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Abstract

Type 2 diabetes mellitus (T2DM) and its microvascular complications are characterized by chronic inflammation, which
arises as a consequence of persistent hyperglycemia and insulin resistance. In obese patients with T2DM, abdominal
adiposity further contributes to metabolic imbalance and an increased inflammatory burden. During the inflammatory
process in adipose tissue, proinflammatory cytokine levels rise, while anti-inflammatory cytokines decrease. Vitamin D
has been increasingly recognized for its role in modulating inflammation, a key factor in the progression of T2DM and
its associated complications. This review examines the relationship between vitamin D status and inflammatory markers
in individuals with T2DM, highlighting the potential mechanisms through which vitamin D influences immune
responses and metabolic pathways. Recent clinical and experimental studies investigating the impact of vitamin D
deficiency on chronic inflammation (such as via tumor necrosis factor alpha, interleukins, and C-reactive protein),
insulin resistance, and the development of diabetic complications including cardiovascular disease, nephropathy, and
neuropathy are discussed. Furthermore, the review elaborates on the potential benefits of vitamin D supplementation in
managing inflammation and mitigating disease progression. Although existing evidence suggests a strong link between
vitamin D and inflammatory processes in T2DM, further well-designed clinical trials are needed to establish causality
and determine optimal supplementation strategies.
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1. Introduction

Type 2 diabetes mellitus (T2DM) is a systemic disease characterized by chronic inflammation. In T2DM and metabolic
syndrome, systemic inflammation occurs at the tissue level, particularly in the pancreas, liver, muscles, and adipose
tissue [1]. The production of pro-inflammatory cytokines, including tumor necrosis factor alpha (TNF-α), interleukin-6
(IL-6) and interleukin-1 (IL-1), as a result of macrophage infiltration is the beginning of the basic mechanism [2]. The
contribution of this chronic inflammatory process to the micro and macrovascular diabetic complications seen in
diabetes is quite high.

Vitamin D is known as an important immunomodulatory hormone, in addition to supporting the skeletal system by
regulating calcium and phosphate metabolism [3]. Low serum vitamin D levels have been associated in the literature
with multiple immune-related diseases, including autoimmune disorders and infectious diseases [4]. In a study
evaluating the relationship between vitamin D levels and diabetes regulation in patients with T2DM, a negative
correlation was shown between vitamin D and glycated hemoglobin (HbA1c) [5]. Vitamin D also plays an important
role in the development of diabetic complications such as diabetic nephropathy. Several animal studies have observed
lower vitamin D levels in the diabetic kidney disease group compared to the control group [6-12].

While many studies explored vitamin D in diabetes, the specific link to inflammation remains less clearly synthesized.
In this review, we aimed to evaluate the relatıonship between vitamin D and T2DM and its complications in the context
of inflammation.

2. T2DM and Inflammation

T2DM is a common metabolic disease characterized by chronic low-grade inflammation and immune system activation.
In diabetes and metabolic syndrome, macrophage infiltration contributes to tissue-level inflammation, and pro-
inflammatory cytokines such as TNF-α, IL-6, and IL-1, released from these cells, play a key role in pathophysiology.
These cytokines also function through autocrine and paracrine signaling to contribute to insulin resistance by disrupting
insulin signaling pathways in peripheral tissues, such as skeletal muscle, adipose tissue, and the liver [2,13].

Initially, it was determined that the release and production of the pro-inflammatory cytokine TNF-α in adipose tissue
increased in obese individuals, contributing to insulin resistance. Later studies also demonstrated an upregulation of
genes regulating inflammatory factors [14].

In obesity, macrophage infiltration into adipose tissue is closely associated with the degree of obesity, systemic
inflammation, insulin levels, and, in this context, the development of diabetes and metabolic syndrome [15,16].
Although macrophage-derived pro-inflammatory cytokines in adipose tissue contribute to inflammation, enlarged fat
cells themselves are also known to produce pro-inflammatory cytokines and chemokines [17]. Studies have shown that
weight loss increases insulin sensitivity and reduces the expression of pro-inflammatory genes [15-17].

In T2DM, inflamed adipose tissue secretes excessive inflammatory cytokines such as TNF-α and IL-6, which stimulate
C-reactive protein (CRP) production in the liver and trigger chronic inflammation [18]. The ‘inflammation hypothesis’
suggests that obesity promotes the production of inflammatory molecules by facilitating macrophage migration into
adipose tissue, leading to pathological changes in insulin-sensitive tissues and β-cells, ultimately contributing to chronic
inflammation [19].

