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Background

Sleep disorders are common globally and are linked to various adverse health outcomes, including cardiovascular disease, type 2 diabetes, and mental health conditions. Emerging evidence suggests a potential role of serum 25-hydroxyvitamin D (25(OH)D) in regulating sleep. Individuals with prediabetes and diabetes are at an increased risk of both vitamin D deficiency and sleep disorders, yet the relationship between these factors remains insufficiently studied. Utilizing data from the UK Biobank, this study aims to investigate the association between serum 25(OH)D concentrations and the risk of sleep disorders in individuals with prediabetes and diabetes.





Methods

We conducted a cross-sectional study of 81,533 participants (mean age 59.6 [SD 7.1] years, comprising 41,275 males [50.6%] and 40,278 females [49.4%]) from the UK Biobank, followed by a prospective study of 80,546 participants (mean age 59.6 [SD 7.1] years, comprising 40,513 males [50.3%] and 40,033 females [49.7%]) within the same cohort, focusing on individuals with prediabetes and diabetes. Baseline serum 25(OH)D concentrations were categorized into four groups: severe deficiency (<25.0 nmol/L), moderate deficiency (25.0–50.0 nmol/L), insufficiency (50.0–75.0 nmol/L), and sufficiency (≥75.0 nmol/L). Multivariable logistic regression and Cox proportional hazards models were used, adjusting for demographic, lifestyle, and health-related confounders.





Results

Over an average follow-up of 12.8 years, we documented 2,704 cases of sleep disorders and found that higher serum 25(OH)D concentrations were significantly associated with reduced sleep disorder risk. In fully adjusted models, sufficient serum 25(OH)D concentrations reduced sleep disorder risk by 48% in prediabetes (HR = 0.52; 95% CI: 0.41–0.65) and 52% in diabetes (HR = 0.48; 95% CI: 0.34–0.67). Subgroup analysis found that adequate vitamin D concentrations were associated with improved sleep health especially in people ≤60 years of age, women, BMI≥30kg/m², and those who had never smoked.





Conclusion

This study provides strong evidence that higher serum 25(OH)D concentrations are associated with a reduced risk of sleep disorders in individuals with prediabetes and diabetes. These findings suggest that maintaining adequate vitamin D concentrations may offer a potential strategy to improve sleep health in this population.
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1 Introduction

Sleep disorders, encompassing conditions such as insomnia, obstructive sleep apnea, periodic limb movement disorder, and narcolepsy, represent a widespread chronic health issue globally (1, 2). It is estimated that approximately 10% to 30% of adults worldwide experience sleep disorders of varying severity, with the prevalence of insomnia symptoms generally increasing with age (3). Chronic sleep disturbances not only reduce quality of life but also elevate the risk of cardiovascular disease, type 2 diabetes, and serious mental illnesses such as depression and anxiety. In addition to lifestyle, sleep environment, and psychosocial factors, serum 25-hydroxyvitamin D (25(OH)D) concentrations are believed to be closely related to the occurrence and development of sleep disorders.

As a fat-soluble vitamin, vitamin D plays a crucial role in regulating calcium-phosphorus metabolism, maintaining bone health, and balancing mineral levels (4). 25(OH)D is the primary circulating form of vitamin D in the body, and its level can reflect the nutritional status of vitamin D. Epidemiological evidence suggests that vitamin D deficiency is associated not only with musculoskeletal diseases (5), but also with an increased risk of various chronic conditions, including cardiovascular disease, autoimmune diseases, and cancer (6–9). Increasing evidence links vitamin D deficiency to a higher risk of psychiatric disorders such as sleep disturbances, depression, and anxiety (10, 11). A Mendelian randomization study based on NHANES data found that low 25(OH)D concentrations in the general adult population were significantly associated with an increased risk of sleep disorders, even after controlling for confounders (12). A meta-analysis also revealed a general association between vitamin D deficiency and sleep disorders in Asian populations (13).

