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Abstract

Available data suggest a possible link between abnormal vitamin D level and abnormal glucose homeostasis, two of the most common chronic medical conditions. Both conditions are associated with inflammation, and the exact mechanism for role of either on the other is not well clear. Literature investigating the link between vitamin D and either pre-diabetic states or diabetes is reviewed. Vitamin D deficiency is detrimental to insulin synthesis and secretion in animal and human studies. In humans, it has been shown by majority of observational studies, that vitamin D is positively correlated with insulin sensitivity and its role is mediated both by direct mechanism through the availability of vitamin D receptors in several tissues and indirectly through the changes in calcium levels. Large number of, but not all, variable samples cross sectional human trials have demonstrated an inverse relation between vitamin D status and impaired glucose tolerance, insulin resistance or diabetes. To compliment this conclusively, evidence from intervention studies is critically warranted before we can frankly state that vitamin D plays a role in diabetes prevention or treatment. Absence of both sizable prospective observational trials utilizing 25(OH)D as the main variable and the non-availability of randomized studies specifically designed to assess the effects of vitamin D on pre-diabetes and diabetes states, are the main obstacles to draw solid and conclusive relationships. 
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Core tip: A potential role for abnormal vitamin D level in changes of glucose homeostasis has been described. It has been demonstrated that deficient vitamin D status is detrimental to the synthesis and secretion of insulin in animal and human studies. In several, but not all, human observational trials, an inverse correlation was seen between vitamin D with insulin insensitivity, pre-diabetic states and dysglycemia. However, evidence from randomized interventional studies assessing the effects of changes in vitamin D status on markers of dysglycemia and diabetes prevention is not available. Therefore, firm and true protective influence of vitamin D on glucose homeostasis remains to be defined.
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INTRODUCTION

The widely common medical conditions, low vitamin D level and diabetes with its proceeding pre-diabetic state of insulin resistance, have become two of the most common chronic medical conditions diagnosed in modern years, both in developing and developed countries. There are around 387 million diabetic patients worldwide in year of 2014 and that number is projected to increase by 55% in 2035, as Africa is the highest projected region to have increased prevalence followed by the Middle East. The prevalence of impaired glucose tolerance, or insulin resistance, is even higher. Diabetes is leader in causing cardiovascular diseases and was responsible for 5.1 million deaths last year only[1]. 

Vitamin D deficiency is now recognized as a pand​emic. Its prevalence varies according to geographic location, season, ethnicity and the standard laboratory value of what is considered normal, deficient and insuffi​cient vitamin D. It was estimated that there were about 1 billion individuals with low vitamin D in 2008 and the number most likely is higher now[2]. Well-studied adverse outcomes of vitamin D deficiency are low bone density[3], non-vertebral fractures[4], increased risk of hip fracture[5] and slowed walking speed[6].

The link of vitamin D with insulin insensitivity or abnor​mal glucose metabolism gained much more scientific attention in the last decade. Several observations or associations were cited exploring the possible role for either altered vitamin D status and its metabolites or altered insulin sensitivity in the pathogenesis of the each disease. To gain more insight on the role of these variables, understanding of the metabolism of vitamin D and its relation to the pancreas is crucial.

VITAMIN D METABOLISM

In humans, vitamin D3 is mostly obtained from endo​genous vitamin D resources as a result of skin exposure to ultraviolet B light and only a minor portion is extracted from meals containing fortified milk and dairy food reso​urces, eggs, and wild oily sea fish[7] (Figure 1). It is crucial to note that vitamin D2 is the non-animal plant derived form of vitamin D and is called ergosterol. Vitamin D3 is a lipophilic precedent of the major circulating 25(OH) D3 metabolite which is hydroxylated, predominantly in the kidney, by a single enzyme 1 -hydroxylase [1(OH)lase; CYP27B1] into the most active vitamin D3 known as 1,25-dihydroxyvitamin D [1,25(OH)2D3], which may potentiate mineralization of bone via its role in the stimulation of calcium absorption in the intestine. Many immune cells also contain the machinery for the two-step conversion of vitamin D to 1,25(OH)2D3[8]. Moreover, 1,25(OH)2D3 can be produced locally in the pancreas from the main circulating form, 25(OH)D3, because 1 -hydroxylase is present in islets[9]. 25(OH)D3 itself also has some biological activity, but the affinity of 1,25(OH)2D3 is about 1000-fold higher than 25(OH)D3 for the vitamin D receptor (VDR). All metabolites of vitamin D are circulating in the bloodstream bound to the vitamin D-binding protein that has a different affinity for the individual metabolites[10]. Seasonal factors, geographical variations, differences in skin color, age, and changes in lifestyle may make certain subjects more susceptible to develop vitamin D insufficiency [defined as 25(OH)D3 concentrations 20-30 ng/mL or 50-75 nmol/L], or vitamin D deficiency [25(OH)D3 concentration < 20 ng/mL or < 50 nmol/L][11] (Table 1).

