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Abstract
Insulin resistance increases the risk of developing diabetes, and the degree of resistance influences the glycemic control of patients with diabetes. Numerous researchers have focused on improving insulin sensitivity in order to prevent diabetes-related complications and other chronic diseases. Several studies have also linked vitamin D levels to insulin secretion and resistance, given that both vitamin D and its receptor complex play important roles in regulating pancreatic β-cells. It has been suggested that vitamin D supplementation improves vitamin D levels, but further research is needed to confirm this as neither insulin function nor glycemic control improves when vitamin D levels increase. Magnesium is a cofactor for many enzymes. Although the role of magnesium in the management of diabetes has long been evaluated, it has not yet been determined whether magnesium supplements improve insulin function. However, several researchers have found that patients with good glycemic control have high magnesium levels. Magnesium is closely related to vitamin D and is necessary for the transport and activation of vitamin D in humans. Combined supplementation with vitamin D and magnesium improves glycemic control in patients with diabetes.
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Core Tip: The effect of vitamin D and magnesium level on insulin sensitivity and glycemic control is reviewed. Many previous studies have focused on vitamin D and magnesium levels and supplementation. Recently, researchers have found that vitamin D and magnesium play different roles in diabetes; thus, a combination of adequate vitamin D and magnesium is most likely required to enhance insulin secretion and action and promote glycemic control.

INTRODUCTION
Many studies have proven that vitamin D has broader physiological functions besides maintaining bone health. Vitamin deficiency is widely prevalent among humans, and the association of vitamin D deficiency with diabetes and glycemic control has been extensively studied[1,2]. However, it has been shown that increasing vitamin D levels through supplementation does not necessarily improve glycemic control[3]. Therefore, many researchers have suggested that other factors or cofactors are required to enhance insulin sensitivity. Magnesium can be considered a neglected analyte in the monitoring of patients with diabetes in general wards or outpatient departments. However, several studies have shown that magnesium significantly promotes insulin secretion and action[4,5]. Magnesium is important for the proper functioning of various metabolic pathways and ion channels in pancreatic cells. Despite extensive research on the relationship between magnesium and diabetes, it is not customary for medical practitioners to determine the magnesium levels of their patients during their regular visits to the clinic.
Based on the literature, it is conclusive that vitamin D and magnesium have an important role in enhancing insulin sensitivity and promoting glycemic control, but data on the association of vitamin D and magnesium levels is insufficient. Thus, the aim of this review is to determine the influence of vitamin D and magnesium in enhancing insulin sensitivity and glycemic control.