Current studies provide preliminary evidence of the association between vitamin D and sleep disorders, primarily focusing on the general population. Global epidemiological data indicate that, despite recent declines in the incidence and mortality of cardiovascular diseases among individuals with prediabetes and diabetes, the prevalence of mental illnesses, including sleep disorders and depression, continues to rise yearly (14). However, research on the relationship between vitamin D deficiency and sleep disorders in individuals with prediabetes and diabetes remains limited, with insufficient systematic evidence. Additionally, compared to the general population, individuals with prediabetes and diabetes are often more prone to vitamin D deficiency, with lower serum 25(OH)D concentrations (15–18). This may result from factors such as insulin resistance, impaired kidney function, and drug interactions.

This study aims to utilize data from the UK Biobank, a large prospective cohort study, to explore the association between serum 25(OH)D concentrations and the risk of sleep disorders in individuals with prediabetes and diabetes. Our research incorporates both cross-sectional and prospective cohort designs. Additionally, we examine whether there is heterogeneity in the associations across different subgroups, such as age, sex, and smoking status. Through this study, we hope to provide new insights into the mechanisms by which vitamin D influences diabetes-related sleep disorders, and to offer a scientific basis for developing targeted clinical interventions to improve sleep quality in patients.




2 Materials and methods



2.1 Data availability

The UK Biobank is a large prospective cohort study conducted from 2006 to 2010, which recruited over 500,000 participants aged 40 to 69 years from 22 assessment centers across the United Kingdom (19). Upon recruitment, all participants provided written informed consent. Those who consented completed a touchscreen questionnaire and participated in face-to-face interviews, where sociodemographic, lifestyle, and health information was collected. Additionally, a series of physical examinations were conducted, and participants provided blood, urine, and saliva samples.

The UK Biobank received ethical approval from the North West Multi-centre Research Ethics Committee (MREC) as a “Research Tissue Bank” (RTB). The general ethical approval for UK Biobank research was granted by the National Research Ethics Service Centre (http://www.ukbiobank.ac.uk/ethics/). All participants provided written informed consent, and the study protocol is accessible online (http://www.ukbiobank.ac.uk/).




2.2 Study design and participants

In this study, participants from the UK Biobank cohort were excluded based on the following criteria: missing baseline serum 25(OH)D concentrations (n = 54,137), incomplete data on blood glucose or glycated hemoglobin (HbA1c) (n = 1,860), and a history of systemic inflammatory response syndrome, pregnancy, or organ failure (n = 3,610). At baseline, eligible participants were initially included based on the American Diabetes Association (ADA) diagnostic criteria for prediabetes and diabetes mellitus, forming a cohort of81,553 individuals in a cross-sectional study (mean age 59.6 [SD 7.1] years, comprising 41,275 males [50.6%] and 40,278 females [49.4%]), comprising 61,658 individuals with prediabetes mellitus and 19,895 individuals with diabetes mellitus. For the subsequent prospective study phase, considering sleep disorders as the primary outcome of interest, we additionally excluded 1,007 participants with pre-existing sleep disorders at baseline to minimize reverse causality. The final prospective study cohort included 80,546 eligible participants (mean age 59.6 [SD 7.1] years, comprising 40,513 males [50.3%] and 40,033 females [49.7%]), consisting of 61,096 individuals with prediabetes mellitus and 19,450 individuals with diabetes mellitus at baseline. To assess the association between baseline serum 25(OH)D concentrations and the risk of sleep disorders in individuals with prediabetes mellitus and diabetes mellitus, we employed multivariate regression analyses, restricted cubic spline analysis, subgroup analyses, and sensitivity analyses. The study design is illustrated in Figure 1.




Figure 1 | Flowchart of UK Biobank showing exclusion of participants included in the cross-sectional and prospective participants.






2.3 Definitions of diabetes and prediabetes

According to the American Diabetes Association (ADA) 2021 Standards of Medical Care in Diabetes (19), prediabetes was defined as a baseline HbA1c level between 5.7% and 6.4% (39–47 mmol/mol), and the definition of diabetes was based on any of the following criteria: (1) HbA1c ≥ 6.5% (48 mmol/mol) or a random plasma glucose ≥11.1 mmol/L; (2) Identification of incident diabetes events using hospital admission and diagnostic data, indicated by ICD-10 codes E10.0–E14.9.




