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Abstract

Vitamin D is a fat-soluble vitamin. It is also referred to as a steroid hormone with an active form that can bind to receptors. The main way
to obtain vitamin D is its synthetization on the skin with the effect of ultraviolet light. It is activated in the body by two hydroxylation
reactions in the liver and kidneys. Vitamin D is said to have other effects besides those on the bone metabolism. Vitamin D deficiency is
a global social health problem. It is associated with cardiovascular diseases, obesity, metabolic syndrome, type 2 diabetes, various types
of cancer, immune deficiencies and increased mortality. It is frequently observed in obese individuals. A possible molecular mechanism
of the relationship between obesity and vitamin D deficiency may be associated with the metabolism in mature adipocytes, oxidative
stress, inflammation and the gene expression regulation capacity of vitamin D which is related to the adipogenesis process. Vitamin D
may lead to an increase in insulin secretion and a decrease in insulin resistance by regulating the immune system. Inflammatory cytokine
production is thought to be one of the mechanisms of action of vitamin D on insulin resistance. Inflammatory cytokines appear to be
associated with obesity and insulin resistance. Low levels of vitamin D may cause disruption of insulin secretion. Vitamin D may be
involved in B-cell secretion activity and changes in tissue response to insulin. There is a relationship between inadequate 25(OH)D levels
and B-cell dysfunction. Vitamin D may have beneficial effects on B-cell function by suppressing the renin-angiotensin system. Based on all
this information, it may be concluded that vitamin D is associated with obesity, insulin resistance and diabetes, and vitamin D deficiency
may form the basis for these conditions.
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Introduction

Obesity, particularly excess visceral adiposity, is associated with insulin resistance, hyperglycemia, dyslipidemia and hypertension,
which together are termed metabolic syndrome. These metabolic disorders increase the risk of development type 2 diabetes
mellitus and cardiovascular diseases and contribute to high rates of mortality and morbidity [1,2]. Type 2 diabetes mellitus is
the most prevalent metabolic disease in the world, and it is characterized by defects in insulin secretion and a peripheral insulin
resistance in the adipose tissue and the liver [3].

Insulin resistance is the condition where the body does not respond appropriately to circulating insulin. It is commonly associated
with obesity, hypertension, cardiovascular diseases and type 2 diabetes mellitus. Insulin resistance occurs in several tissues
including the liver, muscle and adipose tissue. The liver helps maintaining fasting glucose levels through gluconeogenesis and
glycogenolysis. When the liver is insulin-resistant, suppression of hepatic glucose production is impaired, and thus gluconeogenesis
and glycogenolysis continue at inappropriately high levels despite normal or high circulating glucose levels. Adipose tissue and
muscle are similarly affected by insulin resistance. To compensate for the insulin resistance in these tissues, pancreatic beta-cells
produce more insulin. However, there is a limit to how much insulin can be produced, and when this limit has been reached,
the beta-cells fail. Type 2 diabetes mellitus occurs when an appropriately low level of insulin is produced in response to a given
concentration of glucose [4].

Abdominal obesity is associated with systemic low-grade inflammation [1]. This systemic inflammation may have a role in the
pathogenesis of obesity-related metabolic disorders [3]. Systemic inflammatory markers may predict development of type 2
diabetes mellitus in the general population. Adipose tissue appears to play a central role in the induction of inflammation as over-
nutrition leads to changes in its cellular composition and production of pro-inflammatory cytokines [1].

The underlying molecular mechanism of the development of insulin resistance is impairment in the insulin signaling pathway in
insulin-responsive cells including adipocytes, myocytes, hepatocytes and beta-cells. Normally, when insulin binds to the insulin
receptor on these cells, the insulin receptor is auto-phosphorylated at its tyrosine residues, and tyrosine kinase is activated. The
insulin receptor then phosphorylates the tyrosine residues on the insulin receptor substrates (IRSs). This leads to linear signaling
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cascades that result in protein kinase activation. The activation of protein kinase induces the translocation of GLUT 4 (glucose
transporter type 4) and glycogen synthesis, playing an important role in metabolic signaling. Impairment of this insulin signaling
cascade may induce insulin resistance and is associated with the development of type 2 diabetes mellitus [4].

Obesity and a low vitamin D status, as well as a positive association between these two parameters, are prevalent world-wide.
Additionally, a low vitamin D status was positively correlated with metabolic dysfunction [5].