VITAMIN D AND DIABETES
Vitamin D deficiency and diabetes both have a high prevalence worldwide. The International Diabetes Federation estimated the number of people with diabetes worldwide to be nearly 537 million (20-79 years old), implying that 1 in 10 people is living with diabetes. This number is expected to rise to 643 million by 2030 and 783 million by 2045[6]. Vitamin D deficiency has been reported to affect approximately 1 billion people worldwide, and around 50% of the global population has vitamin D insufficiency. This is a problem for both developed and developing countries, as the prevalence of vitamin D deficiency in Europe, the USA, and the Middle East has been reported to range from 20% to 90%, while similar trends have been observed in other countries such as Australia, India, and South Asia[7,8].
[bookmark: OLE_LINK8][bookmark: OLE_LINK11][bookmark: OLE_LINK7]Diabetes mellitus (DM) is a chronic metabolic disease that results from the impairment of insulin release, resistance to peripheral insulin action, or both leading to persistent hyperglycemia. Genetic predisposition and behavioral and environmental risk factors are interrelated and contribute to the development of DM[9,10]. Moreover, evidence shows that nutritional factors play a vital role in pancreatic β-cell physiology and have particularly strong effects on insulin secretion as well as insulin action at target organs. This risk factor, i.e., certain nutrients related to insulin secretion and function, should be considered in treating and/or preventing DM[11].
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK12]The “sunshine vitamin”, or vitamin D, has received widespread attention in recent decades because it has been linked to not only skeletal health but also many non-skeletal diseases, such as certain types of cancer, metabolic syndrome, immune diseases, and cardiovascular disease[12]. This is because the expression of vitamin D receptors (VDR), which are commonly found in nuclear and cellular membrane of tissues with no direct role in calcium and bone metabolism (e.g., pancreatic β-cells and immune cells), has expanded the view of its physiological roles[13,14]. Vitamin D levels are influenced by modifiable factors, e.g., nutritional and sunlight exposure, as well as unmodifiable factors, e.g., race, sex, age, and disease that impairs vitamin D synthesis and metabolism. Current guidelines, such as the European Food Safety Authority, Endocrine Society, Institute of Medicine, and Scientific Advisory Committee on Nutrition guidelines, recommend the 25-hydroxyvitamin D [25(OH)D] level measurement as an indicator of the body’s vitamin D level[15]. Although several different cutoffs have been used to characterize the risk of deficiency, most studies defined deficiency as a serum 25 (OH)D level of < 30 nmol/L which often falls within the range of 25-30 nmol/L, while insufficiency is defined as a serum 25(OH)D level between 30 and 50 nmol/L[7,16].
[bookmark: OLE_LINK13]Different studies have reported that vitamin D deficiency is widespread in patients with DM, suggesting a possible correlation between low vitamin D levels and pancreatic insulin secretion and action[1,2]. Some mechanisms have been extensively studied to clarify the function of vitamin D in both insulin properties. The association between vitamin D and DM can be explained by the following: (1) The expression of VDR and presence of 1α-hydroxylase enzymes within pancreatic β-cell[17]; (2) the presence of vitamin D binding protein in the pancreatic β-cell; and (3) the activation of acquired and innate immunity in DM[2,18,19].
[bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK29]The mechanism by which active vitamin D might act on insulin secretion is suggested by the significant rise in intracellular calcium (Ca2+) levels following the vitamin D-stimulated secretion of insulin by pancreatic islet β-cells [The basis to biochemistry of raised intracellular (Ca2+) levels in relation to vitamin D activity is illustrated in Figure 1]. The presence of calbindin (calcium-binding proteins) in these cells also suggests that Ca2+ may be a mediator for insulin secretion. Moreover, the active vitamin D metabolite may stimulate β-cell growth and differentiation, thus promoting insulin secretion[20]. With regard to insulin action, vitamin D is known to have immunomodulatory and anti-inflammatory effects, which could improve peripheral insulin resistance by altering the low-grade chronic inflammation involved in insulin resistance, especially in type 2 DM (T2DM). Furthermore, low vitamin D levels increase parathyroid hormone concentration, resulting in secondary hyperparathyroidism, which in turn results in glucose intolerance[2,21]. Other potential mechanisms associated with vitamin D-mediated amelioration of DM include an improvement in insulin action by the expression of insulin receptors and the enhancement of insulin response to glucose transport[22].
[bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK52][bookmark: OLE_LINK53][bookmark: OLE_LINK17][bookmark: OLE_LINK20][bookmark: OLE_LINK21]Various studies have reported the association of low vitamin D with DM. The 3rd National Health and Nutrition Examination Survey reported that in 6228 people, a 25(OH)D level of (≥ 81 nmol/L) provides protection against the development of T2DM and has shown a mechanistic link between serum vitamin D levels, glucose homeostasis, and the evolution of DM[23]. In the 1958 British Birth Cohort, a strong inverse relationship between serum 25(OH)D and glycated hemoglobin A1C (HbA1c) was observed. When the group with a serum 25(OH)D level of < 25 nmol/L was compared with the group with a serum 25(OH)D level of ≥ 75 nmol/L, the HbA1c level was lower in the latter group (5.37% vs 5.12%)[24]. In the Longitudinal Aging Study Amsterdam, a low 25(OH)D level was associated with the risk of metabolic syndrome[25]. Iqbal et al[26] proved that hypovitaminosis D, hyperinsulinism, and high homeostasis model assessment-estimated insulin resistance (HOMA-IR) index (indicating insulin resistance) are more prevalent in overweight and obese individuals.

