026400320
1800012002500,

1837 (2652341
4551452

1P sty et e MO, o st ot Do
concantron; HCH o apusee b9 Y, oo, opusae ckme
RO, 103 o cu csttaion wih AST, aspariat sasaminass AT, 0o
vorsaminese; GGT. Gamrgtamy anshwase, APGoitance, esisarce 1
ot potan C. TS, T s Pormones LA, Lsonzng hormore
R, Fock iy homone: PR Pocin, DHEA', Dwycoapindostoons
st SHEG, Sox bmce-0odng Gobul: FAL rn actogen e A At





