

[image: Free, bioavailable 25-hydroxyvitamin D levels and their association with diabetic ketoacidosis in children with type 1 diabetes at diagnosis]
Free, bioavailable 25-hydroxyvitamin D levels and their association with diabetic ketoacidosis in children with type 1 diabetes at diagnosis





ORIGINAL RESEARCH

published: 20 October 2022

doi: 10.3389/fendo.2022.997631

[image: image2]


Free, bioavailable 25-hydroxyvitamin D levels and their association with diabetic ketoacidosis in children with type 1 diabetes at diagnosis


Yunsoo Choe 1†, Yun Jeong Lee 1, Jae Hyun Kim 2, Kyunghoon Lee 3, Choong Ho Shin 1, Young Ah Lee 1* and Junghan Song 3*


1 Department of Pediatrics, Seoul National University Children’s Hospital, Seoul National University College of Medicine, Seoul, South Korea, 2 Department of Pediatrics, Seoul National University Bundang Hospital, Seongnam, South Korea, 3 Department of Laboratory Medicine, Seoul National University Bundang Hospital, Seongnam, South Korea




Edited by 

Xiangbing Wang, Rutgers, The State University of New Jersey, United States

Reviewed by 

Sue Shapses, Rutgers, The State University of New Jersey, United States

Lingqiong Meng, Rutgers, The State University of New Jersey, United States

Berthold Hocher, Heidelberg University, Germany

*Correspondence 

Young Ah Lee
 nina337@snu.ac.kr 
Junghan Song
 songjhcp@snu.ac.kr

†Present address: 

Yunsoo Choe, Department of Pediatrics, Hanyang University Guri Hospital, Guri, South Korea

Specialty section: 
 This article was submitted to Diabetes: Molecular Mechanisms, a section of the journal Frontiers in Endocrinology


Received: 19 July 2022

Accepted: 03 October 2022

Published: 20 October 2022

Citation:
Choe Y, Lee YJ, Kim JH, Lee K, Shin CH, Lee YA and Song J (2022) Free, bioavailable 25-hydroxyvitamin D levels and their association with diabetic ketoacidosis in children with type 1 diabetes at diagnosis. Front. Endocrinol. 13:997631. doi: 10.3389/fendo.2022.997631




Background

Considering the roles of 25-hydroxyvitamin D (25OHD) in glucose homeostasis and immune modulation, vitamin D deficiency may be related to the development of type 1 diabetes (T1DM) and diabetic ketoacidosis (DKA). We evaluated the total, free, bioavailable 25OHD levels and vitamin D binding protein (VDBP) levels and genotypes between T1DM patients and controls.



Methods

This retrospective, cross-sectional study included 84 children with T1DM (38 boys and 46 girls, 8.0 ± 3.6 years) and 1:1 age- and sex-matched healthy controls. A multiplex liquid chromatography-tandem mass spectrometry-based assay was used to simultaneously measure vitamin D metabolites.



Results

Patients with T1DM had lower levels of total 25OHD (16.3 ± 5.1 vs. 19.9 ± 6.5 ng/mL, P< 0.001) and VDBP (146.0 ± 27.8 vs. 224.9 ± 36.1 µg/mL, P = 0.001), but higher free 25OHD (8.0 ± 2.5 vs. 6.5 ± 2.3 pg/mL, P< 0.001) than controls. Patients who presented with DKA had lower levels of 25OHD in the total (15.0 ± 4.6 vs. 17.6 ± 5.2 ng/mL, P = 0.020), free (7.5 ± 2.6 vs. 8.4 ± 2.4 pg/mL, P = 0.059), and bioavailable (2.3 ± 0.9 vs. 2.8 ± 0.8 ng/mL, P = 0.014) forms than those without DKA at the T1DM diagnosis. The lower the total, free, and bioavailable 25OHD levels at diagnosis, the lower the pH and HCO3-. The proportions of the VDBP genotypes did not differ between the patients and controls.



Conclusion

Patients with T1DM had higher levels of free 25OHD than healthy children, despite lower levels of total 25OHD. However, patients with DKA exhibited lower levels of bioavailable 25OHD than those without DKA at the T1DM diagnosis. The lower the concentrations of free and bioavailable 25OHD, the more severe the acidosis at the initial T1DM presentation.
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Introduction

Sufficient vitamin D status has been emphasized since the classical and non-classical effects of vitamin D on overall health were reported (1). Vitamin D deficiency is more commonly reported in patients with type 1 diabetes mellitus (T1DM) than in healthy controls (2–5), and adequate vitamin D intake during early life has a preventive effect on the risk of developing T1DM (6). Although the underlying mechanisms are unknown, the beneficial effects of vitamin D on immune modulation (7), insulin synthesis, insulin secretion (8), and insulin sensitivity (9) are possible explanations.

Vitamin D binds to vitamin D binding protein (VDBP, 85–90%) or albumin (10–15%); only a small proportion circulates free (< 1%). According to the “free hormone hypothesis,” the free or albumin-bound form of 25-hydroxyvitamin D (25OHD) plays a pivotal role, while the VDBP-bound form serves as a reservoir (10). Although the relationship between low concentrations of total 25OHD and the severity of diabetic ketoacidosis (DKA) has been reported in patients with T1DM (11), no investigation of free or bioavailable vitamin D at the time of T1DM diagnosis in association with DKA or in comparison with healthy controls has been conducted.

Lower (12) or similar (13–15) VDBP concentrations have been reported in established T1DM patients. The VDBP concentration varies according to the VDBP genotype, of which the distribution differs by race (16). Additionally, different physiological conditions and disease status can affect the VDBP concentration (17, 18). As the total 25OHD level depends on the serum VDBP concentration, the relationship between VDBP variants, vitamin D metabolites, and disease severity at the time of the T1DM diagnosis should be investigated.