2.4 Assessment of serum 25(OH)D concentrations

A series of biochemical markers, including serum 25(OH)D (nmol/L), were measured in blood samples collected at baseline (2006–2010). Serum 25(OH)D concentrations were determined using chemiluminescent immunoassay analysis on a DiaSorin Ltd. LIAISON XL platform. Calibration and quality control were conducted by UK Biobank, with a coefficient of variation for serum 25(OH)D measurement ranging from 5.04% to 6.14% and 100% accuracy in external quality assurance. The assay range was from 10 nmol/L to 375 nmol/L. Details regarding the measurement process are available on the UK Biobank website (https://biobank.ndph.ox.ac.uk/showcase/showcase/docs/serum_biochemistry.pdf).




2.5 Assessment of covariates

At recruitment, Sociodemographic information (age, sex, ethnicity, education, and household income), lifestyle habits (sleep, alcohol intake, and smoking status), and the season of vitamin D assessment were collected at recruitment centers in the UK Biobank. Vitamin D assessment season was classified by the month in which participants attended assessment: spring (March, April, or May), summer (June, July, or August), autumn (September, October, or November), and winter (December, January, or February). Information on medication history (use of antihypertensive drugs, lipid-lowering medications, antidiabetic drugs, and vitamin D supplements) and medical history (parathyroid disease) was also collected.




2.6 Outcome ascertainment

The primary outcome of this study was the presence of sleep disorders. Sleep disorder cases were identified using algorithms provided by the UK Biobank, which incorporated hospitalization and death registry data linked to health event statistics, patient records databases, Welsh patient inpatient records, and the Scottish Morbidity Records. Health outcome data were available until October 31, 2022. Sleep disorder events were defined using ICD-10 codes F51 and G47 (non-organic and organic sleep disorders), including insomnia (F51.0, G47.0), sleepwalking (F51.3), sleep apnea (G47.3), and other disorders within these categories.




2.7 Statistical analysis

All analyses and visualizations in this study were conducted using R version 4.2.3. For missing covariate data, we used multiple imputation by chained equations with 20 iterations.



2.7.1 Baseline characteristics and follow-up

Baseline characteristics were described for the entire prospective study cohort, as well as separately for participants with prediabetes and diabetes. Participants were categorized into four groups based on baseline serum 25(OH)D concentrations, following the Endocrine Society’s Clinical Practice Guidelines: severe deficiency (<25.0 nmol/L), moderate deficiency (25.0–50.0 nmol/L), insufficiency (50.0–75.0 nmol/L), and sufficiency (≥75.0 nmol/L). Follow-up time was calculated for each participant from the date of assessment center attendance to the earliest of the following events: incident diagnosis of sleep disorder, loss to follow-up, death, or study completion (October 31, 2022). Continuous variables are presented as Mean(SD) and categorical variables as N (%). Statistical significance was defined as a two-sided p-value < 0.05.




2.7.2 Multivariate regression analyses

To assess the association between baseline serum 25(OH)D concentrations and sleep disorders, multivariable regression analyses were conducted. Logistic regression analysis was employed to evaluate the cross-sectional association with prevalent sleep disorders at baseline, while Cox proportional hazards regression models were utilized to estimate the hazard ratio (HR) for incident sleep disorders during the follow-up period in the Prospective Study. Serum 25(OH)D concentration was treated as the primary exposure, and sleep disorder incidence (and prevalence at baseline) as the outcome.

Initially, serum 25(OH)D concentration was modeled as a continuous variable to estimate the effect per standard deviation (SD) increment. Subsequently, serum 25(OH)D concentration was categorized into the predefined four groups (severe deficiency, moderate deficiency, insufficiency, and sufficiency). For categorical analysis, the severe deficiency group (<25.0 nmol/L) served as the reference category, and p-values for trend were calculated to assess the monotonic dose-response relationship.