Vitamin D deficiency is a global social health problem [6-8]. An increase has been observed in the prevalence of vitamin D
deficiency due to the decrease in exposure to sun rays because of increased aging, prevalence of sedentary lifestyles and lack of
outdoor activities or extensive use of sunblock products in developed societies [7].

Optimal concentration of vitamin D is necessary for growth, development and health. Vitamin D plays an important role in the
regulation of calcium levels and the bone metabolism [2].

Recently, vitamin D has been claimed to have other effects besides those on the bone metabolism [7]. Vitamin D deficiency is
associated with cardiovascular diseases, obesity, metabolic syndrome, type 2 diabetes, various types of cancer, immune deficiencies
and increased mortality [2,7,9]. Vitamin D deficiency may lead to disruptions of insulin secretion and an increase in insulin
resistance. Vitamin D supplementation may play a role in the protection of the function of insulin secretion [10]. Vitamin D
is believed to be involved in glucose homeostasis, stimulate lipogenesis and modulate cytokine-mediated p-cell apoptosis [11].
Vitamin D has also been reported to influence glucose regulation via its effects on insulin secretion and action. Vitamin D
insufliciency, typically assessed by circulating blood levels of 25-hydroxy vitamin D (25(OH)D), has long been suspected as a risk
factor for type 1 diabetes [12]. Vitamin D deficiency may cause a greater level of glycaemia and a higher risk of type 2 diabetes
mellitus. There is a link between 25(OH)D levels and the insulin responsiveness of tissues as well as between glucose levels and
glycosylated hemoglobin (HbA1C) in people without type 2 diabetes mellitus [13]. Obesity has been frequently associated with
hypovitaminosis D because of an increased storage of 25(OH) D in adipose tissue, or a reduced sun exposure as the most plausible
explanations [14]. Accordingly, a number of previous studies showed an inverse association between 25(OH)D and body mass
index (BMI), waist circumference and fat mass as measured by dual-energy X-ray absorptiometry scanning [15-17].

Severe Deficiency | Deficiency | Inadequacy | Optimal Concentration | Toxicity

Serum 25(OH) D (ng/mL) 0-10 10-20 20-30 30-80 >100
Table 1: Serum Vitamin D Status Classification [7]

In the light of all this information, it may be stated that there is a relationship between vitamin D levels and obesity, insulin
resistance and type 2 diabetes mellitus. This study was carried out to reveal the relationship between vitamin D deficiency, obesity,
insulin resistance and diabetes among health problems that are increasing today.

Vitamin D Metabolism

Vitamin D is a fat-soluble vitamin [6]. It is also referred to as a steroid hormone with an active form that can bind to receptors
[9]. It is considered to be a complex steroid hormonal system regulating calcium balance and involved in autocrine, paracrine
and endocrine processes [8]. The parathyroid hormone (PTH), along with 1, 25(OH) 2D which is the active form of vitamin D,
is responsible for the regulation of calcium and phosphate balance [6]. It is classically involved in the process of maintaining the
calcium and bone balance [10].

There are three ways to maintain adequate storage of vitamin D [6,7]:

1. Sunlight exposure
2. Dietary intake
3. Pharmaceutical supplements

The main source of vitamin D in humans is endogenous biosynthesis in skin cells [10,18]. 80-90% of vitamin D in the body is
obtained this way. The dietary supply of vitamin D is much less than the amount obtained through endogenous biosynthesis [7].
Vitamin D in the skin is manifested in the form of 7-dehydrocholesterol (pre-vitamin D). When exposed to ultraviolet sunlight, it
is converted to cholecalciferol and vitamin D3 [6,7,9,18]. The dietary and pharmaceutical sources of vitamin D are in the form of
vitamin D2 (ergocalciferol) obtained from plant sources and vitamin D3 (cholecalciferol) obtained from animal sources [6,9,10].
Cholecalciferol is mainly found in fish, egg yolk, beef and algae, while ergocalciferol is found in edible mushrooms and alfalfa
sprouts. Vitamin D molecules, derived from biologically inactive endogenous and dietary sources, are carried in chylomicrons
in blood circulation [10]. Vitamin D undergoes two hydroxylation reactions in the body [9,19]. The vitamin D2 and vitamin D3
that are obtained are mainly exposed to the first hydroxylation in the liver and form 25-hydroxyvitamin D (25[OH] D) [6,7]. The
25-hydroxylase enzyme catalyzes this reaction [10,19]. The formed 25(OH) D has a relatively lower biological activity. It is the
primary circulatory form of vitamin D in the body and represents the total vitamin D reserves [6,7,9]. The final activation stage is
the second hydroxylation process of 25(OH) D which occurs in the kidneys and produces 1, 25-dihydroxyvitamin D (1, 25[OH]
2D) [6,7]. The enzyme that is responsible for this reaction is 1-hydroxylase [10,19]. 1, 25(OH) 2D is the most biologically active
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form of vitamin D, and it is responsible for its physiological functions. 1-a-hydroxylase is the enzyme that is responsible for the
reaction of 25(OH) D being converted into 1, 25(OH) 2D in the kidneys [6]. This enzyme is firmly controlled by numerous factors
including serum PTH, calcium and phosphate, along with various hormones such as insulin, cortisol, thyroxin, prolactin, growth
hormone, androgens and estrogens [6,7,9]. The 1, 25(OH) 2D levels in circulation regulate calcium absorption and bone balance.
The serum 25 (OH) D concentrations are 100 times higher than the plasma 1, 25 (OH) 2D concentrations. Additionally, 25(OH)
D (2-3 weeks) has a significantly higher half-life than 1, 25(OH) 2D (4-6 hours) [6].

Vitamin D metabolites exert their effects by binding to cytoplasmic vitamin D receptors [6,10,19]. These receptors have a strong
affinity for the active form 1, 25(OH) 2D. Vitamin D receptors are expressed by nearly every cell in the body [6,9,19]. The interaction
between 1, 25(OH) 2D and receptors stimulates the physiological effects of vitamin D. After binding to the receptors, they are
transported to the nucleus, where they interact with specific DNA regions also known as vitamin-D-responsive elements [6].

The serum 25 (OH) D concentrations is the optimal parameter to determine the vitamin D status in the body [6,7,18,19]. It has
an inverse correlation to the lipid profile, glucose balance, adiposity and blood pressure [19]. 1,25(OH)2D, which is the active
form of vitamin D, is not used to assess the vitamin D status in the body, although it is stronger and has more predisposition
towards vitamin D receptors than 25(OH)D [7]. The cut-off point of 25(OH) D is based on the effects of vitamin D on the
calcium metabolism. Therefore, low vitamin D levels are associated with decreased intestinal calcium absorption, which in turn
causes low serum calcium levels. Consequently, the parathyroid gland is stimulated to secrete PTH, which leads to secondary
hyperparathyroidism [6]. The 1,25(OH)2D levels in the body are kept within the referenced range, while they increase as a result
of secondary hyperparathyroidism or vitamin D deficiency [7].

Effects of Vitamin D on Health

The relationship between vitamin D deficiency and various chronic illnesses has been proven [6,10,20]. Vitamin D deficiency may
play a key role in the pathophysiology of the risk factors for metabolic syndrome, which is a cluster of risk factors embodying
insulin resistance, hypertension, atherogenic dyslipidemia and abdominal obesity. It may affect the cardiovascular system, increase
insulin resistance and obesity, as well as stimulating the renin-angiotensin-aldosterone system which leads to hypertension [6].

The primary reasons for decreased vitamin D levels in the body are stated below [10,20].

1. Sunlight deprivation (due to factors such as winter season, melatonin, the use of sun protection products or country of residence)
2. The use of various medicines

3. Malabsorption (Crohn’s disease, cystic fibrosis, liver disease or celiac disease)

4. Insuflicient dietary intake of vitamin D

5. Kidney and liver diseases that may prevent the activation of vitamin D and disrupt its conversion to active metabolites.

Keeping the plasma 25(OH) D levels above 30 ng/mL is considered to be necessary to protect health. To this end, supplement
intake and/or more exposure to sunlight are recommended [10]. EFSA (the European Food Safety Authority) considers that a
serum 25(OH) D concentration of 50 nmol/L is a suitable target value for all population groups. For adults, an adequate intake for
vitamin D is set at 15 pg/day, on this intake level, the majority of the population will achieve a serum 25(OH) D concentration near
or above the target of 50 nmol/L. For children aged 1-17 years, an adequate intake for vitamin D is set at 15 pg/day. For infants
aged 7-11 months, an adequate intake for vitamin D is set at 10 pg/day. For pregnant and lactating women, EFSA sets the same
adequate intake as for non-pregnant non-lactating women, namely 15 pg/day [18].

