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Abstract: Pancreatic β-cell dysfunction represents a key pathological feature in the development and progression of diabetes mellitus. 
Accumulating evidence has confirmed the widespread expression of vitamin D receptors in pancreatic tissue, suggesting a potential 
regulatory role in glucose metabolism. Epidemiological studies have consistently reported an association between vitamin D deficiency 
and increased diabetes incidence, impaired insulin secretion, and poor glycemic control. Vitamin D has been known to support 
pancreatic islet function by modulating β-cell proliferation, enhancing insulin synthesis and secretion, and mitigating inflammatory 
responses and oxidative stress. This review systematically discusses vitamin D metabolism and physiological functions, the role of 
pancreatic islet dysfunction in diabetes pathogenesis, vitamin D receptor expression and activity in pancreatic tissue, epidemiological 
correlations between vitamin D status and diabetes risk, and the molecular mechanisms through which vitamin D influences β-cell 
function. Furthermore, this review examines the therapeutic implications of vitamin D supplementation for the prevention and 
management of diabetes. It contributes to a growing body of knowledge that informs potential strategies to improve diabetes outcomes 
through vitamin D-related pathways. 
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Introduction
The global prevalence of diabetes mellitus (DM) has continued to rise in recent years, posing a significant public health 
concern. According to the latest estimates from the International Diabetes Federation (IDF Diabetes Atlas, 11th Edition, 
2025), approximately 588.7 million adults aged 20–79 years were living with diabetes worldwide in 2024, with the vast 
majority having type 2 diabetes mellitus (T2DM). Based on demographic trends, this number is projected to increase 
to 852.5 million by 2050.1,2 T2DM is a metabolic disorder characterized by insulin resistance (IR) and the progressive 
dysfunction of pancreatic β cells.3 The deterioration of β-cell function is a key contributor to the progression of T2DM 
and involves several interrelated pathogenic mechanisms, including glucotoxicity, lipotoxicity, endoplasmic reticulum 
(ER) stress, oxidative stress, and chronic low-grade inflammation.4,5

Historically, vitamin D has been primarily associated with the regulation of calcium and phosphate homeostasis and 
the maintenance of bone health. However, emerging evidence has indicated the widespread expression of vitamin D 
receptors (VDR) across various tissue types, indicating broader physiological roles beyond skeletal metabolism.6 

Dysregulation of vitamin D metabolism has been implicated in the impairment of insulin secretion by β cells.7 

Epidemiological studies have identified a significant association between vitamin D deficiency, defined as serum 25- 
hydroxyvitamin D [25(OH)D] concentrations below 20 ng/mL, and increased incidence of T2DM, reduced insulin 
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secretory capacity, and poor glycemic control, indicating a potential regulatory function of vitamin D in glucose 
metabolism.8,9

Despite consistent epidemiological findings linking vitamin D deficiency to adverse metabolic outcomes, the extent to 
which vitamin D directly enhances pancreatic β-cell function remains a subject of ongoing investigation. This review 
provides a systematic examination of the regulatory mechanisms through which vitamin D influences pancreatic islet 
function and explores its potential therapeutic implications for the prevention and management of diabetes.

The scale of this epidemic is further underscored by its substantial human and economic costs. The same report 
estimates that 252 million adults are living with undiagnosed diabetes,2 and diabetes was responsible for over 3.4 million 
deaths in 2024. Furthermore, the global economic burden is staggering, with approximately USD 1 trillion spent on 
diabetes-related healthcare, accounting for 12% of total global health expenditure.2 Confronted with this immense and 
growing burden, identifying modifiable risk factors and novel therapeutic strategies is of paramount importance. The role 
of vitamin D in pancreatic β-cell function represents one such promising avenue of investigation.

Vitamin D Overview
Vitamin D, a fat-soluble vitamin, primarily exists in two forms: vitamin D2 and vitamin D3. Within the human body, 
vitamin D undergoes two sequential hydroxylation reactions, first in the liver and subsequently in the kidneys to produce 
its biologically active metabolite, 1,25-dihydroxyvitamin D3. This metabolite exerts its physiological effects by binding 
to the vitamin D receptor. The primary functions of vitamin D include facilitating the intestinal absorption of calcium and 
phosphorus, regulating bone metabolism, and maintaining calcium homeostasis.

Vitamin D is acquired via two primary pathways: endogenous synthesis through ultraviolet radiation-induced 
conversion of 7-dehydrocholesterol in the skin and dietary intake. Dietary sources of vitamin D include fatty fish, egg 
yolks, and fortified dairy products. Once in the body, vitamin D undergoes a series of metabolic transformations. Initially, 
7-dehydrocholesterol in the skin is photochemically converted to vitamin D3, or vitamin D3 is absorbed directly from 
dietary sources. This is followed by hepatic conversion to 25-hydroxyvitamin D3 [25(OH)D3], the principal circulating 
form. In the kidneys, 25(OH)D3 is further hydroxylated to form the active metabolite 1,25-dihydroxyvitamin D3 

[1,25-(OH)2D3], as well as 24R,25-dihydroxyvitamin D3 [24R,25(OH)2D3]. These metabolites are transported to target 
tissues via plasma vitamin D binding protein and are ultimately excreted through bile and urine.