Chronic low-grade systemic inflammation associated with diabetes impairs pancreatic islet cell function and disrupts
insulin secretion. During the initial stages of β-cell dysfunction, inflammatory cytokines interfere with intracellular
calcium influx and storage, both of which are essential for proper insulin release [20,21].

During the chronic phase, inflammatory signaling via the nuclear factor-κB (NF-κB) and mitogen-activated protein
kinase (MAPK) pathways induces mitochondrial stress and promotes the production of reactive oxygen species (ROS),
ultimately resulting in β-cell apoptosis [22,23].

TNF-α, IL-6, and CRP are pro-inflammatory cytokines secreted from adipose tissue that contribute to low-grade
inflammation in diabetes, obesity, and metabolic syndrome. They also play a role in atherogenesis [24,25]. CRP, in
particular, is an important marker of vascular inflammation and a predictor of atherosclerosis [26-28]. TNF-α activates
the transcription factor NF-κB, which regulates inflammatory changes in vascular tissue [29,30]. Additionally, IL-6
increases TNF-α levels [31].

In mouse models of obesity, a higher number of cytotoxic CD8+ effector cells is believed to trigger the recruitment and
activation of adipose tissue macrophages, hence, promoting pro-inflammatory cascades linked to insulin resistance [32-
34]. Obesity disturbs the balance between pro-inflammatory T helper 1 and 17 cells and anti-inflammatory T helper 2
and regulatory T lymphocytes (subsets of CD4+ cells), resulting in increased cytokine secretion by adipose tissue
macrophages [32,34]. Importantly, the number of anti-inflammatory regulatory T lymphocytes is reduced in the adipose
tissue of both obese mice and humans [32,34,35], with an even more pronounced decline observed in obese individuals
with metabolic syndrome [36].
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Regulatory T lymphocytes produce the anti-inflammatory cytokine IL-10, which inhibits macrophage migration and
promotes the differentiation of M2 macrophages [35,37]. Consequently, these anti-inflammatory T cells may help
suppress adipose tissue inflammation and contribute to protection against obesity-related, insulin resistance–induced
inflammation [35,36]. In summary, current evidence in the literature supports the involvement of inflammation, and the
potential modulatory role of vitamin D, in the pathogenesis of T2DM and its chronic complications.

3. Diabetic Complications and Inflammation

T2DM is associated with both microvascular and macrovascular complications. Microvascular complications,
particularly in patients with poor blood glucose control, develop over time due to chronic hyperglycemia. Inflammatory
processes in diabetes also contribute to the pathogenesis of these complications. Pro-inflammatory cytokines, which
mediate chronic inflammation in T2DM, play a key role in vascular complications and promote atherosclerosis.

Diabetic nephropathy, a frequent complication of T2DM, is a progressive disorder that significantly contributes to
morbidity and mortality due to end-stage renal disease and the subsequent need for hemodialysis. Macrophage
infiltration plays a central role in the pathogenesis of both T2DM and diabetic nephropathy. Key factors contributing to
the development of diabetic nephropathy include chronic hyperglycemia, oxidative stress, and activation of the renin-
angiotensin-aldosterone system. Furthermore, the progression of nephropathy is exacerbated by adhesion molecules,
chemokines, cytokines, immune cells, and inflammatory intracellular signaling pathways [38-40].

Research on the pathogenesis of diabetic nephropathy has shown elevated macrophage infiltration and increased
expression of leukocyte adhesion molecules in the kidneys of both diabetic patients and experimental animal models
[41-45]. Inflammatory cells, such as leukocytes, monocytes, and macrophages, are also implicated in the development
of diabetic nephropathy [41-45]. Moreover, circulating pro-inflammatory cytokines contribute to the progression of
diabetic complications [44-49].

Inflammation also contributes to the pathogenesis of diabetic retinopathy. Chronic low-grade inflammation is
commonly observed in both animal models and diabetic patients at various stages of the disease [50]. Leukocytosis is an
important inflammatory marker in the early stages of diabetic retinopathy and is associated with adhesion molecule-
mediated leukocyte-endothelial adhesion [51,52]. Overall, chronic inflammation in diabetes triggers an inflammatory
cell response, further impairing capillary function and contributing to the development of diabetic retinopathy.