Effects of Vitamin D on Obesity

Obesity is closely related to inadequate vitamin D levels [2,6,7]. Vitamin D deficiency is prevalent in morbidly obese patients
[6,21]. Obese individuals need 2-3 times more vitamin D supplementation for the sufficiency of vitamin D in the body than non-
obese individuals [21]. A study showed that the incidence rate of vitamin D deficiency in obese individuals was 49.3% [22]. An
inverse correlation between the amount of serum 25(OH) D and adipose cell sizes was reported [8,9]. Increased body fat index
and high body mass index (BMI) have a strong inverse correlation with serum 25(OH) D levels [20]. Each unit increase in BMI
was associated with a 1.15% decrease in serum 25(OH) D concentrations [21].

A study by Rafiq et al. aimed to distinguish the specific contributions of total body fat (TBF), abdominal subcutaneous adipose
tissue (aSAT), visceral adipose tissue (VAT) and hepatic fat on 25(OH)D concentrations [23]. TBF was inversely associated with
25(OH) D concentrations in women, but not in men. One percent higher TBF was associated with 0.40 nmol/L (95%CI: 0, 67
to 0, 13) lower 25(OH) D. aSAT was not associated with 25(OH) D concentrations. One cm2 higher VAT was associated with
0.05 nmol/L (0.09 to 0.02) lower 25(OH) D in men, and 0.06 nmol/L (0.10 to 0.01) lower 25(OH) D in women. Hepatic fat was
only associated with 25(OH) D in men. A tenfold increase in hepatic fat was associated with 6.21 nmol/L (10.70 to 1.73) lower
25(OH)D. Regressions with standardized values showed VAT was most strongly related to 25(OH)D. Vitamin D may have an
effect on the differentiation process of adipose tissue cells, and this way, preadipocytes become mature adipocytes. In human
cells, vitamin D stimulates the formation of adipose cells by increasing the gene expressions of lipogenesis enzymes such as fatty
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acid synthase (FASN), fatty acid binding protein (FABP) and peroxisome proliferator-activated receptor-y (PPARy), which is the
primary transcription factor involved in adipogenic differentiation [2].

In general, 25(OH) D and 1, 25(OH) 2D may support adipogenic differentiation for mature adipocytes based on the presence
of 1-a-hydroxylase in mature adipose cells. Additionally, 1, 25(OH) 2D may stimulate the translocation of glucose transporter-4
(GLUT4) into the membrane, support adiponectin secretion and production of normal adipocyte genes such as leptin and inhibit
the production of uncoupling proteins. Thus, vitamin D receptors directly inhibit the production of UCP1 (uncoupling protein-1),
which is a critical protein for fatty acid oxidation in brown adipose tissue [2].

Obesity is strongly associated with low-level inflammation, expression of inflammatory markers and their secretion [2,21].
Vitamin D was demonstrated to be able to decrease inflammation [21]. 1, 25(OH) 2D, its active form, induces anti-inflammatory
effects on adipocytes. This vitamin supports lower chemokine and cytokine secretion by adipocytes. It regulates the secretion
of adipokines such as adiponectin, leptin, and resistin in adipocytes [2]. Serum levels of adiponectin decrease with obesity and
are positively associated with insulin sensitivity [24]. Plasma adiponectin levels may be low in individuals with visceral obesity
[25]. Adiponectin has anti-inflammatory effects. It is the primary adipokine secreted by adipocytes. Vitamin D is associated with
decreased adiponectin levels [2]. In a study by Haidari et al. the mean serum concentration of 25(OH)D was 11.01+5.55 ng/mL
[26]. Severe deficiency, deficiency and insufficiency of vitamin D were detected in 60.71%, 35.72%, and 3.57% of the participants,
respectively. The results showed that those in the lowest group of serum 25(OH)D levels had significantly higher TNF-a values
(5.05£9.62 pg/mL) than those in the group with the highest serum 25(OH)D levels (0.31+0.54 pg/mL) (P=0.026).