We recently simultaneously measured several 25OHD metabolites and VDBP isoforms via multiplex liquid chromatography-tandem mass spectrometry (LC-MS/MS) (19). Herein, we compared the concentrations of total, free, and bioavailable 25OHD in association with VDBP in healthy controls and children newly diagnosed with T1DM. We investigated whether vitamin D metabolites are related to the presence of DKA or disease severity at the time of T1DM diagnosis. We also compared the proportions of the VDBP genotypes between the T1DM and control groups and analyzed whether the VDBP genotypes affect the occurrence and severity of DKA.



Methods


Subjects

Children (< 18 years of age) with blood samples at the time of the T1DM diagnosis at Seoul National University Children’s Hospital were included in this study. T1DM was defined as insulin-dependence and having one or more autoimmune markers, including autoantibodies to glutamic acid decarboxylase, islet cells, insulin, or islet antigen-2 (20). Islet antigen-2 autoantibody positivity and titers have been recorded in a limited number of patients since it became measurable in 2018. Among the 298 blood samples obtained from T1DM children between April 2008 and April 2021, 87 were taken at the time of T1DM diagnosis. Finally, 84 T1DM cases were included in this study, after excluding 3 patients for a lack of biochemical information about ketoacidosis at diagnosis (Supplementary Figure 1). We used previous clinical and biochemical data from healthy control children (13, 21), and age- and sex-matched children (n = 84) were included in this study. Case–control matches were performed using the matchControls function in the e1071 package in R software (The R Foundation for Statistical Computing, Vienna, Austria), which computes pairwise dissimilarities between observations using Gower’s coefficients (22).



Physical examination

Clinical information on height, weight, and pubertal status were collected. Body mass index (BMI) was calculated as the body weight divided by the height squared. The BMI and weight-for-height percentiles were assigned based on the 2017 Korean National Growth Chart (23). For children aged > 2 years, overweight and obesity were defined as ≥ 85th and< 95th percentiles of the BMI for age and sex and ≥ 95th percentile of the BMI for age and sex, respectively. For those aged< 2 years old, overweight was defined as ≥ 95th percentile of weight-for-height for age and sex. Seasonality at the time of T1DM diagnosis was classified as spring or summer (March – August) and fall or winter (September – February).



Biochemical assessments

The blood samples were centrifuged at 1500 × g for 10 min within 6 h of collection and stored at −70°C for analysis. 25-Hydroxyvitamin D2 (25OHD2), 25-hydroxyvitamin D3 (25OHD3), 24,25-dihydroxyvitamin D3 (24,25OH2D3), and the VDBP isoforms were simultaneously quantified via multiplex LC-MS/MS. In brief, samples pretreated with hexane and trypsin were analyzed with an ACQUITY ultra-performance liquid chromatography (UPLC) system (Waters, Milford, MA, USA) using an HSS T3 column (2.1 × 50 mm, 1.8 μm) and Xevo TQ-S mass analyzer (Waters). The coefficient of variation for the three quality control materials was ± 10% and ± 20% at the lower limit of quantification. Additional details can be found elsewhere (19).

Vitamin D sufficiency was defined when total 25OHD (sum of 25OHD2 and 25OHD3) was ≥20 ng/mL, and low vitamin D (either vitamin D deficiency or insufficiency) was defined when total 25OHD was<20 ng/mL (24). Bioavailable vitamin D was defined as the sum of free vitamin D and albumin-bound vitamin D (25). Bikle’s formula (26) was used to calculate free and bioavailable vitamin D using the concentrations of serum albumin, VDBP, and total 25OHD, and the binding affinities for albumin and VDBP. Kalb and KVDBP represent the affinity constants between 25OHD and albumin (6 × 105 M-1), and between 25OHD and VDBP (7 × 108 M-1), respectively. The vitamin D metabolite ratio (VMR) was calculated as the ratio of 24,25OH2D3 to total 25OHD (27). According to the newly established reference of free 25OHD by Zeng et al. (28), free vitamin D sufficiency was defined when free 25OHD was ≥5.67 pg/mL.
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The relative concentrations of free 25OHD to total 25OHD (free to total 25OHD ratio) and the relative concentrations of bioavailable 25OHD to total 25OHD (bioavailable to total 25OHD ratio) were expressed as percentages after matching the units.
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Serum concentrations of calcium, phosphorus, albumin, and creatinine were collected. The estimated glomerular filtration rate (eGFR) was calculated using the bedside Schwartz Estimate Equation [eGFR = 0.413 × height (cm)/serum creatinine (mg/dL)] (29). Laboratory results for glycated hemoglobin (HbA1c), pH, bicarbonate (HCO3-), serum C-peptide, and the positivity status and titers of diabetes-associated autoantibodies were collected for the T1DM cases. HbA1c was measured using the National Glycohemoglobin Standardization Program certified method. DKA was defined when the pH of the venous blood was< 7.3 and ketonuria or ketonemia was confirmed when the serum glucose level was > 200 mg/dL. DKA severity was classified as severe (pH< 7.1 or HCO3-< 5 mmol/L), moderate (7.1 ≤ pH< 7.2 or 5 mmol/L ≤ HCO3-< 10 mmol/L), or mild (7.2 ≤ pH< 7.3 or 10 mmol/L ≤ HCO3-< 15 mmol/L).