The pathogenesis of diabetic neuropathy is multifaceted, involving several proposed mechanisms. Recent findings from
studies using animal models of both type 1 and T2DM suggest that low-grade intraneural inflammation is a contributing
feature of diabetic neuropathy [53].

When evaluating the chronic complications of diabetes, it becomes evident that their pathogenesis involves a slow-
progressing, chronic inflammatory process driven by hyperglycemia.

4. Vitamin D and Inflammation

Vitamin D, which is essential for bone metabolism, is a fat-soluble prohormone with endocrine, paracrine and autocrine
functions [54].

Vitamin D exists in two forms: ergocalciferol (vitamin D₂), obtained from dietary sources, and cholecalciferol (vitamin
D₃), synthesized in the skin upon exposure to ultraviolet (UV) light [55]. Once in the bloodstream, both forms are
converted in the liver by the enzyme vitamin D-25-hydroxylase into 25-hydroxyvitamin D [25(OH)D]. This metabolite
is then transformed into the biologically active form, 1,25-dihydroxyvitamin D [1,25(OH)₂D], primarily in the kidneys
by the enzyme 25-hydroxyvitamin D-1α-hydroxylase [56-58]. The active form of vitamin D binds to the vitamin D
receptor (VDR) located in the cytoplasm of target cells, promoting its heterodimerization with the retinoid X receptor
(RXR) to form a VDR-RXR complex [59]. Notably, VDR is expressed not only in the kidneys but also in various other
tissues, including the pancreas.

Vitamin D influences immune function both directly and indirectly by regulating the proliferation, differentiation, and
activity of immune cells. Macrophages and lymphocytes express the VDR, rendering them responsive to its effects.
Vitamin D suppresses the production of chemokines and pro-inflammatory cytokines by macrophages. A deficiency in
vitamin D hampers macrophage maturation and reduces the synthesis of key antimicrobial components such as
macrophage-specific membrane antigens, lysosomal acid phosphatase, and hydrogen peroxide. Conversely, vitamin D
enhances the expression of membrane markers, enzymes, and ROS, thereby promoting chemotaxis and phagocytosis
[60]. Furthermore, activated macrophages can synthesize 1,25(OH)₂D₃ in response to interferon-gamma and toll-like
receptor activation.

In recent years, vitamin D has become a very popular research topic, and the relationship between vitamin D and
inflammation is also widely covered in the literature. When evaluated, vitamin D causes inflammation by causing both
an increase in proinflammatory cells and a decrease in anti-inflammatory cells. It is also evident in the literature that
vitamin D has an effect on immune cells. It is thought that the anti-inflammatory effect of vitamin D, one of the
extraskeletal effects, may also be effective in diseases such as diabetes that progress with chronic inflammation.
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Vitamin D is obtained from skin synthesis (cholecalciferol) and diet, then sequentially hydroxylated to 25-
hydroxyvitamin D (25OHD) in the liver and to the active form 1,25-dihydroxyvitamin D (1,25[OH]₂D) by 1α-
hydroxylase (CYP27B1), classically in the kidney but also in many extra-renal tissues including immune cells. Local
(intracrine/paracrine) production of 1,25[OH]₂D by immune cells enables autocrine regulation of immune responses that
is distinct from endocrine control of mineral metabolism. Regulatory steps include control of hepatic 25-hydroxylases
(i.e., CYP2R1), tissue-specific expression of CYP27B1, and catabolism by CYP24A1; together these determine local
ligand availability and thus tissue-specific VDR signaling [61, 62]. Many immune cell types express the VDR and the
enzymes required for local activation of vitamin D, making them direct targets of 1,25[OH]₂D. Binding of 1,25[OH]₂D
to VDR modulates transcription of a wide array of immune genes through VDREs (vitamin D response elements) and
also alters chromatin accessibility at immune loci. Functionally, VDR signalling in antigen-presenting cells suppresses
dendritic cell maturation and antigen presentation (reduced IL-12, costimulatory molecules), shifts T-cell differentiation
away from pro-inflammatory Th1/Th17 phenotypes toward regulatory/Treg and Th2 profiles, and limits B-cell
proliferation and plasma cell differentiation in many contexts. These direct effects manifest as reduced production of
proinflammatory cytokines (i.e., IL-12, IFN-γ, TNF-α) and increased anti-inflammatory mediators in vitro and in vivo
[63,64]. Beyond direct transcriptional control, VDR activation modulates central intracellular signaling networks that
shape immune responses. A well-characterized mechanism is inhibition of NF-κB signaling: VDR can interfere with
NF-κB activation, thereby reducing NF-κB nuclear translocation and downstream transcription of proinflammatory
genes (IL-6, IL-8, TNF-α, IL-12). Vitamin D also upregulates negative regulators of MAPK signaling (i.e., MKP-1) and
influences other pathways such as MAPK and signal transducer and activator of transcription (STATs), contributing to
lowered cytokine production and attenuated inflammatory amplification loops. These pathway-level effects help explain
how modest changes in ligand availability can produce broad shifts in immune tone and susceptibility to
hyperinflammation [65,66]. Because immune cells both produce and respond to 1,25[OH]₂D, vitamin D signaling acts
at two levels. Cell-intrinsic VDR-mediated transcriptional control that directly alters cytokine and surface-molecule
programs, and modulation of intracellular signaling hubs (i.e., NF-κB, MAPK) that amplify or silence inflammatory
networks. The combined action, restricted local activation plus VDR-dependent repression of pro-inflammatory
pathways, causes a plausible molecular basis for vitamin D’s reported effects on infection control, autoimmunity
modulation, and dampening of cytokine storms [61].