The hepatic conversion of vitamin D3 to 25(OH)D3 occurs in microsomal and mitochondrial compartments and is 
catalyzed by vitamin D3-25-hydroxylase. The activity of this enzyme is only partially inhibited by its product, 25(OH)D3. 
As a result, increased intake of vitamin D3 leads to a proportional increase in 25(OH)D3 synthesis, establishing a positive 
correlation between serum 25(OH)D3 concentrations and vitamin D3 intake. Owing to its stability and prevalence in 
circulation, serum 25(OH)D3 concentration is widely used as a biomarker to assess vitamin D nutritional status.10

Advancements in research have significantly expanded the understanding of vitamin D. Initially classified solely as 
a nutrient involved in calcium and phosphate metabolism, vitamin D has since been recognized, particularly following 
the identification of vitamin D receptor, as a steroid hormone with regulatory roles in diverse physiological systems.11

The vitamin D receptor is a member of the nuclear receptor superfamily of transcription factors. Upon interaction 
with the active form of vitamin D (1,25-dihydroxyvitamin D3), the vitamin D receptor initiates transcription of target 
genes that govern key biological processes, including cellular proliferation, differentiation, and immune modulation.12 

Vitamin D receptor expression and function are modulated by various factors such as vitamin D availability, hormonal 
signals, and environmental influences.13 Expression of vitamin D receptor has been observed in multiple pancreatic cell 
types, with particularly high levels noted in pancreatic β cells.14 As the principal endocrine cell type responsible for 
insulin synthesis and secretion, pancreatic β cells are directly relevant to the metabolic actions of vitamin D.

Pancreatic β Cell Function in Diabetes
Pancreatic β cells, the principal cell type responsible for insulin secretion, experience both a reduction in cell mass and 
a decline in functional capacity during the pathogenesis of diabetes, ultimately resulting in impaired glycemic regulation. 
Chronic hyperglycemia imposes glucotoxic stress on β cells.15 In the context of IR, β cells initially respond by 

https://doi.org/10.2147/DMSO.S551390                                                                                                                                                                                                                                                                                                                                                                                                                                  Diabetes, Metabolic Syndrome and Obesity 2025:18 4742

Meng et al                                                                                                                                                                           

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



augmenting insulin secretion to preserve glucose homeostasis. However, sustained metabolic stress eventually contri
butes to β-cell dysfunction and exhaustion.

Evidence indicates that prolonged hyperglycemia induces ER stress, thereby activating the unfolded protein response 
(UPR) and apoptotic signaling cascades, including those mediated by C/EBP homologous protein and c-Jun N-terminal 
kinase (JNK). These pathways accelerate β cell apoptosis and contribute to disease progression.16 Clinical studies have 
demonstrated that in patients recently diagnosed with T2DM, pancreatic β-cell function declines at an estimated rate of 
2–3% annually. This deterioration likely begins several years prior to clinical diagnosis.17

IR represents another defining characteristic of diabetes and contributes to a self-perpetuating cycle with pancreatic β 
cell dysfunction. In response to diminished insulin sensitivity in peripheral tissues, β cells increase insulin secretion, 
resulting in compensatory hyperinsulinemia.18,19 However, prolonged compensatory secretion has been associated with 
β-cell dedifferentiation and ultimately, apoptosis.20,21

In addition, the excessive release of free fatty acids (FFAs) from adipose tissue, a phenomenon known as lipotoxicity, 
along with elevated levels of proinflammatory cytokines such as tumor necrosis factor-alpha (TNF-α) and interleukin-6, 
can further contribute to β-cell dysfunction.22,23 This interaction establishes a positive feedback loop characterized by 
metabolic inflammation and progressive β-cell damage.

Findings from autopsy studies have demonstrated a reduction in pancreatic β-cell mass by approximately 40% to 60% 
in patients with T2DM compared to those without the disease. Furthermore, this degree of β-cell loss is considered 
irreversible by the time clinical diagnosis is established.21 These observations highlight the potential importance of early 
intervention in mitigating β-cell decline and improving glycemic control.