VITAMIN D SUPPLEMENTATION AND GLYCEMIC CONTROL
[bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: _Hlk119336009][bookmark: OLE_LINK25]As the incidence of DM continues to increase, new treatment methods are needed to effectively manage this disease. Conflicting evidence on the effect of vitamin D supplementation on glucose metabolism in subjects with DM has been presented. Some studies have reported a significant reduction in fasting blood glucose (FBG) and HbA1c, while others have shown no statistically significant improvement in vitamin D compared with the placebo groups. A study conducted by Breslavsky et al[27] showed that vitamin D supplementation not only reduced the blood glucose levels but also increased the insulin sensitivity of DM patients, which is hence considered a useful adjunct to insulin therapy[28]. Early supplementation of vitamin D has also been documented to lower the risk of developing Type 1 DM (T1DM) in genetically inclined pediatric patients[28]. It has also been suggested that vitamin D intake is inversely associated with the development of T2DM complications[29]. Another study reported that vitamin D deficiency was significantly linked with poorer quality of life and lower satisfaction with the treatment of DM{3].
[bookmark: OLE_LINK26][bookmark: OLE_LINK28][bookmark: OLE_LINK27]On the other hand, Angellotti et al[30] reported a lack of correlation between the use of vitamin D supplementation and both insulin secretion and HbA1c in T2DM patients. Other authors concluded that evidence on the beneficial effects of vitamin D supplementation is not enough to recommend it as a means of improving glycemic control in patients with T2DM, as it impairs fasting glucose or normal glucose tolerance[31]. Additionally, Seida et al[32] suggested that vitamin D supplementation had no effect in improving glucose homeostasis and preventing diabetes among adults with normal glucose tolerance, prediabetic individuals, and/or T2DM patients.
These inconsistent results might be partly due to the small number of eligible participants, the different study populations (normal glucose tolerance, impaired glucose tolerance, and T2DM), small sample sizes, and different dosage regimes of vitamin D supplementation. Another important consideration is the important role of cofactors, such as magnesium, in the pathogenesis and response to diabetes treatments. This limitation should be addressed to further benefit diabetes patients.

MAGNESIUM AND DIABETES
Magnesium is the second most abundant intracellular cation after potassium[33]. Its important role in the regulation of insulin actions at the cellular level explains the association of magnesium deficiency with T2DM and T1DM[33,34]. While hypomagnesemia contributes to insulin deficiency and insulin resistance, the latter is also a risk factor for magnesium deficiency[33,34].

Effect of hypomagnesemia on pancreatic β-cell insulin secretion
[bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK33]Physiologically, an increase in the blood glucose level triggers glucose influx into pancreatic β-cells, which is mediated through the glucose transporter 2 (GLUT-2) channel. Intracellular glucokinase converts glucose to glucose-6-phosphate, which is further metabolized for adenosine triphosphate (ATP) generation. The increase in ATP closes the potassium-ATP channel (KATP), hence increasing the cellular potassium levels[34,35]. This results in plasma membrane depolarization, thus opening the voltage-gated calcium channel. The raised intracellular calcium level subsequently triggers insulin release. Magnesium in the form of MgATP regulates the action of glucokinase (Figure 1)[35]. A suboptimal magnesium level reduces glucokinase activity and glucose binding to glucokinase, hindering insulin release, which then results in insulin deficiency[33,34].

Hypomagnesemia-induced hyperinsulinism and insulin resistance
[bookmark: OLE_LINK35][bookmark: OLE_LINK36]While the binding of ATP to Kir6.2 subunits of the pancreatic β-cells closes the KATP channel, paradoxically, MgATP and Mg adenosine diphosphate (MgADP) binding to nucleotide-binding sites of sulfonylurea receptor 1 subunits opens the channel[34]. Therefore, a prolonged state of magnesium depletion reduces the MgATP and MgADP levels, hence stimulating uninhibited insulin release and hyperinsulinism[33,34].
Meanwhile, magnesium is essential for the autophosphorylation of β-subunits of insulin receptor tyrosine kinase, which is responsible for initiating an intracellular signaling pathway (Figure 2)[35]. However, magnesium deficiency impedes this process and, consequently, induces the downregulation of surface insulin receptors[34]. This then produces insulin resistance in the setting of hyperinsulinism.