POSSIBLE MECHANISMS BY WHICH VITAMIN D MAY INFLUENCE GLUCOSE INTOLERANCE AND TYPE 2 DIABETES MELLITUS

The development of abnormal glucose tolerance and type 2 diabetes mellitus is always preceded by alterations in the function of pancreatic -cells, insulin sensitivity, and systemic inflammation. Available data suggest that these mechanisms are influenced by vitamin D.

-cell function of the pancreas

Responses of insulin to glucose load appears to be exclusively influenced by vitamin D. Vitamin D does not appear to affect basal insulin[12,13]. A positive role for vitamin D in the modification of the function of -cells of the pancreas has been reported[14]. This role is mediated through several pathways, including direct stimulation of insulin secretion by vitamin D through the presence of vitamin D receptors (VDRs) in -cells of the pancreas[14] and their expression of 1--hydroxylase enzyme[9]. Also, 1,25-(OH)2D is able to activate transcription of the gene of human insulin and thus play an essential role in insulin secretion[15]. In mice, it has been shown that insulin secretory response may be impaired if the functional VDRs were absent[13]. Several animal studies have also shown that when those were supplemented with vitamin D, they became able to restore their insulin secretion[12,16-19]. In human studies, introduction of vita​min D was associated with improvement in release of insulin in some[20-23], not all[21,22,24], limited-scale short-term studies.

Through its regulatory role of the calcium pool of -cell intracellularly and extracellularly, vitamin D insufficiency appears to affect normal release of insulin[25] particularly in reaction to a glucose intake since the secretion of insulin is mediated by a calcium dependent mechanism. Some[20,21,26-28], compared with other[22,29], studies of variable cohorts including diverse baseline status of vitamin D have reported a link between deficiency of vitamin D and impairment of release of glucose-induced insulin. Moreover, a role of calbindin-D28k (a calcium-buffering protein in pancreatic beta cell) in calcium regulation and modulation of insulin release has been described[25].

Insulin insensitivity

Improvement in action of insulin may be mediated by vitamin D directly through the presence of VDRs in skeletal muscles[30], stimulation of expression of insulin receptors in bone marrow cells[31] and through vitamin D activation of peroxisome proliferator activator rece​ptor-δ[32], a transcription factor involved in the control of metabolism of fatty acids in adipose tissue and skeletal muscle[33]. The indirect role of vitamin D is via the regulation of pools of intracellular and extracellular calcium and control of normal influx of calcium through the membranes of cells. Some[27,34] studies have demonstrated a negative association of vitamin D with insulin insensitivity, but this was not shown by others[22].

Inflammation

In the state of systemic inflammation that T2DM can create based on wide range of clinical studies[35-37], altered function of -cells triggered by apoptosis of -cell can develop due to the presence of elevated cytokines that can also induce insulin resistance directly. Vitamin D can act to lower systemic inflammation in general by interacting with components in the region of promotion of cytokine genes interfering with generation and action of cytokines through impeding the role of factors involved in nuclear transcription[38-40].

Specifically to insulin insensitivity, vitamin D was demonstrated to under-regulate the activation of nuclear factor-B[38,40,41], which plays a regulatory role for genes of cytokines of pro-inflammation implied in resistance of insulin[42]. On the other hand, data from human research with inconsistent outcome that have directly assessed the association of vitamin D or calcium status and systemic inflammation in relation to type 2 diabetes mellitus were reported[43-46].