Epidemiological Association Between Vitamin D Deficiency and Diabetes
Recent studies have demonstrated that pancreatic β cells express vitamin D receptors, which contribute to the regulation 
of β-cell survival. Vitamin D facilitates insulin secretion, thereby supporting the maintenance of normoglycemia.8 

According to evidence from research, vitamin D deficiency may impair islet cell function, and islet dysfunction 
constitutes a fundamental pathological mechanism in the development of diabetes, particularly T2DM.24,25 

Accordingly, serum vitamin D levels appear to be closely associated with both the onset and progression of diabetes.
This potential link between vitamin D and diabetes must be considered within the context of a rapidly expanding 

global diabetes epidemic. Recent estimates indicate that hundreds of millions of adults are affected, a significant number 
remain undiagnosed, and the disease imposes a trillion-dollar burden on healthcare systems worldwide.4 Against this 
backdrop, elucidating the contribution of widespread vitamin D deficiency to diabetes risk becomes not only a biological 
question but also a significant public health priority.

Extensive epidemiological studies have consistently reported a higher risk of T2DM among individuals with 
vitamin D deficiency. Data from the International Osteoporosis Foundation indicate that approximately 30–50% of the 
global population is affected by vitamin D deficiency, with prevalence estimates reaching 60–80% in Southeast Asia and 
30–50% in Europe and North America.26

In a 20-year prospective cohort study involving 83,779 female nurses in the United States, Pittas et al reported that 
each 400 IU increase in daily vitamin D intake was associated with a 13% reduction in T2DM risk (relative risk [RR] = 
0.87, 95% confidence interval [CI]: 0.80–0.95, p < 0.05). Additionally, participants who consumed more than 800 IU 
per day demonstrated a 33% lower risk of developing T2DM compared with those consuming less than 200 IU per day 
(RR = 0.67, 95% CI: 0.49–0.90).27 In a cross-sectional study conducted by Kayaniyil et al, each 10 nmol/L increase in 25 
(OH)D concentration was associated with a 1.3% improvement in the Matsuda insulin sensitivity index and a reduction 
in IR. Patients with vitamin D deficiency exhibited more pronounced IR, and a significant positive correlation was 
observed between serum vitamin D concentrations and pancreatic β cell function.28

A prospective study demonstrated that patients with baseline serum vitamin D concentrations below 30 nmol/L 
exhibited significantly elevated fasting plasma glucose levels (p < 0.001) and worsened IR (p = 0.02) after a 10-year 
follow-up. In contrast, participants with sufficient vitamin D levels (≥ 75 nmol/L) displayed markedly improved glucose 
metabolic profiles.29
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Findings from interventional studies further support this association. In one trial assessing the preventive effects of 
vitamin D supplementation on diabetes, 2423 individuals with prediabetes were enrolled. Participants who received 4000 
IU of vitamin D daily demonstrated a 12% reduction in diabetes incidence, although this difference did not reach 
statistical significance in the overall cohort. Notably, subgroup analysis indicated that among patients with baseline 25 
(OH)D levels below 30 nmol/L, diabetes risk was significantly reduced by 30%.30

In another study involving South Asian women with vitamin D deficiency, daily supplementation with 4000 IU of 
vitamin D for a duration of six months resulted in a 19.6% reduction in the IR index (p = 0.04) and a 12.8% decrease in 
fasting insulin levels compared with the placebo group (p = 0.03). In this cohort, serum 25(OH)D concentrations 
increased from a baseline of 31.5 nmol/L to 80.5 nmol/L in the intervention group (p < 0.001).31 Additionally, the co- 
administration of calcium supplementation was associated with further enhancement of metabolic outcomes.32

Mechanisms by Which Vitamin D Regulates Pancreatic β-Cell Function
Calcium Signaling Pathway (Figure 1)
Calcium signaling plays a central role in pancreatic β-cell physiology by regulating insulin secretion, primarily through 
oscillatory dynamics of intracellular calcium ions (Ca2+).33 Glucose is transported into β cells via glucose transporter 2 
and undergoes metabolic conversion to generate adenosine triphosphate (ATP). The resulting increase in ATP concentra
tion leads to closure of ATP-sensitive potassium (K_ATP) channels, inducing membrane depolarization. This electrical 
change subsequently activates voltage-dependent calcium channels, facilitating Ca2+ influx. The elevation in intracellular 
Ca2+ concentration promotes the fusion of insulin-containing granules with the plasma membrane, initiating insulin 
exocytosis.34 However, prolonged Ca2+ influx may lead to calcium overload, which activates apoptotic signaling 
pathways and contributes to β cell dysfunction.35

Vitamin D modulates this calcium-regulated process by supporting β cell function through a calcium signaling 
network. At the systemic level, 1,25-(OH)2D3 enhances intestinal calcium absorption by binding to vitamin D receptor 
and inducing the expression of the calcium-binding protein Calbindin-D9k. This action supports systemic calcium 
homeostasis and helps maintain a microenvironment conducive to optimal β cell function.36,37