Insulin resistance-mediated hypomagnesemia
[bookmark: OLE_LINK38][bookmark: OLE_LINK39]Hypomagnesemia in patients with diabetes is primarily caused by the excessive loss of urinary magnesium[36]. Insulin binding to the transient receptor potential melastatin type 6 (TRPM6) channel triggers a series of intracellular signaling cascades that further upregulate the TRPM6 expression[34]. As up to 15% of filtered magnesium is reabsorbed at the distal convoluted tubule of the kidney via the TRPM6 channel[37], insulin deficiency and resistance both predispose an individual to renal magnesium wasting[34,38]. Furthermore, hyperinsulinism mediates the shift of extracellular magnesium to intracellular space, further reducing the magnesium levels[39].

Hypomagnesemia and magnesium supplementation in diabetes patients
A significant association of hypomagnesemia with DM has been proven in many studies. A Canadian study proves that both T1DM and T2DM patients have a serum magnesium level of 0.049-0.07 mmol/L lower than that of non-diabetics[39,40]. A magnesium level of 1.3 ± 0.3 mmol/L has also been observed in patients with a HbA1c level of > 9% compared with a magnesium level of 1.9 ± 0.4 mmol/L in those with a HbA1c level of 7%-8%[41]. The occurrence of early diabetic kidney disease has also been observed to be more common in patients with a magnesium level of ≤ 0.741 mmol/L[42].
[bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK42]The risk of developing T2DM decreases by 15% with a magnesium intake of approximately 100 mg/d[39]. In a gestational DM (GDM) patient, 250 mg/day of oral magnesium evidently lowers the fasting plasma glucose (FPG) levels[43]. Despite the significant improvement of HbA1c following magnesium supplementation, an insignificant decrease in FBG was also observed[44]. This might be attributed to the limitations in measuring the serum magnesium levels, as it reflects only 1% of total body magnesium level[38].

ASSOCIATION OF VITAMIN D AND MAGNESIUM IN INSULIN SENSITIVITY AND GLYCEMIC CONTROL
The effect of vitamin D and magnesium in insulin sensitivity and glycemic control in isolation has been well known for decades. In recent years, special attention has been paid to the effect of magnesium in association with vitamin D and DM. An increasing number of studies have reported the link between these molecules and glycemic control. As previously mentioned, magnesium is a micronutrient that acts as a cofactor in many physiological processes, including the action of vitamin D on pancreatic beta cells and, thus, glycemic control[2,33].
[bookmark: OLE_LINK45]Most studies agree that both vitamin D and magnesium are important regulators of glucose homeostasis and, in turn, play a crucial role in the management of T2DM. Vitamin D and magnesium levels were found to be significantly lower among T2DM cases (12.29 ng/mL + 2.32 ng/mL and 1.60 mg/dL + 0.59 mg/dL) compared with healthy controls (19.55 ng/mL + 0.50 ng/mL and 3.36 mg/dL + 0.15 mg/dL) in a study by Gandhe et al[4]. This finding was supported by a study on diabetes patients which showed that those with poor glycemic control had significantly lower mean vitamin D and serum magnesium levels than those with good glycemic control[5]. Moreover, Ismail et al[45] reported that a hypomagnesemia of 0.88 mmol/L ± 0.10 mmol/L was commonly observed in the poor glycemic control group, while patients with good glycemic control had a higher magnesium level of 0.94 mmol/L ± 0.10 mmol/L.
[bookmark: OLE_LINK4][bookmark: OLE_LINK49][bookmark: OLE_LINK30][bookmark: _Hlk119397723]A cross-sectional study by Huang et al[46] showed that the association of serum vitamin D with the incidence of T2DM appeared to differ between the low magnesium intake group (< 267 mg/d) and the high magnesium intake group (> 267 mg/d). It is reported that the interaction between vitamin D levels and high magnesium intake decreases the incidence of T2DM[46]. Jamilian et al[47] also evaluated the efficacy of simultaneous supplementation of vitamin D and magnesium together with zinc and calcium in glycemic control. They found a significant decrease in FBG in the supplemented group (200 mg vitamin D and 100 mg magnesium twice daily for 8 wk) compared with the control group[47].
[bookmark: OLE_LINK34][bookmark: OLE_LINK37][bookmark: OLE_LINK43]Apart from studies on the general healthy population, the association of vitamin D and magnesium has also been assessed among pregnant women and the pediatric age group. A meta-analysis conducted by Li et al[48] evaluated the effects of vitamin and mineral supplementation on glycemic control for women with GDM. Their findings showed that 100 mg magnesium plus 200 IU vitamin D supplementation twice a day causes a significant decrease in the FPG and HOMA-IR levels. On the other hand, Luay et al[49] conducted a double-blind placebo-controlled study among T1DM pediatric patients to assess for tight glycemic control and decrement in symptoms and signs of T1DM using vitamin D3 800 IU/d and magnesium 3 mg/kg/d for 180 d. They reported that the supplementation of both micronutrients was safe and effective in reducing the symptoms and signs of T1DM compared with those in the placebo group[49]. Both hypomagnesemia and hypovitaminosis D were also found to be inversely proportionate to triglyceride levels, thus highlighting their role as cardiometabolic risk factors[26,50,51].