5. Vitamin D and T2DM

Vitamin D levels are closely related with inflammation and T2DM is characterized with chronic inflammation. Indeed,
numerous studies in the literature have explored the link between vitamin D deficiency and various health conditions,
including autoimmune diseases, cancer, diabetes mellitus, metabolic syndrome, cardiovascular disease, and
hypertension [67-74].

Preclinical studies suggest that vitamin D plays a regulatory role in insulin secretion, beta cell survival, and calcium
influx into pancreatic beta cells. Several studies have demonstrated that vitamin D deficiency impairs glucose-
stimulated insulin secretion in rat beta cells [75-79], whereas vitamin D supplementation appears to restore this glucose-
dependent insulin response [75,78-82].

The enzyme 25(OH)D-1α-hydroxylase also activates vitamin D within pancreatic beta cells, enabling a significant
paracrine effect of circulating 25-hydroxyvitamin D [83]. Additionally, vitamin D helps regulate extracellular calcium
levels in these beta cells [84]. Since insulin secretion is a calcium-dependent process [85], alterations in calcium flux
directly influence insulin release [86-88]. Vitamin D modulates the activity of calbindin, a cytosolic calcium-binding
protein present in pancreatic beta cells [89,90], thereby acting as a key regulator of depolarization-induced insulin
secretion through the control of intracellular calcium levels [91].

Vitamin D may also directly influence beta cell function, an effect that seems to be mediated through the binding of its
circulating active form to the VDR expressed in pancreatic beta cells [89]. For instance, mice deficient in a functional
VDR exhibit impaired insulin secretion in response to a glucose challenge, which is linked to reduced insulin
production by the beta cells [92].

Although vitamin D plays a regulatory role at several important points when looking at the relationship between vitamin
D and diabetes, the development of T2DM has not been prevented despite vitamin D supplementation in the literature.
This may be due to a more complex infrastructure in the pathogenesis of T2DM. Metabolically, the effect of insulin
resistance not only in the pancreas but also in the liver, muscle and fat tissue increases inflammation. It is clear that
vitamin D reduces inflammation, but in the literature on diabetes, there are positive results as well as results that show
no effect. What we know for sure is that there are no negative results with vitamin D.

Vitamin D may enhance insulin sensitivity in T2DM through its immunomodulatory effects on systemic inflammation.
It can protect beta cells from cytokine-induced apoptosis by directly regulating cytokine expression and activity [93-96].
This anti-inflammatory action of vitamin D may involve the downregulation of NF-κB, a key transcription factor
responsible for TNF-α and other proinflammatory molecules. Additionally, vitamin D may exert protective effects by
inhibiting cytokine-induced Fas expression, thereby preventing beta cell apoptosis and damage [97].