Vitamin D causes decreasing effects on cytokine secretion stimulated by visceral adipose tissue instead of subcutaneous adipose
tissue. In obese individuals, there are low levels of adenosine monophosphate-activated protein kinase (AMPK) in visceral adipose
tissue. AMPK may increase sirtuin 1 by raising the NAD/NADH (nicotinamide adenine dinucleotide/reduced nicotinamide
adenine dinucleotide) ratio and decrease adipose tissue macrophage infiltration and inflammation. Vitamin D deficiency
significantly decreases the mRNA levels of oxidation-dependent genes. In obese rats fed with an insufficient vitamin D diet, sirtuin
1 and AMPK activities were demonstrated to decrease. Vitamin D plays a beneficial role in the adipocyte metabolism and obesity
progression [2].

Vitamin D causes a decrease in proinflammatory cytokine levels. There is a negative association between plasma interleukin 6 (IL-
6) and tumor necrosis factor-a (TNF-a) levels. The active form 1, 25(OH) 2D may decrease the levels of inflammatory markers such
as monocyte chemotactic protein-1 and interleukin 1 B (IL-1 ). Therefore, it may decrease TNF-a-stimulated proinflammatory
marker expression [2]. In a study, the effect of vitamin D supplementation on CRP was investigated in individuals with vitamin D
levels below 50 nmol/L. Baseline, one month after and 3 month after supplementation CRP levels were 1.6 + 2.0 mg/L, 2.6 + 6.7
mg/L (P=0,16)%, 1,3 + 2.1 mg/L (P=0.11)*, respectively [27].

To sum up, vitamin D plays an important role in inflammatory conditions in adipocytes and adipose tissue. This effect is due to its
capability to decrease the phosphorylation and translocation of nuclear factor-kappa B (NF-kB) into the nucleus, and consequently,
decrease proinflammatory and oxidative stress markers [2].

A possible molecular mechanism of the relationship between obesity and vitamin D deficiency may be constituted by the
metabolism in mature adipocytes, oxidative stress, inflammation and gene expression regulation capacity of vitamin D, which is
related to the adipogenesis process [2].

Possible reasons for decreased vitamin D levels in obesity are as follows [6]:

1. Insufficient vitamin D intake
2. Inadequate exposure to sunlight
3. Decreased intestinal vitamin D absorption, especially in individuals having undergone bariatric surgery.

The active form 1, 25(OH) 2D assumes a role in the modulation of inflammation, adipose cell formation and metabolic syndrome.
Obesity may lead to decreased vitamin D levels. However, a predisposition towards vitamin D deficiency does not cause obesity,
and increased vitamin D levels cannot reverse obesity [7]. Adipose tissue is the primary storage place for vitamin D. This tissue
performs vitamin D secretion and produces vitamin D receptors and enzymes involved in the vitamin D metabolism [2]. Some
scientists think vitamin D is kept within adipose tissue since it is a fat-soluble vitamin, in which case, the amount of circulated
vitamin D is lower. Obese individuals are in more need of vitamin D than other individuals [7]. Adipose tissue cells react when
they are exposed to 1,25(OH)2D, and the reserves of vitamin D in adipose tissue are proportionate to its plasma concentration and
release it at a much lower rate that is proportionate to its concentration in adipose tissue [2].

Vitamin D supplementation may lead to decreased body fat mass and increased serum vitamin D concentration [2,6]. It may
provide protection against diet-induced obesity by increasing fatty acid oxidation [8].