Statistical analysis

All statistical analyses were performed using R version 4.0.5 software. All continuous variables are expressed as median [25th–75th percentiles] or mean ± standard deviation. The Shapiro-Wilk test was used to assess normality. Variables with a skewed distribution were natural log-transformed. Student’s t-test or the Mann-Whitney U test was used to compare continuous variables, and the chi-square test or Fisher’s exact test was used to compare categorical variables between the two groups. Comparisons among three groups were conducted with the Kruskal-Wallis test for non-parametric variables, and one-way analysis of variance (ANOVA) or Welch’s ANOVA for parametric variables with homogeneous or heterogeneous variances, respectively. Bonferroni’s method was used for the posthoc analysis. Spearman’s correlation analysis was conducted to evaluate the relationships between vitamin D metabolites and clinical and biochemical parameters. P-values< 0.05 were considered significant.




Results


Clinical and biochemical characteristics of the T1DM cases and healthy controls

The clinical and biochemical data of the T1DM cases and healthy controls are described in Table 1. Age, sex, pubertal status, the proportion of overweight or obesity, and seasonality did not differ between the two groups. Total, free, and bioavailable 25OHD levels and VDBP concentrations did not differ according to normal weight and overweight or obesity status within the T1DM cases and healthy controls, respectively. T1DM patients had significantly lower levels of albumin (3.5 ± 0.5 vs. 4.5 ± 0.4 g/dL, P< 0.001) and eGFR (82.9 ± 20.9 vs. 99.5 ± 15.0 mL/min/1.73 m2, P< 0.001) than controls. The total 25OHD levels were significantly lower (16.3 ± 5.1 vs. 19.9 ± 6.5 ng/mL, P< 0.001) with a lower proportion of vitamin D sufficiency (20.2 vs. 46.4%, P = 0.001) in children with T1DM than the controls. Children with T1DM had significantly lower concentrations of VDBP (146.0 ± 27.8 vs. 224.9 ± 36.1 µg/mL, P< 0.001) but higher levels of free 25OHD (8.0 ± 2.5 vs. 6.5 ± 2.3 pg/mL, P< 0.001) with a higher frequency of free vitamin D sufficiency (83.3 vs. 59.5%, P = 0.001) than the controls, although bioavailable 25OHD levels did not differ between the two groups. The free to total 25OHD ratio (0.050 ± 0.009 vs. 0.033 ± 0.005%) and bioavailable to total 25OHD ratio (15.5 ± 2.9 vs. 13.2 ± 1.8%) were significantly higher in the T1DM group than the controls, respectively (P< 0.001 for both). The concentration of 24,25OH2D3 was lower in T1DM patients (0.9 ± 0.5 vs. 1.1 ± 0.6 ng/mL, P = 0.006), but the VMR was similar between the two groups (Table 1).


Table 1 | Demographic characteristics and biochemical parameters between healthy control children and patients with type 1 diabetes, grouped by presence of diabetic ketoacidosis at diagnosis.





Comparisons of vitamin D metabolites according to whether children with T1DM presented with DKA at the time of diagnosis

Next, vitamin D metabolites in blood samples taken at the time of the T1DM diagnosis were compared according to whether the T1DM patients presented with DKA [DKA (+) T1DM, n = 41] or not [DKA (–) T1DM, n = 43] at diagnosis. The DKA severity at diagnosis was classified as mild (n = 24, 58.5%), moderate (n = 7, 17.1%), or severe (n = 10, 24.4%) (Table 1). Although the initial HbA1c levels did not differ between the two groups, the serum C-peptide levels were lower in the DKA (+) than in the DKA (–) group (P = 0.027). Although the number of positive autoantibodies did not differ between the two groups, the DKA (+) group had a higher proportion of insulin autoantibody positivity compared to the DKA (–) group (55.0 vs. 27.9%, P = 0.022).

Figure 1 shows a comparison of the vitamin D metabolites among the three groups [healthy controls, DKA (–) T1DM, and DKA (+) T1DM groups]. The DKA (+) group had the lowest levels of total 25OHD compared to the control (15.0 ± 4.6 vs. 19.9 ± 6.5 ng/mL, P< 0.001) and DKA (–) (15.0 ± 4.6 vs. 17.6 ± 5.2 ng/mL, P = 0.020) groups (Figure 1A). The serum concentrations of VDBP in the DKA (–) and DKA (+) groups were significantly lower than those in the control group (147.7 ± 26.7 in the DKA (–) and 144.2 ± 29.1 in the DKA (+) vs. 224.9 ± 36.1 µg/mL in the control group, P< 0.001 for both) without a difference between the DKA (+) and DKA (–) groups (Figure 1B). The free and bioavailable 25OHD levels were highest in the DKA (–) group among the three groups. The free 25OHD levels increased significantly in the DKA (–) and DKA (+) groups compared to the control group (8.4 ± 2.4 in DKA (–) and 7.5 ± 2.6 in DKA (+) vs. 6.5 ± 2.3 pg/mL in the control group, P< 0.001 and P = 0.047, respectively). Bioavailable 25OHD was lower in the DKA (+) than the DKA (–) group (2.3 ± 0.9 vs. 2.8 ± 0.8 ng/mL, P = 0.014), with no difference between the control and DKA (–) groups (Figures 1C, D). The free to total 25OHD ratio and the bioavailable to total 25OHD ratio were significantly higher in the DKA (–) and DKA (+) groups than in the controls (P< 0.001 for both), without differences between the DKA (–) and DKA (+) groups (Figures 1E, F). The concentrations of 24,25OH2D3 and VMR were significantly lower in the DKA (+) group than in the control and DKA (–) groups (24,25OH2D3: 0.7 ± 0.4 in the DKA (+) vs. 1.1 ± 0.6 in the control and 1.1 ± 0.6 ng/mL in the DKA (–) group, P< 0.001 and P = 0.001, respectively) (VMR: 4.6 ± 1.6 in the DKA (+) vs. 5.6 ± 1.5 in the control and 6.0 ± 2.1% in the DKA (–) group, P = 0.002 and P = 0.003, respectively) (Figures 1G, H and Table 1).