EVIDENCE FOR VITAMIN D LINK WITH INSULIN RESISTANCE

Several trials have demonstrated an association between deficiency of vitamin D with increasing body mass index. One of those was a population trial from Norway with data from 10229 subjects, revealing an inverse association of 25(OH)D concentrations with BMI which was not only seen in summer, but also in winter months[47]. So levels of 25(OH)D may change in seasons, but not body mass index. Furthermore, the same trial reported results from 2656 studied subjects in a longitudinal study between 1994 until 2008, which showed a negative predictor role for the changes of BMI in levels of 25(OH)D in that a reduction of more than 1 kg/m2 in BMI, would result in an estimated increase of 2.8 ± 19.9 nmol/L in levels of 25(OH)D.

In a study of adults from North America by Devaraj et al[48], prediabetic state (state of a fasting plasma glucose concentration of 6.1-6.9 mmol/L, a 2 h glucose concentration of 7.8-11 mmol/L, or glycosylated hemo​globin of 5.7%-6.4%), a form of insulin resistance presentation, was noted to be associated with serum 25(OH)D in the first quartile in comparison with the fourth quartile in association with an adjusted odds ratio of 1.47[48]. The same study showed that in patients with metabolic syndrome, concentration of 25(OH)D was negatively associated with fasting glucose and homeostasis insulin resistance model of assessment.

Improvement in 25(OH)D status in T2DM patients was shown to be linked to some improvements in insulin sensitivity[27], but still, other parameters of insulin resistance like obesity did not change significantly with vitamin D supplementations in other studies. The data from the Norwegian study (The Tromsø study), also included an intervention arm where 93 subjects of varying BMI values received vitamin D at 40000 IU weekly for a year[47]. At the end of trial, increased vitamin D3 doses were not associated with significant decrease in weight. The intervention showed that individuals with obesity needed bigger vitamin D doses than lean ones to achieve similar concentration of 25(OH)D, and a similar outcome to this was demonstrated in another study by Lee et al[49]. At the end of the trial with non-significantly different 25(OH)D values at baselines and vitamin D treatment doses, subjects with higher BMIs had lower concentrations of 25(OH)D compared with those of lower BMIs indicating that possibly body composition and insulin resistance in higher BMI subjects have a regulatory influence on vitamin D absorption, metabolism and/or storage.

The negative association between body weight, together with evidence of increased adiposity and low adiponectin levels, and low 25(OH)D concentrations also were shown in different age groups including both children and adolescents. Deficiency of vitamin D was prevalent in young Norwegian subjects[50], African-American adolescents[51], in both black and Caucasian youth[52] and tropical locations like Malaysia and Colombia[53,54].

Those prevalence studies remain with low scientific evidence since they are only observational and it is difficult to draw a causality relationship from them due to multiple confounders. Despite attempts to control those confounders, still full causality cannot be achieved.

DATA ON VITAMIN D LINK WITH T2DM

Large number of human trials, mainly cross-sectional and some longitudinal, have demonstrated a negative correlation of vitamin D status with predominant hypergl​ycemia. This correlation was shown both in children and adults, in each gender, and in diverse backgrounds of ethnicity[48,55-61]. Also have been reported that seasonal variation in diabetes control being worse during winter months when vitamin D levels in their lowest[62]. Beside prevalence, incidence of T2DM with decreased level of vitamin D has also been shown in majority of longitudinal but observational trials. It is therefore worth to go through the available observational or intervention trials.

Observational studies for T2DM incidence in association with altered vitamin D 

In the recent review of systematic analysis of obser​vational studies, Song et al[63] described a reduction of 38% in relative risk in diabetes incidence for subjects with the highest compared with the lowest group of serum of 25(OH)D3 level. 21 prospective studies, largely population-based studies with white subjects, were included in the analysis involving about 70000 participants. The relations of 25(OH)D concentration and risk of diabetes were weakened but remained significant following corrections for hypertension and BMI. The association was not influenced by gender, sample size of study, period of follow up time, diagnostic criteria for diabetes, or method of 25(OH)D assay. About 4% reduction in T2DM risk was seen for each increment of 10 nmol/L (4 ng/mL) in serum 25(OH)D3 level. In similar review studies, but with smaller numbers, a meta-analysis found a higher relative risk of 50% for the development of T2DM in low vs high 25(OH)D concentrations[64]. In that last study, analyses stratified according to study design did not alter the appreciated association substantially.