Three nested models were constructed to adjust for potential confounding. Model 1 was unadjusted. Model 2 was adjusted for core demographic and lifestyle factors: age, sex, ethnicity (White, Mixed, Asian, Black, and Other), education level (categorized), household income (categorized), season of vitamin D assessment, summer sun exposure time, and vitamin D supplement use. Model 3 further incorporated additional behavioral and clinical confounders: sleep duration (categorized), smoking status, alcohol consumption, use of antihypertensive medications, lipid-lowering medications, antidiabetic medications, and history of parathyroid disease.




2.7.3 Restricted cubic splines analysis

To examine the shape of the dose-response relationship between serum 25(OH)D concentrations and the risk of sleep disorders, restricted cubic spline analysis was performed. This analysis allowed for the evaluation of potential non-linear associations on a continuous scale, visually representing the relationship across the spectrum of serum 25(OH)D concentrations.




2.7.4 Subgroup analyses

Stratified analyses were conducted to explore potential effect modification by pre-specified factors on the association between serum 25(OH)D concentrations and sleep disorders. Subgroups were defined by: sex (male, female), age (≤60, >60 years), body mass index (BMI) (≤30, >30 kg/m ²), and smoking status (never, former, current, and other). Interaction terms were incorporated into regression models to formally test for statistical interaction between serum 25(OH)D concentrations and each stratified factor. When stratifying by a factor, the stratification variable itself was not included as a covariate in the model to avoid collinearity.




2.7.5 Sensitivity analyses

To evaluate the robustness of the primary findings and to mitigate potential reverse causality, sensitivity analyses were performed. These analyses involved excluding participants who developed sleep disorders within the initial two years of follow-up. This approach aimed to minimize the possibility that early, subclinical sleep disorders might have influenced baseline serum 25(OH)D concentrations, rather than vice versa, thereby strengthening the inference of a forward causal relationship.






3 Results



3.1 Baseline characteristics of participants

The Prospective Study cohort comprised a total of 80,546 participants, including 61,096 individuals with prediabetes and 19,450 individuals with diabetes (Table 1). Among these participants at baseline, 40,513 (50.3%) were male and 40,033 (49.7%) were female. and mean (SD) age of the cohort was 59.6 (7.1). During an average follow-up of 12.8 years, 2,704 cases of sleep disorders were recorded, with 1,713 cases in the prediabetes group and 991 cases in the diabetes group. Among individuals with prediabetes and diabetes, those with sufficient serum 25(OH)D concentrations (≥ 75 nmol/L) included 5,769 (9.5%) and 1,307 (6.7%) participants, respectively, while those with severe deficiency (< 25 nmol/L) included 9,671 (15.8%) and 4,369 (22.5%) individuals, respectively. Baseline characteristics varied across different serum 25(OH)D concentration groups, particularly among the diabetic population, where participants in the sufficient serum 25(OH)D group were more likely to be older, have a lower BMI, and be White, male, daily drinkers with an average sleep duration of 7-8 hours per day. Conversely, among prediabetic individuals, those with sufficient serum 25(OH)D concentrations were more likely to be female (52.2%). Cross-Sectional Study cohort are detailed in Supplementary Table 1.


Table 1 | Baseline characteristics of the prospective study participants by serum 25(OH)D.






3.2 Cross-sectional study



3.2.1 Logistic regression analysis in the cross-sectional participants

Cross-sectional study revealed a significant association between serum 25(OH)D concentrations and sleep disorder risk (Table 2). In the fully adjusted Model 3, compared to the severely deficient serum 25(OH)D group (< 25 nmol/L), the odds of sleep disorders in the prediabetic population were approximately 28% lower in the deficient group (25–50 nmol/L) (OR = 0.72; 95% CI: 0.58–0.91), 32% lower in the insufficient group (50–75 nmol/L) (OR = 0.68; 95% CI: 0.53–0.87), and 47% lower in the sufficient group (≥ 75 nmol/L) (OR = 0.53; 95% CI: 0.36–0.77). For each standard deviation (SD) increase in serum 25(OH)D concentrations, there was an average 16% reduction in the risk of sleep disorders (OR = 0.84; 95% CI: 0.77–0.92, p < 0.001), indicating a dose-response relationship.