Figure 1 | Vitamin D metabolite levels in the study population. Box-and-whisker plots of the concentrations of (A) total 25OHD, (B) vitamin D binding protein, (C) free 25OHD, (D) bioavailable 25OHD, (E) free to total 25OHD ratio, (F) bioavailable to total 25OHD ratio, (G) 24,25-dihydroxyvitamin D3, and (H) vitamin D metabolite ratio. Comparisons among three groups were conducted with Kruskal-wallis test for non-parametric and one-way analysis of variance (ANOVA) or Welch’s ANOVA for parametric variables with homogeneous or heterogeneous variances. The thick lines in the boxes indicate the medians and the whiskers indicate the maximum and minimum values, respectively. Statistically significant differences are indicated by asterisks (*P< 0.05, **P< 0.01, ***P< 0.001). T1DM, type 1 diabetes mellitus; DKA, diabetes ketoacidosis; 25OHD, 25-hydroxyvitamin D; ns, non-significant. aFree to total 25OHD ratio (%) = [Free 25OHD (pg/mL) x 10-3]/[Total 25OHD (ng/mL)] x 100 bBioavailable to total 25OHD ratio (%) = [Bioavailable 25OHD (ng/mL)]/[Total 25OHD (ng/mL)] x 100.





Vitamin D metabolites and the biochemical markers in T1DM patients

Table 2 shows the association between vitamin D metabolites and biochemical parameters reflecting disease severity at the time of the T1DM diagnosis. Total, free, and bioavailable 25OHD levels were positively correlated with pH (P = 0.011 for total 25OHD, P = 0.027 for free 25OHD, and P = 0.006 for bioavailable 25OHD) and HCO3- (P = 0.033 for total 25OHD, P = 0.037 for free 25OHD, and P = 0.031 for bioavailable 25OHD). The serum VDBP concentration was inversely associated with the initial HbA1c value (P = 0.012).


Table 2 | Association of vitamin D metabolites with biochemical parameters at the time of T1DM diagnosis.





Distribution of VDBP isoforms and diabetes biochemical parameters according to VDBP genotype

When the VDBP genotypes were analyzed, Gc1f/2 and Gc1s/1f were equally detected in 21.8% (n = 19 each) of the T1DM patients, and Gc1f/1f was observed in 33.3% (n = 29) of the healthy children (Supplementary Figure 2). No significant differences in the proportions of the VDBP genotypes were found between the T1DM and control groups. The presence of DKA and the biochemical parameters reflecting disease severity (initial HbA1c, pH, and HCO3-) at the time of T1DM diagnosis were not significantly different according to the VDBP genotype (Supplementary Table 1).




Discussion

In this study, pediatric patients with T1DM had lower total 25OHD levels but higher free 25OHD levels than healthy children. The ratios of free and bioavailable 25OHD to total 25OHD significantly increased, and the VDBP levels predominantly decreased in patients with T1DM compared to the healthy control group. When the T1DM patients were compared according to the presence of DKA at the initial presentation, the DKA (+) group had lower levels of bioavailable 25OHD, 24,25OH2D3, and VMR than the DKA (–) group. The total, free, and bioavailable 25OHD levels were significantly associated with DKA severity at diagnosis. The distribution of the VDBP genotypes was not different according to the T1DM diagnosis or the severity of acidosis.

The total 25OHD level was lower, but the free 25OHD level was higher, in the T1DM patients than in the healthy controls. Previous studies have suggested that vitamin D deficiency contributes to the development of T1DM (2–6), an autoimmune disease characterized by absolute insulin insufficiency. Vitamin D has immunomodulatory effects by reducing pro-inflammatory cytokines in immune cells through binding to vitamin D receptor (VDR) (7, 30). Additionally, vitamin D increases insulin synthesis and secretion by inducing the expression of genes involved in insulin secretion by pancreatic β cells (8, 31, 32) and increases insulin sensitivity by stimulating the expression of insulin receptors in skeletal muscle and adipocytes (9, 32, 33). Serum levels of total 25OHD have traditionally been used as the standard marker of vitamin D status (34). However, the “free hormone hypothesis” proposes that most cells, except those expressing the megalin-cubilin complex, such as renal cells, take up the non-protein-bound form of 25OHD (10, 35), suggesting that free or bioavailable 25OHD is a more accurate indicator of vitamin D status than total 25OHD (35). Considering the role of 25OHD in glucose homeostasis and this “free hormone hypothesis,” increasing the levels of free 25OHD in patients with T1DM may be a compensatory action for insulin deficiency.

In this study, T1DM patients had significantly lower VDBP and albumin levels, and higher ratios of free and bioavailable 25OHD to total 25OHD than controls. Their decreased protein levels may have resulted from decreased production (36) or increased excretion (14). Jain et al. (36) reported that plasma levels of VDBP significantly decrease when human monocytes, one of the organs that produce VDBP, are exposed to high levels of glucose. In addition, Thrailkill et al. (14) reported that VDBP is excessively filtered in the renal tubules before the development of microalbuminuria in patients with T1DM. Although we could not quantify urinary albumin or VDBP levels due to a lack of urine taken at the time of diagnosis, we speculate that decreased protein production (36) or increased protein excretion (14) may decrease VDBP and albumin levels in diabetic patients, contributing to increased free or bioavailable 25OHD levels in T1DM cases.