Figure 1 Vitamin D regulates β-cell calcium homeostasis and insulin secretion via genomic and non-genomic pathways.
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At the molecular level, vitamin D regulates intracellular calcium dynamics through both genomic and non-genomic 
pathways. In genomic regulation, the 1,25-(OH)2D3–vitamin D receptor complex translocates into the nucleus and binds 
to vitamin D response elements (VDREs) within promoter regions of calcium-related genes. This interaction results in 
the upregulation of proteins such as Calbindin-D28k and the L-type voltage-dependent calcium channel Cav1.2, thereby 
enhancing glucose-stimulated calcium influx and supporting β-cell secretory activity.38,39

Along with genomic mechanisms, vitamin D also activates non-genomic signaling pathways. One such pathway 
involves the rapid stimulation of phospholipase C (PLC), which facilitates inositol trisphosphate-mediated calcium 
release from intracellular stores. This cascade increases the activity of calcium/calmodulin-dependent protein kinase 
(CAMK) and modulates the mitochondrial calcium uniporter, thereby supporting cellular energy metabolism through the 
PLC–CAMK–cAMP response element-binding protein signaling axis.40

The functional effects of vitamin D are evident in both insulin secretion and β-cell viability. During glucose 
metabolism, an elevated ATP/adenosine diphosphate ratio induces closure of K_ATP channels and membrane depolar
ization, leading to activation of L-type calcium channels, whose expression is upregulated by vitamin D. This process 
enhances calcium influx into β cells.34 The resulting increase in intracellular calcium activates CAMKII, which promotes 
the fusion of insulin granules with the plasma membrane and augments glucose-stimulated insulin secretion (GSIS).33

Concurrently, vitamin D modulates intracellular calcium homeostasis through the calcium-binding protein Calbindin- 
D28k, which acts as a buffer for cytosolic calcium, thereby reducing calcium peak amplitudes under pro-apoptotic 
conditions. Additionally, vitamin D upregulates the expression of the anti-apoptotic protein B-cell lymphoma 2 (Bcl-2) 
and suppresses the activation of caspase-3, contributing to a reduction in β-cell apoptosis.35,41 Vitamin D reverses insulin 
secretory impairments resulting from dysregulated calcium signaling in T2DM, attenuates calcium overload induced by 
chronic hyperglycemia, and inhibits calcium-dependent apoptosis triggered by oxidative stress, thereby providing 
protective effects on pancreatic β cells under pathological conditions.

Although some studies have reported no significant association between vitamin D deficiency and glucose tolerance, 
the preponderance of clinical evidence supports a positive correlation between vitamin D status and β-cell functional 
capacity.42,43 These findings propose that therapeutic strategies targeting the vitamin D–calcium signaling axis represent 
a promising approach for the management of diabetes.44

Regulation of Gene Expression (Figure 2)
Vitamin D enhances pancreatic β-cell function through a multilevel regulatory network involving gene expression. Initial 
evidence by Norman demonstrated that vitamin D deficiency suppresses insulin secretion.8 Subsequent molecular studies 
indicated that 1,25-(OH)2D3 modulates the expression of several key genes in pancreatic β cells through the vitamin D 
receptor. These regulatory effects include the upregulation of preproinsulin mRNA expression, modulation of calmodulin 
and other calcium-binding proteins, and increased expression of metabolic enzymes such as glucokinase and pyruvate 
kinase.45–48

Chuang et al reported high levels of vitamin D receptor expression in pancreatic β cells and demonstrated that 
functional deficiency of vitamin D receptor leads to impaired insulin secretion.49 Additionally, genetic polymorphisms in 
the vitamin D receptor gene have been associated with an elevated risk of T2DM.50 Clinical studies have consistently 
indicated a positive correlation between 25(OH)D levels and β-cell function.51 Vitamin D supplementation has been 
associated with improvements in glycemic control, and an inverse association has been observed between vitamin D 
intake and the risk of developing diabetes.27,32,52

At the molecular level, the vitamin D–vitamin D receptor complex exerts regulatory effects through multiple 
synergistic mechanisms. These include direct binding to VDREs, interaction with transcription factors such as pancreatic 
and duodenal homeobox 1, and the facilitation of epigenetic modifications. Collectively, these mechanisms contribute to 
the transcriptional regulation of genes crucial for maintaining β-cell function.53,54

Antioxidant Mechanisms
The antioxidant properties of vitamin D contribute to the preservation of pancreatic β-cell function. Pancreatic β cells 
generate excessive amounts of reactive oxygen species (ROS), leading to oxidative stress under hyperglycemic 
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conditions. This elevated oxidative burden adversely affects β-cell viability and impairs insulin secretory function.55 

Giacco and Brownlee identified three principal mechanisms by which ROS contribute to β-cell damage: (1) direct 
induction of mitochondrial dysfunction, thereby disrupting cellular energy homeostasis; (2) amplification of ER stress 
pathways via activation of the UPR; and (3) direct oxidative damage to β-cell DNA, resulting in genomic instability. 
These mechanisms collectively promote β-cell dysfunction and apoptosis.56