In addition, other ways to reduce systemic inflammation caused by T2DM and prevent beta cell destruction through
vitamin D are; blockade of dendritic cell differentiation, inhibition of lymphocyte proliferation, inhibition of foam cell
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formation and inhibition of cholesterol uptake by macrophages and enhancement of regulatory T-lymphocyte
development [96, 98].

Much of the early evidence linking low circulating 25-hydroxyvitamin D (25[OH]D) to higher risk of T2DM and to
worse chronic complications comes from cross-sectional studies, case–control studies, and prospective cohort studies.
These range from small clinic series and hospital-based case/control datasets to large prospective cohorts and pooled
meta-analyses involving thousands of participants. For example, pooled analyses and meta-analyses have combined
data from many cohorts and found inverse associations between 25(OH)D and incident T2DM [99]. The randomized
controlled trials (RCTs) evidence base is smaller and heterogeneous. The largest prevention trial to date (the D2d trial)
randomized 2423 adults with prediabetes to vitamin D₃ 4,000 IU/day versus placebo and was event-driven; it reported
no statistically significant reduction in diabetes incidence in the overall trial population [100]. Smaller RCTs and many
single-center supplementation trials have sample sizes from a few dozen to several hundred and have used highly
variable doses, durations, and endpoints (i.e., fasting plasma glucose, HbA1c, insülin resistance, albuminuria) [101].
Several recent meta-analyses pool either observational studies (for risk/association questions) or RCTs (for
supplementation effects). These syntheses often report modest overall effects or subgroup effects, such as benefit in
baseline-deficient patients, but they also highlight between-study heterogeneity and study quality issues [102,103].

Obesity/adiposity is a major confounder in those studies. Adipose tissue both stores vitamin D (lowering circulating
25[OH]D) and is causally linked to insulin resistance and progression to T2DM. Many observational studies adjust for
body mass index (BMI) but residual confounding by central adiposity, body composition, or adiposity-related metabolic
traits is common. Behavioral and environmental confounders include physical activity, outdoor time / sunlight exposure,
diet, socioeconomic status, and comorbidities and they correlate with both vitamin D status and diabetes risk or
complications and are inconsistently measured or adjusted for across studies. Failure to fully account for these factors
can create spurious associations or exaggerate true effects. An observed association between low vitamin D and worse
glycemic control may partly reflect reverse causation (sick or less active patients go outdoors less and thus have lower
vitamin D), not a protective effect of vitamin D per se. These issues are repeatedly emphasized in major syntheses of the
literature [99,100]. Many cohort and case–control studies relied on one serum 25(OH)D measurement. Because vitamin
D levels vary with season, recent sun exposure, and illness, a single measure is a noisy proxy for long-term exposure
and increases potential misclassification bias. RCTs that monitor intratrial vitamin D exposure show that achieving and
maintaining higher intratrial levels may be more predictive of outcome than assignment alone [104].

RCTs on vitamin D differ widely. some enrolled unselected participants (not deficient), others enrolled deficient or
high-risk groups; doses range from low (i.e., 800–2000 IU/day) to high (4000 IU/day or intermittent large boluses);
durations often < 2–3 years, sometimes too brief to change long-term endpoints such as diabetic nephropathy or
retinopathy. The D2d trial was large but enrolled people with prediabetes regardless of baseline vitamin D; subgroup
and intratrial exposure analyses suggested benefit in those who achieved higher vitamin D levels, illustrating how
baseline status and achieved exposure matter [100].This heterogeneity makes pooling results difficult and explains
inconsistent findings across meta-analyses [104].Many supplementation trials use intermediate surrogate outcomes
including fasting glucose and HOMA-IR, rather than hard clinical endpoints such as new-onset diabetes, progression to
end stage renal disease (ESRD) and vision-threatening retinopathy. Surrogate endpoints can overestimate biological
effects and may not translate into patient-relevant improvements in chronic complications. Where hard endpoints are
used, trials are often underpowered or too short [102].