The levels of bioavailable 25OHD, 24,25OH2D3, VMR, and eGFR were significantly lower in the DKA (+) T1DM group than in the DKA (–) T1DM group, with inverse relationships of free and bioavailable 25OHD levels with the severity of acidosis. The mechanism underlying their inverse relationship remains to be determined. Considering the role of vitamin D in glucose homeostasis, reduced levels of free and bioavailable 25OHD in association with the presence of DKA and the severity of acidosis may represent failure to maintain glucose homeostasis. In addition, 25OHD3 is not converted efficiently to its active form of 1,25-dihydroxyvitamin D3 (1,25OH2D3) in patients with impaired renal function (37). Although we could not measure active 1,25OH2D3 levels in this study, the low eGFR in the DKA (+) T1DM group may have adversely affected the conversion of 25OHD3 into the 1,25OH2D3 active form. Furthermore, the concentration of 24,25OH2D3 and the VMR reflect VDR activity, as increased binding and activation of the VDR in response to 1,25OH2D3 also induces conversion of 25OHD into 24,25OH2D3 (38). As mentioned, vitamin D stimulates insulin production by upregulating insulin gene transcription and binding to the VDR (8, 32). Hence, reduced VDR activity represented by decreased levels of 24,25OH2D3 and VMR in the DKA (+) T1DM group cannot render active vitamin D more effective. Taken together, these results suggest that reduced levels of free and bioavailable vitamin D, as well as possible insufficient conversion to active vitamin D in cases with impaired renal function, and reduced VDR activity may interact with the presence of DKA in T1DM.

The VDBP allele frequency in our study subjects was similar to previously reported Korean genotyping results (19), and no significant differences were observed between T1DM and controls. A recent meta-analysis reported no significant association between VDBP polymorphisms and T1DM risk (39). Because all of our subjects were the same race and the sample size was too small, we could not analyze the role of VDBP polymorphisms in the development of T1DM or DKA.

The limitations of our study include its retrospective, cross-sectional design, which hindered assessing the causal relationship between free 25OHD and the pathogenesis of T1DM. Second, the sample size was relatively small. Third, we could not measure 1,25OH2D3, fibroblast growth factor 23, and intact parathyroid hormone levels due to a lack of blood taken at the time of the T1DM diagnosis. Fourth, the urinary excretion of VDBP could not be evaluated because we could not obtain adequate amount of urine sample at the time of diagnosis. However, this study had several strengths. We investigated various vitamin D metabolites simultaneously using LC-MS/MS in T1DM patients for the first time. As T1DM patients with various degrees of DKA were included, we assessed the relationship between vitamin D metabolites and the severity of acidosis.

In conclusion, T1DM patients exhibited significantly lower total 25OHD but higher free 25OHD levels than the healthy control group. The concentration of bioavailable 25OHD and the VDR activity markers were lower in patients presenting with DKA compared to those without DKA at the time of the T1DM diagnosis. It remains to be determined whether adequate levels of free and bioavailable 25OHD can help prevent the development of T1DM or DKA.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics statement

The studies involving human participants were reviewed and approved by institutional review board of Seoul National University Hospital (approval No. H-2105-162-1221). Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



Author contributions

YC, CHS, YAL, and JS contributed to conception and design of the study. KL and JS analyzed samples. YC, JHK, CHS, YAL, and JS interpreted the data. YC wrote the first draft of the manuscript. YC, YJL, JHK, KL, CHS, YAL, and JS critically reviewed and edited the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea government (Ministry of Science and ICT) (No. NRF 2019R 1F 1A1058922). - Recipient: JS - Website: https://www.nrf.re.kr/eng/index. This study was supported by the Seoul National University Hospital Research Fund (No. 04-2019-3060) - Recipient: CHS - Website: https://en.snu.ac.kr/research/units/institutes. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.



Acknowledgments

The authors would like to thank Sun-Hee Jun and Jeong Seon Lee for sample preparation and analysis.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2022.997631/full#supplementary-material



References

1. Bikle, D. Nonclassic actions of vitamin d. J Clin Endocrinol Metab (2009) 94(1):26–34. doi: 10.1210/jc.2008-1454

2. Pozzilli, P, Manfrini, S, Crino, A, Picardi, A, Leomanni, C, Cherubini, V, et al. Low levels of 25-hydroxyvitamin D3 and 1,25-dihydroxyvitamin D3 in patients with newly diagnosed type 1 diabetes. Horm Metab Res (2005) 37(11):680–3. doi: 10.1055/s-2005-870578

3. Littorin, B, Blom, P, Scholin, A, Arnqvist, HJ, Blohme, G, Bolinder, J, et al. Lower levels of plasma 25-hydroxyvitamin d among young adults at diagnosis of autoimmune type 1 diabetes compared with control subjects: Results from the nationwide diabetes incidence study in Sweden (Diss). Diabetologia (2006) 49(12):2847–52. doi: 10.1007/s00125-006-0426-x

4. Miettinen, ME, Niinisto, S, Erlund, I, Cuthbertson, D, Nucci, AM, Honkanen, J, et al. Serum 25-hydroxyvitamin d concentration in childhood and risk of islet autoimmunity and type 1 diabetes: The trigr nested case-control ancillary study. Diabetologia (2020) 63(4):780–7. doi: 10.1007/s00125-019-05077-4

5. Svoren, BM, Volkening, LK, Wood, JR, and Laffel, LM. Significant vitamin d deficiency in youth with type 1 diabetes mellitus. J Pediatr (2009) 154(1):132–4. doi: 10.1016/j.jpeds.2008.07.015

6. Dong, JY, Zhang, WG, Chen, JJ, Zhang, ZL, Han, SF, and Qin, LQ. Vitamin d intake and risk of type 1 diabetes: A meta-analysis of observational studies. Nutrients (2013) 5(9):3551–62. doi: 10.3390/nu5093551