In obesity-associated diabetes, lipotoxicity caused by elevated levels of FFAs further exacerbates oxidative stress and 
contributes to β-cell injury.57 Experimental findings by Liu et al demonstrated that 1,25-(OH)2D3 upregulates the 
expression of antioxidant enzymes such as superoxide dismutase and glutathione peroxidase, while concurrently 
inhibiting the activity of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. In addition, vitamin D 
enhances the cellular antioxidant defense system by modulating the nuclear factor erythroid 2–related factor 2/antiox
idant response element signaling pathway, thereby mitigating oxidative stress–induced cellular injury.58

Oxidative stress–mediated activation of the JNK pathway is recognized as a key mechanism in promoting β-cell 
apoptosis. Evidence indicates that vitamin D suppresses activation of the JNK pathway, reduces the accumulation of lipid 
peroxidation products, preserves mitochondrial function, and maintains ATP synthesis. Collectively, these actions 
contribute to the restoration of glucose-stimulated insulin secretion.59

Anti-Apoptotic Mechanisms
Apoptosis is a major mechanism contributing to the loss of pancreatic β-cell function, particularly under metabolic 
conditions such as diabetes, where inflammatory cytokines and chronic hyperglycemia promote β-cell death. Vitamin D 
inhibits β-cell apoptosis through multiple coordinated molecular pathways. Initial evidence provided by Riachy demon
strated that 1,25-(OH)2D3 enhances β-cell survival in the presence of cytokine stimulation by modulating the expression 
of Bcl-2 family proteins, specifically by upregulating the anti-apoptotic protein Bcl-2 and downregulating the pro- 
apoptotic protein Bax.60

Subsequent studies indicated that 1,25-(OH)2D3 also induces the expression of A20, an anti-apoptotic protein that 
inhibits the activation of caspase-8 and caspase-3, as well as the JNK signaling pathway. A20 acts as a negative regulator 

Figure 2 Vitamin D modulates β-cell gene expression through multiple pathways.
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of the nuclear factor-kappa B (NF-κB) pathway and downregulates pro-apoptotic mediators, thereby enhancing cellular 
resistance to apoptosis.61 Furthermore, vitamin D downregulates the expression of Fas, a pro-apoptotic receptor involved 
in the extrinsic apoptosis pathway. Suppression of Fas expression and inhibition of caspase-8 activation collectively 
contribute to reduced apoptosis in β cells.62

Also, vitamin D inhibits the assembly of the NLRP3 inflammasome through activation of the AMP-activated protein 
kinase (AMPK) pathway, thereby reducing β-cell apoptosis via the AMPK–NLRP3 signaling axis.63 Vitamin D has also 
been reported to indirectly protect β cells by inducing the expression of cathepsin G (CatG) in CD4+ T cells, which 
facilitates the inactivation of autoreactive T cells and contributes to immune-mediated protection of β cells.64

Taken together, these findings demonstrate that vitamin D exerts protective effects on pancreatic β cells through the 
integrated regulation of Bcl-2 family proteins, A20, Fas/Fas ligand signaling, the AMPK–NLRP3 inflammasome axis, 
and immune-modulatory mechanisms.

Immunomodulatory Mechanisms
Evidence indicates that vitamin D contributes to the improvement of pancreatic β-cell function by modulating immune 
responses. During the progression of diabetes, immune dysregulation is frequently observed, characterized by elevated 
levels of pro-inflammatory cytokines, including interleukin-1β (IL-1β), TNF-α, and interferon-gamma (IFN-γ), as well as 
impaired function of regulatory T cells (Tregs). This immune imbalance plays a significant role in mediating β-cell injury 
and dysfunction.

Under these pathological conditions, vitamin D regulates immune function by inhibiting the activation of T helper 1 
and T helper 17 cells, while promoting the differentiation of Tregs. These immunomodulatory effects improve the 
immune microenvironment and mitigate autoimmune-mediated β-cell damage.65 Furthermore, vitamin D supplementa
tion upregulates the expression of CatG in CD4+ T cells. CatG degrades key components of the T cell receptor signaling 
pathway, leading to the functional inactivation of autoreactive T cells. This mechanism reduces immune-mediated β-cell 
destruction and contributes to the preservation of β-cell function. Notably, vitamin D regulates CatG expression through 
vitamin D receptor-dependent transcriptional mechanisms.64

In preclinical studies, Gysemans et al demonstrated that the combined administration of a vitamin D analog and 
interferon-β effectively suppressed insulitis in non-obese diabetic mice, thereby preserving pancreatic β-cell function. 
This synergistic effect was attributed to the vitamin D-induced modulation of dendritic cell phenotypes, along with 
immunoregulatory enhancement mediated by interferon-β.66