Most of data analysis for risk of developing T2DM in relation to vitamin D status has used cutoffs categorizing vitamin D deficiency or insufficiency that is less clinically practiced in the last few years. In majority of trials, serum value of 25(OH)D above 50 nmol/L is considered sufficient while a large body of evidence supported by scientific agreement is considering a level above 75 nmol/L to be sufficient to execute its biological effect[11]. 

Even though serum level above 75 nmol/L of 25(OH)D could be beneficial to multiple physiological effects, its protective effect against developing T2DM compared to levels in the insufficient range (75-50 nmol/L) is doubtful or at least needs further investigation. In data from large number of participants of 9841 from The Copenhagen City Heart Study, a long-term prospective study with a median of 20 years follow up of the general population of Denmark, increased hazard ratios (HR) for T2DM with decreased concentrations of 25(OH)D by clinical severities and season quartiles were noted. For 25(OH)D less than 12.5 nmol/L compared with levels more than 50 nmol/L, the HR was 1.22, and was 1.35 for lowest compared with highest quartile[64]. This was not clinically significant when the values of more than 75 nmol/L is used as a sufficient level compared with values of 25(OH)D between 75-50 nmol/L (HR 0.91).

Serum vitamin D levels are influenced significantly by dietary habits, mainly consumption of dairy products. After a prospective follow up for 20 years, in a cohort of the Nurses Health Study, an inverse association between T2DM risk with total 25(OH)D and calcium intake was described[65]. The analysis showed that consumption of 3 or more vs only one daily dairy serving was associated with decreased risk of development of diabetes.

Several genetic studies have identified a relationship of circulating 25(OH)D with presence of polymorphisms of single nucleotide in six genetic regions[66-68]. In an observational study of Buijsse et al[69] where eight of those polymorphisms of single nucleotides, most strongly associated with 25(OH)D, were tested in relation to levels of 25(OH)D and T2DM incidence in an observational prospective case-control manner. In that study, it was found that in a population with relatively low serum values of 25(OH)D, 25(OH)D was inversely associated with T2DM risk, for concentrations of 25(OH)D below 45 nmol/L only (compared with higher levels), after controlling for measures of general and abdominal adiposity. After being adjusted for age, gender, center, and month of the year blood drawn, HR of T2DM per 5 nmol/L higher 25(OH)D was 0.92. But this study also found that genetically determined 25(OH)D was not related to T2DM across the entire 25(OH)D range or below 45 nmol/L. This latter finding argues against a strong causal relationship of 25(OH)D with T2DM but requires further investigation in larger research groups.

Caution has to be applied when making conclusions from observational studies due to possible multiple confounding factors affecting vitamin D status like age, race, dietary habits and level of activity, which are also known to play a role in increased risk for development of diabetes. Table 2 shows summary of selected epidemio​logical studies on the association of vitamin D with markers of insulin insensitivity, pre-diabetic resistance to insulin and T2DM is displayed in Table 2.

Randomized intervention trials for the relation of vitamin D and T2DM

Direct evidence of a role for vitamin D in diabetes prevention and treatment is critically needed from interventional randomized studies before any conclusion can be made. Those needed intervention trials, ideally large-scale randomized trials, are lacking today. What is available are either data of scattered small-scale trials or some of post hoc data from analyses of somewhat larger studies on the influence of supplementation of vitamin D on parameters related to diabetes and those were either inconsistent or inconclusive, though vitamin D is known to have certain advantageous effects in subjects with increased diabetes risk[43,64,70,71]. There are several limitations that can make it difficult to draw conclusions of solid nature from the limited available-to-date small interventional trials. Some of those trials were intended mainly to assess outcomes on glycemia and the majority of them were underpowered. Also, there was a variation in the dosing of vitamin D for replacement, some of these studies used supraphysiological vitamin D doses at infrequent manner, while others used daily doses and this would potentially cause different pharmacokinetic effect on concentration of 25(OH)D and pharmacotherapeutic effects on target cells.
In description of some of those trials, data analysis of the well known randomized trial of Women’s Health Initiative[72], in which about 50% of the women had 25(OH)D concentration less than 45 nmol/L, revealed no effect of administration of vitamin D3 at 400 IU and calcium at 1000 mg daily for 7 years on risk of diabetes (HR 1.01). Two smaller randomized trials tested the glycemic effect of applying vitamin D3 in subjects with impaired fasting glucose; the first one found that people using vitamin D3 daily at 700 IU and calcium at 500 mg for 3 years had a less rapid worsening of glycemia than those on placebo[43]. The second trial supplemented with vitamin D3 to get 25(OH)D levels between 150 and 225 nmol/L[73]. After 1 year, no effect was seen on incident diabetes. Together with the mixed findings of short-term trials on the influences of vitamin D on release of insulin and its sensitivity[73,74], the experimental evidence today is inconsistent.