Effects of Vitamin D on Insulin Resistance and Insulin Sensitivity

Insulin resistance is defined as a decreased biological response to insulin [8]. Vitamin D deficiency is associated with insulin
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resistance or disrupted insulin secretion [6,8]. Vitamin D provides assistance in decreasing insulin resistance and proinflammatory
cytokine amounts, improving B-cell function and increasing insulin secretion and sensitivity [7,28,29]. Increased circulating
25(OH) D concentration is associated with decreased prevalence of insulin resistance [30]. Vitamin D deficiency is related to
insulin resistance [31]. Vitamin D appears to increase insulin sensitivity through various mechanisms. Vitamin D deficiency
activates the increase of NF-kB, TNF-a, cytokine secretion and inflammation, and it may lead to an increase in parathyroid
hormone levels [32]. Vitamin D has anti-inflammatory and immune system regulation effects. It may provide an increase in insulin
secretion and decrease in insulin resistance by regulating the immune system. Inflammatory cytokine expression is thought to
be one of the mechanisms of action of vitamin D on insulin resistance. Inflammatory cytokines are associated with obesity and
insulin resistance [31]. Vitamin D and 1, 25(OH) 2D act as anti-inflammatory agents. For example, 1, 25(OH) 2D inhibits the
release of the pro-inflammatory cytokine TNF-a and regulates the activity of NF- kB, which functions as a mediator of TNF-a
pro-inflammatory activity on multiple levels. Additionally, 1, 25(OH) 2D down-regulates the increased levels of inflammatory
markers (TNF-a, IL-6, IL-1, IL-8, cyclo-oxygenase-2, intercellular adhesion molecule-1 and B7-1) in monocytes from type 2
diabetic patients in comparison to monocytes from healthy controls. In other models, 1, 25(OH) 2D inhibits the synthesis and
activities of pro-inflammatory prostaglandin (PG) by inhibiting cyclooxygenase-2 expression, increasing the expression of the
enzyme which inactivated PG (15-PG dehydrogenase) and decreasing PG receptors. 1, 25(OH) 2D affects several pathways known
to regulate inflammatory responses, including increasing mitogen-activated protein kinase phosphatase 5 which down-regulates
p38 mitogen-activated protein kinase activity. Therefore, vitamin D may also function to reduce the risk of diabetes by reducing
inflammatory responses [33].

Vitamin D receptor cells and 1-a-hydroxylase are found in the pancreas, where the mechanisms that enable 25(OH) D to be
converted into 1, 25(OH) 2D are formed [6]. The active form 1, 25(OH) 2D appears to directly increase insulin sensitivity by
stimulating the expression of insulin receptors [29,34]. The active vitamin D directly activates insulin receptor gene transcription,
stimulates the expression of insulin receptors and increases glucose transportation mediated by insulin [34]. It can also increase
insulin sensitivity by activating PPARy. This factor is a transcription factor that is involved in the regulation of the fatty acid
metabolism in insulin-sensitive tissues. Vitamin D can indirectly affect insulin sensitivity through the regulation of the calcium
balance. Calcium is known to change intracellular processes in insulin-sensitive tissues. Intracellular calcium concentration and
calcium flux mediated by vitamin D may disrupt insulin signal transduction, which is responsible for glucose transportation
activity. Vitamin D deficiency leads to increased parathyroid hormone concentration, which is associated with insulin resistance.
Vitamin D leads to the improvement of insulin sensitivity through the renin-angiotensin-aldosterone system. Angiotensin II is
considered to contribute to insulin resistance through various mechanisms in skeletal muscles including the activation of NF-«B.
Vitamin D deficiency was associated with increased fat infiltration in skeletal muscles independently of body mass, and this leads
to decreased insulin action [29].

Vitamin D also assumes a role in insulin signalization. Serum 25(OH) D levels have an inverse correlation with the intensity of
insulin resistance and blood sugar concentration. The existence of vitamin D receptors in pancreatic -cells supports the theory
that vitamin D affects insulin synthesis and secretion [20].

Adipose tissue generally acts as an endocrine organ involved in the glucocorticoid hormone metabolism. Dysregulation of this
mechanism may lead to obesity, dyslipidemia, hypertension and diabetes. In general, in the presence of triacylglycerols, which
cause decreased glucose uptake by insulin-sensitive tissues, insulin sensitivity is reduced. Regulating vitamin D levels in the body
has positive effects on increased insulin sensitivity and insulin receptor phosphorylation [34].