Anti-Inflammatory Mechanisms
Evidence indicates that vitamin D exerts anti-inflammatory activity that contributes to the preservation of islet cell 
function and attenuation of pancreatic injury associated with diabetes. T2DM is primarily recognized as a chronic 
inflammatory condition, wherein low-grade systemic inflammation plays a key role in disease pathogenesis. The anti- 
inflammatory properties of vitamin D position it as a key modulator of such chronic inflammatory responses. By 
downregulating the expression of pro-inflammatory cytokines, vitamin D reduces pancreatic inflammation and facilitates 
the restoration of a microenvironment conducive to β-cell functional recovery.67

Studies have indicated that vitamin D decreases the expression of chemokines produced by pancreatic islet cells, 
including CCL2, CCL3, and CXCL10. This reduction in chemokine expression limits the infiltration of immune cells into 
the islets and modulates the local inflammatory environment within pancreatic tissue.68 The protective role of vitamin D 
was first demonstrated by Riachy, who presented that 1,25-(OH)2D3 exerts beneficial effects on human islets exposed to 
pro-inflammatory cytokines.

The study by Riachy et al demonstrated that 1,25-(OH)2D3 significantly attenuates the cytotoxic effects of pro- 
inflammatory cytokines, including IL-1β, TNF-α, and IFN-γ, on human islet cells.61 This action contributes to the 
protection of pancreatic β cells against inflammatory injury. The underlying mechanism involves downregulation of the 
NF-κB signaling pathway and modulation of ER stress responses.60 Further supporting evidence was provided by 
Wolden-Kirk, who confirmed that vitamin D alleviates β-cell dysfunction induced by inflammatory cytokines through 
regulation of ER stress pathways.69
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Additionally, a study conducted by Wu demonstrated that vitamin D reduced the assembly of the NLRP3 inflamma
some through phosphorylation of AMPK, thereby decreasing the production of inflammatory cytokines such as IL-1β and 
interleukin-18. This reduction mitigates inflammation-induced β-cell injury and contributes to improved β-cell 
function.63

Furthermore, recent findings by Jia reported a synergistic effect between vitamin D and glibenclamide, a sulfonylurea 
compound. The combined therapy enhanced the protective effect of glibenclamide on β cells by suppressing the 
inflammatory response through inhibition of the NF-κB pathway. This combination promoted the restoration and 
functional recovery of pancreatic islet cells.70

Inhibition of Glucagon Secretion
Studies have indicated that vitamin D enhances pancreatic islet function not only by promoting insulin secretion but also 
by inhibiting glucagon release. Glucagon, a hormone secreted by pancreatic α cells, plays a key role in elevating blood 
glucose levels.71 Vitamin D regulates glucagon secretion through modulation of calcium signaling pathways within the 
pancreas. Specifically, vitamin D enhances calcium uptake and storage, increases calcineurin activity, and subsequently 
suppresses glucagon release. This suppression contributes to reductions in blood glucose levels and lessens the functional 
burden on α cells, thereby supporting their viability. Through inhibition of glucagon secretion, vitamin D indirectly 
contributes to improved β-cell function. Given the antagonistic relationship between insulin and glucagon in the 
regulation of glucose homeostasis, vitamin D facilitates hormonal balance within the islets and enhances overall 
pancreatic endocrine function.

Moreover, reduced glucagon secretion helps mitigate pancreatic injury associated with hyperglycemia, providing 
additional support for pancreatic tissue health. Bourlon et al reported that vitamin D3 deficiency decreases the expression 
of the calcium-binding protein calbindin-D28k in both α and β cells within rat islets, resulting in impaired insulin and 
glucagon secretion. Conversely, vitamin D upregulates calbindin-D28k expression, which leads to a reduction in 
intracellular free calcium concentrations and suppression of calcium-dependent glucagon secretion. This regulatory 
effect results in decreased basal and stimulated glucagon release.72

Inhibition of glucagon secretion has also been proposed to attenuate glucotoxic effects of hyperglucagonemia on β 
cells, improve the islet microenvironment, reduce the metabolic burden on β cells, and enhance glucose-stimulated 
insulin secretion, thereby supporting β-cell function. Immunohistochemical studies conducted by Redecker and Cetin 
identified expression of calcium-binding proteins such as calcineurin and calretinin in rodent islet cells. These proteins 
play key roles in pancreatic endocrine regulation. Vitamin D influences the expression of these calcium-binding proteins 
and contributes to glucagon suppression by maintaining intracellular calcium homeostasis, ultimately aiding in the 
stabilization of blood glucose levels.73

Inhibition of the Renin–Angiotensin System
In T2DM, overactivation of the renin–angiotensin system (RAS) within pancreatic islets has been implicated in the 
pathogenesis of β-cell dysfunction. Angiotensin II (Ang II), acting through the angiotensin II type 1 receptor (AT1 receptor), 
promotes oxidative stress and apoptosis in β cells, inhibits glucose-stimulated insulin secretion, and contributes to islet 
fibrosis. These findings underscore the detrimental role of RAS activation in β-cell impairment during T2DM progression.74