CONCLUSION

In conclusion, data from non-interventional observational trials have shown a negative relationship between the status of vitamin D and parameters of insulin insensitivity and incidence of T2DM. A biological active position for vitamin D in both insulin secretion and action, and in the function of -cells has been considered. However, definitive conclusion for a causative link for vitamin D with T2DM can not be drawn due to the missing of large-sized prospective observational investigations that use 25(OH)D as the target variable and the absence of randomized trials particularly designed to assess the influence of vitamin D on diabetes. Similar randomized prospective trials are needed to correctly explain the outcome of vitamin D administration as an interventional agent for preventing and managing diabetes. We anticipate that these future well designed randomized prospective trials to answer several important questions. Firstly, whether the daily interventional utilization of vitamin D in the pre-diabetic states works as a strong defensive tool against progression to type 2 diabetes? Secondly, whether the daily intake of vitamin D will be accompanied with significant glycemic improvement? And finally, whether supplementation of vitamin D to diabetics will delay or prevent some of the adverse diabetic complications or have positive effects on cardiometabolic outcomes in long term.
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Figure 1  Schematic overview of the metabolism of vitamin D. Synthesis of vitamin D3 starts in the skin where 7-dehydrocholesterol is converted into vitamin D3 in response to UVB exposure. Vitamin D3 is hydroxylated by 25-hydroxylases in the liver. The resulting 25-hydroxyvitamin D3 is then hydroxylated in the kidney by 1α hydroxylase, to produce the final activated product, 1,25-dihydroxyvitamin D3.
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Table 1  Accepted cut-off values of 25 hydroxyvitamin D3 (25OHD3) that describe vitamin D status


Vitamin D status


�
25OHD3 (nmol/L)1


�
�
Sufficient (optimal)


�
> 75


�
�
Insufficient 


�
50-75


�
�
Deficient


�
< 50


�
�
1Conversion factor, 1 nmol/L = 2.5 ng/mL. 





Table 2  Data of selected epidemiological studies on the relation between vitamin D level and markers of insulin resistance (A), insulin resistance (B) and type 2 diabetes (C)


Ref. 


�
No. of subjects


�
Age, mean or range


�
Trial outcome


�
�
(A)


�
�
�
�
�
    Jorde et al[47] 


�
10229


�
58


�
25OHD negatively associated with BMI


�
�
    Lee et al[49] 


�
      95


�
68, 47-91


�
25OHD negatively related to BMI


�
�
    Lagunova et al[50]


�
    102


�
8-19


�
↑ prevalence of Vit D Def. (19%) and insuff. (> 50%) in obese


�
�
    Suijder et al[60]


�
    453


�
> 65


�
↑ BMI is associated with ↓ 25OHD


�
�
(B)


�
�
�
�
�
    Chiu et al[27]


�
    125


�
26


�
+ve relation between 25OHD and insulin sensitivity


�
�
    Nunlee-Bland et al[51]


�
      34


�
10-20


�
↓ 25OHD is associated with insulin resistance


�
�
    Shankar et al[61]


�
12719


�
> 20


�
↓ 25OHD is associated with pre-diabetes state


�
�
(C)


�
�
�
�
�
    Song et al[63] 


�
76220


�
meta-analysis


�
inverse relation between 25OHD and risk for T2DM


�
�
    Afzal et al[64] 


�
  9841


�
48-65


�
↓ 25OHD is associated with ↑ risk for T2DM


�
�
    Pittas et al[65]


�
95243


�
meta-analysis


�
↓ incidence of T2DM in highest vs lowest 25OHD


�
�
    Buijsse et al[69]


�
53088


�
50.9


�
HR of T2DM is ↓ with ↑ in 25OHD


�
�
T2DM:Type 2 diabetes mellitus; BMI: Body mass index.