Accumulated data in literature confirms the association between serum vitamin D level and T2DM. Diabetic
nephropathy progression is driven by glomerular and tubulointerstitial inflammation: activation of NF-κB, upregulation
of pro-inflammatory cytokines (TNF-α, IL-1β, IL-6), chemokines (MCP-1), and profibrotic mediators including tumor
growth factor beta (TGF-β). ROS generation, NLRP3 inflammasome activation, macrophage infiltration and RAAS
upregulation (local angiotensinogen/AGT) amplify injury to podocytes, endothelium and tubular cells [7,105]. Vitamin
D inhibits NF-κB and inflammasome signaling. 1,25(OH)₂D (active vitamin D) has been shown to block NF-κB
activation in renal cells, reducing expression of AGT and proinflammatory cytokines; it also suppresses NLRP3
inflammasome activation in experimental models, lowering IL-1β release and downstream inflammation [106, 107].
VDR activation in podocytes reduces high-glucose–induced apoptosis by inhibiting p38/ERK pathways and
downstream pro-apoptotic cascades, helping maintain glomerular filtration barrier integrity [108]. Vitamin D skews
macrophages toward anti-inflammatory phenotypes, increases IL-10 production, and curtails dendritic-cell maturation,
actions that limit renal immune activation [107]. Vitamin D suppresses intrarenal RAAS components via NF-κB
inhibition, which reduces hemodynamic and profibrotic signaling contributing to DN [106]. Multiple preclinical studies
and smaller clinical trials show reduced proteinuria and inflammatory indices after vitamin D or VDR-agonist treatment.
Meta-analyses report decreased albuminuria but inconsistent effects on estimated glomerular filtration rate (eGFR).
Heterogeneity in dose, baseline vitamin D status and trial length limit firm conclusions. Mendelian/randomization data
are mixed [6,109].

In animal and cell models, vitamin D reduced retinal ROS, inhibited TXNIP/NLRP3 inflammasome activation, and
decreased retinal cell apoptosis, effects that protect BRB integrity [110]. Vitamin D and analogues downregulate
vascular endothelial growth factor (VEGF) expression in retinal cells and attenuate pathological neovascularization in
experimental models, linking VDR signaling to suppression of pro-angiogenic inflammation [111]. Epidemiologic

Duman 

AMB, Vol. 1, No. 3, November 2025 https://amb.cultechpub.com/amb

27



studies associate low vitamin D with higher prevalence/severity of diabetic retinopathy (DR), and animal/cell studies
show mechanistic plausibility. Clinical intervention data are scant and inconsistent; some small human cohorts suggest
correlations between baseline vitamin D and response to ocular therapies, but randomized data demonstrating
prevention or progression slowing are lacking [111,112].

Vitamin D reduces NF-κB signaling and downstream cytokine production in neural and glial cells, lowering
macrophage recruitment and inflammation in peripheral nerves. It also supports antioxidant defenses that limit ROS-
mediated axonal injury [113]. Experimental data indicate vitamin D and its analogs can promote Schwann cell
survival/differentiation and upregulate neurotrophic factors, which could preserve axonal integrity and support
regeneration. Animal models show recovery of nerve conduction and reduced neuropathic pain behaviors after vitamin
D or VDR agonist treatment [114]. Observational studies link low 25(OH)D to higher prevalence and severity of painful
diabetic polyneuropathy. Small interventional trials and case series report symptomatic improvement in some patients
after supplementation, but high-quality RCT evidence is limited. Heterogeneity in outcome measures, doses and follow-
up durations complicate interpretation. Mechanistic human data on nerve tissue VDR expression and intraneural
vitamin D metabolism remain sparse [113,115]. Figure 1 shows low serum vitamin D activates inflammatory
mechanisms and trigger changes that cause microvascular complications.

Figure 1.Mechanistic association between vitamin D and diabetes mellitus and its complications.

6. Conclusion

A significant association between vitamin D deficiency and an increased risk of developing diabetes, particularly T2DM,
is well established. Vitamin D plays a crucial role in insulin sensitivity, glucose metabolism, and overall endocrine
regulation. However, the precise mechanisms and causal pathways linking vitamin D status to diabetes remain
incompletely understood. Future research should prioritize large-scale, RCTs stratified by baseline vitamin D status,
genetic polymorphisms in the VDR and vitamin D–metabolizing enzymes, and metabolic phenotypes to clarify the
efficacy and optimal dosing of vitamin D supplementation in diabetes prevention and management. Moreover,
mechanistic studies employing multi-omics approaches, such as transcriptomic and metabolomic profiling, could help
elucidate how vitamin D modulates insulin signaling, beta-cell function, and inflammatory pathways. Collectively, these
investigations may translate current associative evidence into actionable strategies for personalized diabetes care and
prevention.
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