Yuan et al elucidated the molecular mechanism by which 1,25-(OH)2D3 inhibits RAS activity. Specifically, 1,25-(OH)2D3 

binds to the negative vitamin D response element in the promoter region of the renin gene through the vitamin D receptor, 
thereby blocking the transcriptional activity of the cyclic AMP response element. This interaction suppresses renin gene 
transcription.75 Complementary findings by Cheng demonstrated that treatment with 1,25-(OH)2D3 reduces Ang II production 
in pancreatic islets, downregulates AT1 receptor expression, and upregulates expression of the angiotensin II type 2 receptor. 
These molecular changes contribute to β cell protection through multiple synergistic mechanisms: (1) Reduced Ang II levels 
lead to reduced NADPH oxidase activity and reduced ROS generation, thereby alleviating oxidative stress; (2) 
Downregulation of the pro-apoptotic protein Bax and upregulation of the anti-apoptotic protein Bcl-2 promote β-cell survival; 
(3) Glucose-stimulated insulin secretion responsiveness is enhanced; and (4) Suppression of transforming growth factor-beta 1 
signaling reduces collagen deposition, thereby attenuating islet fibrosis.76
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Furthermore, studies by Leung and Cheng highlighted a regulatory interaction between glucagon-like peptide-1 
(GLP-1) and Ang II in maintaining islet cell function. Vitamin D may contribute to islet preservation by modulating 
crosstalk between GLP-1 and the RAS. A synergistic effect has also been observed between vitamin D–mediated RAS 
inhibition and GLP-1–induced β-cell proliferation. These complementary mechanisms help preserve the islet micro
environment and support β-cell functional integrity.77

From these observations, Leung proposed that therapeutic strategies targeting the vitamin D-vitamin D receptor-RAS 
signaling axis may offer clinical benefits for individuals with diabetes characterized by RAS overactivation. However, 
further research is warranted to optimize treatment regimens and establish standardized outcome measures to fully realize 
the therapeutic potential of this pathway.78

Application of Vitamin D Supplementation in Improving Islet Cell Function
Pancreatic β-cell dysfunction represents a central pathogenic mechanism in the development of DM (Table 1). Although 
numerous studies have proposed that vitamin D may exert regulatory effects on pancreatic islet cells, ongoing debate 
persists regarding the extent to which vitamin D supplementation can improve β-cell dysfunction, delay diabetes onset, or 
enhance glycemic control.

Table 1 Summary of Studies on the Effects of Vitamin D Supplementation on Pancreatic β-Cell Function and Glucose Metabolism

Author (Year) Study 
Design

Subjects / Sample Size Intervention Main Findings

Bourlon et al 
(1999)45

Animal study 

(in vitro)

Isolated pancreatic islets 

from Wistar rats

Culture medium 

supplemented with  

1,25-(OH)2D3

Enhanced β-cell insulin biosynthesis.

Zeitz et al 
(2003)49

Animal study 

(gene 
knockout)

VDR knockout mice Functional deletion of 

VDR

VDR deficiency impaired insulin secretion and 

reduced β-cell mass.

Gulseth et al 
(2017)79

Randomized 

controlled 

trial

Patients with T2DM and 

vitamin D deficiency 

(n=62)

Vitamin D3 400,000 IU/ 

week or placebo for 6 

months

The intervention group showed significantly 

increased fasting C-peptide levels, while insulin 

sensitivity and HbA1c remained unchanged, 
suggesting improved β-cell function.

Jin et al (2020)80 Network 
meta- 

analysis

Patients with gestational 
diabetes (multiple RCTs)

Various nutritional 
interventions including 

vitamin D 

supplementation

Vitamin D supplementation was associated with 
improved insulin sensitivity, enhanced β-cell 

function, and reduced fasting glucose and HbA1c.

Pramono et al 
(2020)81

Systematic 

review and 
meta- 

analysis

Heterogeneous 

populations (multiple 
RCTs)

Vitamin D 

supplementation

Overall, vitamin D supplementation did not show 

a direct significant effect on β-cell function. 
Heterogeneity may stem from variations in sample 

size and methodology.

Bock et al 
(2011)82

Randomized 

controlled 

trial

Healthy subjects (n=59) Daily oral vitamin D3 

for 3 months

No significant improvement in β-cell function 

(assessed by insulin secretion and HOMA-β) during 

oral glucose tolerance testing.

Gagnon et al 
(2014)83

Randomized 

controlled 
trial

Multiethnic adults at high 

risk for T2DM with 
vitamin D deficiency 

(n=95)

Calcium + vitamin D3 

or placebo

Combined supplementation did not significantly 

improve insulin secretion, insulin sensitivity, or β-cell 
function compared with placebo.