CONCLUSION
The role of vitamin D and magnesium in enhancing insulin sensitivity has been confirmed by previous studies. Vitamin D supplementation increases the vitamin D level. However, the effect of increased vitamin D level on glycemic control needs to be investigated further. In contrast, supplementation of magnesium alone in patients with diabetes shows insignificant effects on glycemic control. Nevertheless, studies have confirmed that combined supplementation with vitamin D and magnesium improves glycemic control in patients with diabetes.
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[bookmark: OLE_LINK48][bookmark: OLE_LINK50]Figure 1 Interrelation of vitamin D and magnesium in the regulation of insulin synthesis and release from pancreatic β-cells. Calcitriol, an activated form of vitamin D, enters pancreatic β-cells and binds to vitamin D receptors (VDR) to form a heterodimer complex with retinoid X receptor (RXR). The calcitriol-VDR-RXR complex later binds to the vitamin D response element which is located in the promoter region of the insulin gene in the nucleus. This is followed by increased insulin gene transcription to enhance its synthesis. Magnesium in the form of magnesium adenosine triphosphate and magnesium adenosine diphosphate plays vital roles in regulating glucokinase, an enzyme that converts glucose to glucose-6-phosphate. Adequacy of intracellular magnesium level is paramount to allow optimal glucokinase activity. The subsequent process in glycolytic pathway, tricarboxylic acid cycle, and oxidative phosphorylation yields adenosine triphosphate (ATP). The rise in ATP results in the closure of potassium-ATP-channel which increases intracellular potassium level. The resulting membrane depolarization causes the opening of voltage-gated calcium channel that triggers insulin degranulation and secretion. GLUT 2: Glucose transporter type 2; RXR: Retinoid X receptor; VDRE: Vitamin D response element; MgATP: Magnesium adenosine triphosphate; MgADP: Magnesium adenosine diphosphate; ATP: Adenosine triphosphate; Ca2+: Calcium; TCA: Tricarboxylic acid; ADP: Adenosine diphosphate; KATP: Potassium-ATP-channel; VDR: Vitamin D receptors; 1,25(OH)2 D: 1,25-dihydroxy vitamin D.
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[bookmark: OLE_LINK51]Figure 2 Interrelation of vitamin D and magnesium in the action of insulin at target organs. Magnesium adenosine triphosphate plays a role in the autophosphorylation process of B-subunits of insulin receptor tyrosine kinase, a crucial step in initiating an intracellular signaling pathway. The calcitriol-vitamin D receptors-retinoid X receptor-vitamin D response element complex also modulates the synthesis of glucose transporter type 4 (GLUT4), a predominant glucose transporter present in muscle cells and adipocytes. Upon stimulation by insulin, the activated tyrosine kinase receptor will stimulate the fusion of vesicles containing GLUT4 to the cellular membrane. This process increases cellular glucose uptake. GLUT/4: Glucose transporter type 4; RXR: Retinoid X receptor; VDRE: Vitamin D response element; MgATP: Magnesium adenosine triphosphate; Ca2+: Calcium; VDR: Vitamin D receptors; 1,25(OH)2 D: 1,25-dihydroxy vitamin D.
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