7. Bishop, E, Ismailova, A, Dimeloe, SK, Hewison, M, and White, JH. Vitamin d and immune regulation: Antibacterial, antiviral, anti-inflammatory. JBMR Plus (2020) 5(1):e10405. doi: 10.1002/jbm4.10405

8. Zeitz, U, Weber, K, Soegiarto, DW, Wolf, E, Balling, R, and Erben, RG. Impaired insulin secretory capacity in mice lacking a functional vitamin d receptor. FASEB J (2003) 17(3):509–11. doi: 10.1096/fj.02-0424fje

9. Maestro, B, Molero, S, Bajo, S, Dávila, N, and Calle, C. Transcriptional activation of the human insulin receptor gene by 1,25-dihydroxyvitamin D3. Cell Biochem Funct (2002) 20(3):227–32. doi: 10.1002/cbf.951

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

11. Savastio, S, Cadario, F, Genoni, G, Bellomo, G, Bagnati, M, Secco, G, et al. Vitamin d deficiency and glycemic status in children and adolescents with type 1 diabetes mellitus. PloS One (2016) 11(9):e0162554. doi: 10.1371/journal.pone.0162554

12. Blanton, D, Han, Z, Bierschenk, L, Linga-Reddy, MV, Wang, H, Clare-Salzler, M, et al. Reduced serum vitamin d-binding protein levels are associated with type 1 diabetes. Diabetes (2011) 60(10):2566–70. doi: 10.2337/db11-0576

13. Kim, HY, Lee, YA, Jung, HW, Gu, MJ, Kim, JY, Lee, GM, et al. A lack of association between vitamin d-binding protein and 25-hydroxyvitamin d concentrations in pediatric type 1 diabetes without microalbuminuria. Ann Pediatr Endocrinol Metab (2017) 22(4):247–52. doi: 10.6065/apem.2017.22.4.247

14. Thrailkill, KM, Jo, CH, Cockrell, GE, Moreau, CS, and Fowlkes, JL. Enhanced excretion of vitamin d binding protein in type 1 diabetes: A role in vitamin d deficiency? J Clin Endocrinol Metab (2011) 96(1):142–9. doi: 10.1210/jc.2010-0980

15. Kirac, D, Yazan, CD, Gezmis, H, Yaman, A, Haklar, G, Sirikci, O, et al. Vdbp, vdr mutations and other factors related with vitamin d metabolism may be associated with type 1 diabetes mellitus. Cell Mol Biol (2018) 64(3):11–6. doi: 10.14715/cmb/2018.64.3.3

16. Kamboh, MI, and Ferrell, RE. Ethnic variation in vitamin d-binding protein (Gc): A review of isoelectric focusing studies in human populations. Hum Genet (1986) 72(4):281–93. doi: 10.1007/BF00290950

17. Yousefzadeh, P, Shapses, SA, and Wang, X. Vitamin d binding protein impact on 25-hydroxyvitamin d levels under different physiologic and pathologic conditions. Int J Endocrinol (2014) 2014:981581. doi: 10.1155/2014/981581

18. Jassil, NK, Sharma, A, Bikle, D, and Wang, X. Vitamin d binding protein and 25-hydroxyvitamin d levels: Emerging clinical applications. Endocr Pract (2017) 23(5):605–13. doi: 10.4158/ep161604.Ra

19. Ko, DH, Jun, SH, Nam, Y, Song, SH, Han, M, Yun, YM, et al. Multiplex lc-Ms/Ms for simultaneous determination of 25-hydroxyvitamin d, 24,25-dihydroxyvitamin D3, albumin, and vitamin d-binding protein with its isoforms: One-step estimation of bioavailable vitamin d and vitamin d metabolite ratio. J Steroid Biochem Mol Biol (2021) 206:105796. doi: 10.1016/j.jsbmb.2020.105796

20. American Diabetes Association. 2. classification and diagnosis of diabetes: Standards of medical care in diabetes-2021. In: Diabetes care, vol. 44. (2021). p. S15–33. doi: 10.2337/dc21-S002

21. Lee, YA, Kim, JY, Kang, MJ, Chung, SJ, Shin, CH, and Yang, SW. Adequate vitamin d status and adiposity contribute to bone health in peripubertal nonobese children. J Bone Miner Metab (2013) 31(3):337–45. doi: 10.1007/s00774-012-0419-4

22. Meyer, D, Dimitriadou, E, Hornik, K, Weingessel, A, Leisch, F, Chang, CC, et al. Data from: Misc functions of the department of statistics, probability theory group (E1071), Tu Wien (2008). Available at: https://cran.r-project.org/web/packages/e1071/e1071.pdf.

23. Kim, JH, Yun, S, Hwang, SS, Shim, JO, Chae, HW, Lee, YJ, et al. The 2017 Korean national growth charts for children and adolescents: Development, improvement, and prospects. Korean J Pediatr (2018) 61(5):135–49. doi: 10.3345/kjp.2018.61.5.135

24. Catharine Ross, A, Taylor, CL, Yaktine, AL, and Valle, HBD. (2011) Dietary Reference Intakes for Calcium and Vitamin D. Washington (DC): National Academies Press (US)

25. Vermeulen, A, Verdonck, L, and Kaufman, JM. A critical evaluation of simple methods for the estimation of free testosterone in serum. J Clin Endocrinol Metab (1999) 84(10):3666–72. doi: 10.1210/jcem.84.10.6079

26. 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(4):954–9. doi: 10.1210/jcem-63-4-954

27. Wagner, D, Hanwell, HE, Schnabl, K, Yazdanpanah, M, Kimball, S, Fu, L, et al. The ratio of serum 24,25-dihydroxyvitamin D(3) to 25-hydroxyvitamin D(3) is predictive of 25-hydroxyvitamin D(3) response to vitamin D(3) supplementation. J Steroid Biochem Mol Biol (2011) 126(3-5):72–7. doi: 10.1016/j.jsbmb.2011.05.003