Wagner et al 
(2016)84

Randomized 

controlled 

trial

Patients with impaired 

glucose tolerance or diet- 

controlled T2DM (n=44)

High-dose vitamin D3 

or placebo

No significant effects on β-cell function, insulin 

sensitivity, or glucose homeostasis parameters.
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Given the immense global burden of diabetes, which costs healthcare systems approximately USD 1 trillion 
annually and affects nearly 600 million adults, there is an urgent need for accessible and cost-effective adjuvant 
therapies.1 Vitamin D supplementation, if proven effective, could represent such a strategy, particularly for high-risk 
populations with identified deficiency.2

In an in vitro study, Bourlon demonstrated that the addition of 1,25-(OH)2D3 to the culture medium of isolated Wistar 
rat islets enhanced the biosynthetic capacity of β cells.45 Similarly, Zeitz conducted experiments using vitamin D receptor 
gene knockout mice and observed reduced insulin secretory capacity and a decreased number of β cells compared to 
wild-type controls, indicating a key role for vitamin D receptor in maintaining β cell function.49 In a clinical study 
involving 71 patients with T2DM and vitamin D deficiency, participants were randomized to receive either weekly high- 
dose vitamin D supplementation (20,000 IU/week) or placebo for 12 weeks. The intervention group demonstrated 
increased 25(OH)D and fasting C-peptide levels; however, no significant changes were observed in insulin sensitivity or 
glycated hemoglobin. These findings indicate that short-term high-dose vitamin D supplementation may improve β-cell 
function through mechanisms that are independent of enhanced insulin sensitivity.79

A network meta-analysis assessing nutritional interventions for glucose homeostasis in individuals with gestational 
DM included randomized controlled trials published up to 2019. Among various interventions assessed such as vitamin D 
supplementation, dietary fiber, probiotics, and adherence to a Mediterranean diet, vitamin D supplementation was 
associated with improvements in insulin sensitivity and β-cell function, along with reductions in fasting plasma glucose 
and glycated hemoglobin levels.80

However, conflicting evidence exists. A meta-analysis conducted in a heterogeneous population concluded that 
vitamin D supplementation did not exert a direct effect on β-cell function overall. This conclusion may be attributable 
to the limited sample sizes of the included trials and the invasive nature of β-cell function assessment methodologies.81 In 
a separate randomized controlled trial involving 40 healthy participants, participants were randomized to receive daily 
oral vitamin D3 for six weeks. β-cell function, assessed using the oral glucose tolerance test, presented no significant 
improvement in indices such as insulin secretion or HOMA-β.82 Other studies have similarly failed to demonstrate 
beneficial effects of vitamin D on β-cell function.83,84 The inconsistencies between preclinical and clinical findings may 
be due to the greater complexity of β-cell repair mechanisms in humans. Additionally, heterogeneity across clinical 
studies may reflect variations in diabetes stage, sample size, supplementation dose and duration, as well as methodolo
gical differences in outcome assessment.

Future investigations should prioritize large-scale, well-designed randomized controlled trials to more definitively 
elucidate the role of vitamin D in diabetes prevention and management. Consideration should also be given to potential 
synergistic effects between vitamin D and other nutrients or pharmacological agents. The development of individualized 
intervention strategies and novel vitamin D analogs or selective vitamin D receptor modulators may provide more 
targeted and effective approaches for diabetes therapy.

Conclusion and Perspectives
The relationship between vitamin D and pancreatic β-cell dysfunction has emerged as a significant focus in contemporary 
medical research. Beyond its well-established role in bone metabolism and the prevention of osteoporosis, vitamin D 
regulates β-cell function through various mechanisms, including the promotion of insulin secretion, inhibition of 
apoptosis, and attenuation of inflammation and oxidative stress. Advancements in experimental methodologies are 
expected to further elucidate the multifaceted roles of vitamin D in metabolic regulation, thereby providing 
a theoretical basis for the treatment of endocrine disorders.

Although existing evidence supports the potential of vitamin D in the prevention and management of DM, key 
parameters such as optimal supplementation dosage, timing of intervention, and the development of individualized 
therapeutic strategies remain to be fully defined. Future research should incorporate integrative approaches derived from 
genomics and metabolomics to examine the regulatory role of the vitamin D–vitamin D receptor signaling pathway in 
pancreatic islet function. Such investigations may contribute to the advancement of precision medicine strategies for the 
treatment of diabetes.
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Future research should prioritize large-scale trials to translate these mechanistic insights into practical, cost-effective 
interventions. Success in this endeavor could offer a valuable strategy to mitigate the immense personal and societal costs 
of diabetes, embodied by the hundreds of millions affected and the trillion-dollar economic burden.
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