A negative association was determined between serum 25(OH) D and insulin resistance index values. There is also a negative
association between serum 25(OH) D concentration and fasting insulin levels [6]. Optimal 25(OH) D balance is necessary for
insulin activity and secretion. A study determined a negative association between HOMA, insulin sensitivity and serum 25(OH) D
levels independent of age, BMI and waist circumference [35]. In a study carried out by Li et al. [36], serum 25(OH) D concentration
was determined to have an inverse correlation with fasting insulin, HbAlc, and HOMA-IR levels. In another study, 81 healthy
individuals aged 20-69 were divided into 2 groups. One of these groups received 420 IU/day vitamin D, and the other group
received placebo for 12 months. At the beginning of the study, the HOMA-IR values of the individuals in the vitamin d and the
placebo group were calculated as 1.17+1.08 and 1.29+1.08 respectively. At the end of 12 months, the HOMA-IR values were found
to be 0.84+1.09 and 1.12+1.09 respectively. The change in the HOMA-IR values of the vitamin D supplementation group was
statistically significant (p <0.05) [30]. A study on rats that were fed a high-fat diet by Park et al. [37] investigated the effects of 3
different vitamin D doses on HOMA-IR. The rats were divided into 3 groups and fed with a high-fat diet containing 25 Ul/kg, 100
Ul/kg and 10000 Ul/kg cholecalciferol for 8 weeks. At the end of the study, the serum insulin, HOMA-IR and insulin sensitivity
mean values of 25 IU/kg, 100 IU/kg and 10000 IU/kg vitamin D groups were found as 4.8+0.6 ng/mL, 3.9+0.4 ng/mL 4.4+0.5 ng/
mL; 10.8+1.2, 8.4+0.9, 9.2+1.0, 5.7+0.7 pumol glucose/min/100 g/per umol insulin/l, 8.7+1.0 umol glucose/min/100 g/per pmol
insulin/l, 7.3+0.9 pmol glucose/min/100 g/per pumol insulin/l, respectively. The HOMA-IR value was found to be the highest, and
insulin sensitivity was the lowest in rats with low-dose vitamin D supplementation (p <0.05).

Vitamin D supplementation has beneficial effects on improvement of insulin resistance [6,21]. In the post-supplementation period,
decreased insulin resistance and increased insulin sensitivity are observed [38]. Supplementation may improve glycemic control
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by decreasing the insulin resistance index (HOMA-IR) levels [21,32]. In a study, vitamin D supplementation was demonstrated to
improve serum glucose, triglyceride, insulin, and HOMA-IR indices [39].

Effects of Vitamin D on Type 2 Diabetes

Vitamin D deficiency was linked to the onset of diabetes [40]. Vitamin D deficiency is seen to be in higher levels in type 1 and type
2 diabetes patients in comparison to healthy individuals [7]. It was shown to be associated with decreased insulin secretion and
type 2 diabetes [28]. In a study by Pan et al, the serum 25 (OH) D values of 270 adult type 2 diabetic individuals were examined.
The mean level of serum 25(OH)D was 22.93 ng/mL, and the percentages of vitamin D deficiency and insufficiency were 43.71%
and 36.63%, respectively [41]. Serum 25(OH) D levels are related to the incidence rates of type 2 diabetes [21]. Low levels of serum
vitamin D are associated with disrupted glucose balance [7]. Low levels of vitamin D may lead to disruptions in insulin secretion
and increase peripheral insulin resistance, which are regarded as two main risk factors for the development of type 2 diabetes [10].

Vitamin D may reduce the formation of diabetes in two ways [10]:

1. Providing changes in the hepatic glucose and lipid metabolism
2. Supporting the pancreas islet function and its survival

Diabetes is initiated by the onset of insulin resistance. f-cells can overcome this resistance by releasing more insulin, thus preventing
hyperglycemia. However, as this hyperactivity increases, the -cells experience excessive Ca2+ and reactive oxygen species (ROS)
signaling that results in cell death and onset of diabetes. Vitamin D deficiency contributes to both the initial insulin resistance
and the subsequent onset of diabetes caused by p-cell death. Vitamin D acts to reduce inflammation, which is a major process in
inducing insulin resistance. Vitamin D maintains the normal resting levels of both Ca2+ and ROS that are elevated in the {3-cells
in diabetes [40]. Pancreas islet cells include both vitamin D receptors and vitamin D-dependent calcium-binding proteins. Insulin
secretion is associated with changes in intracellular calcium concentration [9]. Calcium is necessary for insulin secretion [7].
Changes in intracellular calcium concentration may affect intracellular insulin responses [9]. Supplementation of the active form
1, 25(OH) 2D leads to increased insulin secretion, which may also be caused by an increase in the intracellular calcium levels.
B-cells carry calcium-binding proteins, the presence of which supports the mediation of calcium. Active vitamin D metabolites
may lead to a change in beta-cell growth and differentiation. Vitamin D deficiency may cause secondary hyperparathyroidism.
High PTH concentrations may cause glucose intolerance [28].