28. Zeng, S, Chu, C, Doebis, C, von Baehr, V, and Hocher, B. Reference values for free 25-Hydroxy-Vitamin d based on established total 25-Hydroxy-Vitamin d reference values. J Steroid Biochem Mol Biol (2021) 210:105877. doi: 10.1016/j.jsbmb.2021.105877

29. Schwartz, GJ, Munoz, A, Schneider, MF, Mak, RH, Kaskel, F, Warady, BA, et al. New equations to estimate gfr in children with ckd. J Am Soc Nephrol (2009) 20(3):629–37. doi: 10.1681/ASN.2008030287

30. Zughaier, SM, Lubberts, E, and Bener, A. Editorial: Immune-modulatory effects of vitamin d. Front Immunol (2020) 11:596611. doi: 10.3389/fimmu.2020.596611

31. Ahmadian, M, Suh, JM, Hah, N, Liddle, C, Atkins, AR, Downes, M, et al. Ppargamma signaling and metabolism: The good, the bad and the future. Nat Med (2013) 19(5):557–66. doi: 10.1038/nm.3159

32. El-Fakhri, N, McDevitt, H, Shaikh, MG, Halsey, C, and Ahmed, SF. Vitamin d and its effects on glucose homeostasis, cardiovascular function and immune function. Horm Res Paediatr (2014) 81(6):363–78. doi: 10.1159/000357731

33. Muscogiuri, G, Mitri, J, Mathieu, C, Badenhoop, K, Tamer, G, Orio, F, et al. Mechanisms in endocrinology: Vitamin d as a potential contributor in endocrine health and disease. Eur J Endocrinol (2014) 171(3):R101–10. doi: 10.1530/EJE-14-0158

34. Holick, MF. Vitamin d deficiency. N Engl J Med (2007) 357(3):266–81. doi: 10.1056/NEJMra070553

35. Bikle, D, and Christakos, S. New aspects of vitamin d metabolism and action - addressing the skin as source and target. Nat Rev Endocrinol (2020) 16(4):234–52. doi: 10.1038/s41574-019-0312-5

36. Jain, SK, Kahlon, G, Bass, P, Levine, SN, and Warden, C. Can l-cysteine and vitamin d rescue vitamin d and vitamin d binding protein levels in blood plasma of African American type 2 diabetic patients? Antioxid Redox Signal (2015) 23(8):688–93. doi: 10.1089/ars.2015.6320

37. Graidis, S, Papavramidis, TS, and Papaioannou, M. Vitamin d and acute kidney injury: A two-way causality relation and a predictive, prognostic, and therapeutic role of vitamin d. Front Nutr (2020) 7:630951. doi: 10.3389/fnut.2020.630951

38. Ginsberg, C, Katz, R, de Boer, IH, Kestenbaum, BR, Chonchol, M, Shlipak, MG, et al. The 24,25 to 25-hydroxyvitamin d ratio and fracture risk in older adults: The cardiovascular health study. Bone (2018) 107:124–30. doi: 10.1016/j.bone.2017.11.011

39. Zhang, X, Gao, B, and Xu, B. No association between the vitamin d-binding protein (Dbp) gene polymorphisms (Rs7041 and Rs4588) and multiple sclerosis and type 1 diabetes mellitus: A meta-analysis. PloS One (2020) 15(11):e0242256. doi: 10.1371/journal.pone.0242256



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Choe, Lee, Kim, Lee, Shin, Lee and Song. 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/Images/M9.jpg
Bioavaiable 250HD (g/ml) o
= 7 Towl250HD (ng/mL)





OEBPS/Images/M4.jpg
Vitamin D metabolite ratio (VMR, %)





OEBPS/Images/M2.jpg
=free 250HD + albumin ~ bound 250HD





OEBPS/Images/fendo.2022.997631_cover.jpg
’ frontiers | Frontiers in Endocrinology

Free, bioavailable 25-
hydroxyvitamin D levels and
their association with diabetic
ketoacidosis in children with
type 1 diabetes at diagnosis





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Free, bioavailable 25-hydroxyvitamin D levels and their association with diabetic ketoacidosis in children with type 1 diabetes at diagnosis

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Subjects

          



          		

            Physical examination

          



          		

            Biochemical assessments

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Clinical and biochemical characteristics of the T1DM cases and healthy controls

          



          		

            Comparisons of vitamin D metabolites according to whether children with T1DM presented with DKA at the time of diagnosis

          



          		

            Vitamin D metabolites and the biochemical markers in T1DM patients

          



          		

            Distribution of VDBP isoforms and diabetes biochemical parameters according to VDBP genotype

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Total Free

250HD?, ng/mL 250HD?, pg/mL
Initial HbA1c, % -0.086 0.067
pH® 0.282" 0245"
HCO3", mmol/L 0.240° 0203"

Spearman’s correlation coefficients are shown for paired variables of interest.
TIDM, type 1 diabetes mellitus; 250HD, 25-hydroxyvitamin D.
“Log-transformed form.

bStatistical significance at P<0.05.

Bioavailable
250HD?, ng/mL

-0.017
0303"
0242°

Vitamin D
binding protein, pg/mL

-0.270°
0.079
0.067





OEBPS/Images/fendo-13-997631-g001.jpg
= =
2 2 w
= = =
-~ - =
: < ST t
¢ ™ X
a a a
2 : & :
= = =
a ) 8
. = =, E o
H oR) DR * O
= = =1
¢ < 1
3 a - a 5 a
[ 2 : 9
* o =
= = -
L gL L £ L . £ L
E N s
o o o
2 8 g g 2 = @ ¥ o & ] e e e o
(Tu/3n) uyord Surpurq q uruENA (Tw/Su) QHOST dIqeieAtorg (%) (ONeX QHOST [€10) 0} d[qe[IeAtolg (%) onea dpeqerowr ( UiENA
! 1puy Tue) a [eAtol w -
= =
2 = 3
= mm g
I 0 3 oo
< v [ ‘e <
M
2 A g |,
¥ < 2 2 i
= =
2 g g
P =L E =
4 o~ ~ . ~ i
z z . z
M ] ]
" a ; a . a 2
L E L gL . £ L
3 2 . H
o &) Q
5 8 & 5 z 5 z 2 z 5 z F :
- s s s ,
(Tu/3u) HOST I8I0L o (mu/3d) QHOST 2914 w (%) LONEI AHOST [£10) 0] 331 0] (/Twi/3u) £q urure)IAAX0IpAYIP-STHT

DKA(+) TIDM Control DKA(-) TIDM DKA(+) TIDM

DKA(-) TIDM

Control





OEBPS/Images/M3.jpg
=free 250HD (1+Kip, x albumin)





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/M1.jpg
_ toul 250HD
Free250HD = (R  abumin) + (Kyoss X VDBP)





OEBPS/Images/table1.jpg
Demographic characteristics

Age, year

Boys, n (%)

Prepuberty, n (%)

Overweight or obesity, n (%)

Spring or summer: fall or winter, n (%)
Biochemical parameters

Calcium, mg/dL

Phosphorus, mg/dL

Albumin, g/dL

eGFR, mL/min/1.73 m*

Vitamin D metabolites

Vitamin D sufficiency, n (%)

Total 250HD, ng/mL
25-hydroxyvitamin D3, ng/mL
25-hydroxyvitamin D2, ng/mL
Vitamin D binding protein, ug/mL
Free vitamin D suﬂﬁciencyd, n (%)
Free 250HD, pg/mL

Bioavailable 250HD, ng/mL

Free to total 250HD ratio, %
Bioavailable to total 250HD ratio, %
24,25-dihydroxyvitamin D3, ng/mL
Vitamin D metabolite ratio, %
Biochemical markers related to diabetes

DKA severity (mild: moderate: severe)

pH

HCO3, mmol/L

Initial HbAlc, %

Serum C-peptide, ng/mL

Autoantibodies positivity
GAD autoantibody (+)
islet cell autoantibody (+)
insulin autoantibody (+)

TA-2 autoantibody (+)

Number of autoantibody (+), 1

Control (n = 84)

92+22
38 (45.2)
63 (75.0)
9 (10.7)
44: 40 (52.4: 47.6)

9.6 + 0.4

5205

45+ 04
99.5 + 15.0

39 (46.4)
199 + 6.5
19.5 + 6.6

L1+14

2249 + 36.1

50 (59.5)

6.5+23

26+09
0.033 + 0.005

132+ 18

1.1£0.6

56+ 15

Values are presented as mean + standard deviation or number (%).
TIDM, type 1 diabetes mellitus; DKA, diabetic ketoacidosis; ¢GER, estimated glomerular filtration rate; 250HD, 25-hydroxyvitamin D.
Missing values for initial glucose (n = 1), GAD autoantibody (n = 1), Insulin autoantibody (n = 1), IA-2 autoantibody (n = 69).

“P< 0.02 differs from control after Bonferroni correction.

"P< 0.02 differs from DKA (-) TIDM after Bonferroni correction.
“Vitamin D sufficiency was defined when total 250HD > 20 ng/mL.

dEree vitamin D sufficiency was defined when free 250HD 2 5.67 pg/mL.

T1DM total (n = 84)

8.0 £3.6
38 (45.2)
55 (65.5)
8(9.5)
48: 36 (57.1: 42.9)

9.7 £0.7

41£08

35£05
82.9 +209

17 (20.2)
163 £5.1
16.0 £ 5.1

03+02

146.0 + 27.8
70 (83.3)
8.0+£25
25+09
0.050 + 0.009
155+ 29
0.9+£05
53+20

DKA (-) TIDM (n =

8.1+32

21 (48.8)

30 (69.8)

5(11.6)
25:18 (58.1: 41.9)

9.8 +0.5

4.5 +0.6"

3.6 +04°
88.4 +15.8%

11 (25.6)
17.6 5.2
17:3:£:52

0.3 +02°

147.7 £ 26.7*

40 (93.0)*

8.4 +24"

28+08

0.049 + 0.009*
15.8 +2.6°
1.1+06

6.0 +2.1

7.4 %00
23.1 +£45
12.0 £23

0.7 +£0.7

40 (95.2)
3(70)
12 (27.9)
5 (62.5)

29
(67.4: 25.6:

0
.0: 0.0)

43) DKA (+) TIDM (n = 41)

7.9+41
17 (41.5)
5 (61.0)
3(7.3)
23: 18 (56.1: 43.9)

9.6+ 09
3.7 £09™
34+ 06

77.3 £ 24.1°°

6(14.6)"
15.0 + 4.6
14.7 + 4.6"

02+0.1°

1442 + 29.1°
0 (73.2)
7.5+ 26
23+09°

0.051 + 0.010°

153+32°

0.7 £ 04

46+ 16"

24:7: 10
(58.5: 17.1: 24.4)
72£0.1
12.4 £ 6.0
125+ 1.7
04+04

33 (80.5)
7 (17.1)

2 (55.0)
7 (100.0)

18:19:
(43.9: 46.3: 7.3: 2.4)






OEBPS/Images/M5.jpg
24,250H,D,

- R





OEBPS/Images/M7.jpg
Free 5OHD (pg/mb)x 10°
=~ Toul 250HD (ng/mL)