Vitamin D also has a very significant role in maintaining the epigenome. Epigenetic alterations are characteristics of diabetes
by which many diabetes-related genes are inactivated by hyper methylation. Vitamin D functions in preventing such hyper
methylation by increasing the expression of the DNA demethylases that prevent hyper methylation of multiple gene promoter
regions of many diabetes-related genes. What is remarkable is just how many cellular processes are maintained by Vitamin D.
When Vitamin D is deficient, many of these processes begin to decline, and this sets the stage for the onset of diseases such as
diabetes [40].

Vitamin D is involved in the process of maintaining insulin secretion, and it may also be involved in -cell secretion activities
and changes in tissue responses to insulin [7,9]. Inadequate 25(OH) D levels are associated with -cell dysfunction [8]. Vitamin
D may have beneficial effects on p-cell function by suppressing the renin-angiotensin system [10]. Insulin-expressing -cells
produce genes involved in vitamin D metabolism, vitamin D-binding proteins, and vitamin D receptors which are related to
glucose tolerance, insulin receptors, insulin secretion, insulin sensitivity, and inflammation [7]. In a study by Niroomand et al.,
162 individuals with vitamin D deficiency were divided into 2 groups [42]. One group received 50000 Ul/day vitamin D, and the
control group received placebo for six months. Fasting plasma glucose level and 2-hour oral glucose tolerance test plasma glucose
level at baseline and at the end of the supplementation process were 107 + 6 mg/dL, 100 + 8 mg/dL, 141 + 27 mg/dL, 129 + 2 mg/
dL, respectively. After vitamin D supplementation, fasting plasma glucose level and 2-hour oral glucose tolerance test decreased
in plasma glucose level, but the difference was not statistically significant.

Systemic inflammation plays a significant role in the pathogenesis of type 2 diabetes through proinflammatory cytokines. Vitamin
D may degrade the effects of inflammation on the risk of diabetes in various ways. The active form 1, 25(OH) 2D can improve
insulin sensitivity and has protective effects against B-cell apoptosis increased by cytokines by directly changing the activity
and production processes of cytokines. A course that it follows to this end involves decreasing NF-kB, which is the primary
transcription factor for TNF-a and other inflammatory mediators. Another potential route of the antiapoptotic effects of the active
form 1,25(OH)2D on B-cells is considered to be through counteracting cytokine-induced expression [29].

Changes in genes involved in the vitamin D metabolism and synthesis of vitamin D receptors were associated with disrupted
glucose intolerance, decreased insulin secretion, reduced insulin sensitivity and increased inflammation [8].

The correlation between vitamin D and diabetes may be summarized as follows [20]:

1. B-cells in the pancreas contain vitamin D receptors.
2.1,25(0OH)2D stimulates insulin secretion.
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3. Insulin secretion in individuals with vitamin D deficiency is reduced.

4. Vitamin D is associated with the physiological functions of pancreatic B-cells.

5. Vitamin D receptors and 1-a-hydroxylase are produced in the pancreatic islet tissue.

6. Vitamin D deficiency can disrupt insulin expression mediated by glucose.

7. Insulin secretion is dependent on calcium whose balance, in turn, is dependent on vitamin D.
8. Vitamin D deficiency increases in parallel with diabetes.

Vitamin D supplementation has positive effects on oral glucose tolerance [2,21]. It can improve glycemic control by decreasing
fasting plasma glucose and glycated hemoglobin (HbA1c) levels. Daily doses of 4000 IU can bring serum 25(OH) D levels to >40
mg/mL. This dosage is recommended for type 2 diabetes patients for improving their glycemic index values [21].

Conclusion

Vitamin D is a fat-soluble vitamin. It is also referred to as a steroid hormone with an active form that can bind to receptors. Vitamin
D can exert other types of effects besides those on the bone metabolism. Vitamin D deficiency is a global social health problem.
It is associated with cardiovascular diseases, obesity, metabolic syndrome, type 2 diabetes, various types of cancer, immune
deficiencies and increased mortality. Due to its inflammatory effects and involvement in the processes of insulin synthesis and
secretion, vitamin D is associated with obesity, insulin resistance and diabetes. Individuals at risk of vitamin D deficiency, obesity,
insulin resistance or diabetes, and patients suffering from the aforementioned disorders are recommended to expose themselves
to more sunlight, take high amounts of dietary vitamin D, and if the deficiency is too severe, use vitamin D supplements.
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