Table 2 | Odds ratios (95% confidence intervals) of sleep disorders based on serum 25(OH)D concentrations in individuals with prediabetes and diabetes.



The association remained significant in unadjusted Model 1 and partially adjusted Model 2. In these models, individuals in the prediabetes group with sufficient serum 25(OH)D concentrations exhibited a notably lower risk of sleep disorders compared to those with severe deficiency (Model 1: OR = 0.52; 95% CI: 0.36–0.75; Model 2: OR = 0.51; 95% I: 0.35–0.74). A significant negative trend (p for trend < 0.001) between serum 25(OH)D concentrations and sleep disorder risk was observed in the prediabetes group. A similar trend was identified in the diabetes group, where higher serum 25(OH)D concentrations correlated with reduced sleep disorder risk (p for trend < 0.05).

In addition, the results of the Restricted Cubic Spline Analysis and Subgroup Analysis from the cross-sectional study have been included in the Supplementary Materials (Supplementary Figures 1-3).





3.3 Prospective study



3.3.1 Cox regression analysis in the prospective participants

During the mean follow-up period of 12.8 years, we documented 1,713 sleep disorder cases among individuals with prediabetes and 991 cases among those with diabetes. Our analysis confirmed a significant impact of serum 25(OH)D concentrations on the incidence of sleep disorders in both the prediabetes and diabetes groups (Table 3).


Table 3 | Hazard ratios (95% confidence intervals) of sleep disorders based on serum 25(OH)D concentrations in individuals with prediabetes and diabetes.



In Model 1, with no adjustments, compared to the severely deficient group, the risk of sleep disorders decreased by 36% (HR = 0.64; 95% CI: 0.56–0.74) and 51% (HR = 0.49; 95% CI: 0.39–0.60) in the insufficient and sufficient groups of the prediabetes cohort, respectively. In the diabetes cohort, these risks were reduced by 40% (HR = 0.60; 95% CI: 0.50–0.73) and 52% (HR = 0.48; 95% CI: 0.34–0.66), respectively.

After partial adjustment in Model 2, the negative correlation between serum 25(OH)D concentrations and sleep disorder risk remained significant (p for trend <0.001). For each SD increase in serum 25(OH)D concentration, sleep disorder risk was reduced by 18% in the prediabetes group (HR = 0.82; 95% CI: 0.78–0.86) and 20% in the diabetes group (HR = 0.80; 95% CI: 0.74–0.86).

In the fully adjusted Model 3, an even more pronounced trend was observed, with a gradual decline in sleep disorder risk associated with increasing serum 25(OH)D concentrations (p for trend < 0.001). Compared to the severely deficient group, hazard ratios (HRs) and 95% confidence intervals (CIs) for sleep disorders in the prediabetes group were 0.80 (95% CI: 0.70–0.91) for moderate deficiency, 0.69 (95% CI: 0.60–0.80) for insufficiency, and 0.52 (95% CI: 0.41–0.65) for sufficiency. In the diabetes group, these HRs were 0.84 (95% CI: 0.72–0.98), 0.60 (95% CI: 0.50–0.73), and 0.48 (95% CI: 0.34–0.67), respectively.




3.3.2 Restricted cubic spline analysis

To examine dose-response relationships, we applied fully adjusted restricted cubic spline models. The analysis found no statistically significant evidence of non-linearity (p > 0.05), supporting a linear association. Both cross-sectional and prospective analyses demonstrated a linear, inverse relationship between serum 25(OH)D levels and sleep disorder risk in individuals with prediabetes and diabetes, indicating that higher serum 25(OH)D levels are consistently associated with a lower risk of sleep disorders (Figure 2, Supplementary Figure 1).




Figure 2 | Multivariable adjusted restricted cubic splines of the hazard ratios of sleep disorders based on serum 25(OH)D concentrations in individuals with prediabetes and diabetes. (A) Multivariable adjusted restricted cubic splines of the hazard ratios of sleep disorders based on serum 25(OH)D concentrations in individuals with prediabetes. (B) Multivariable adjusted restricted cubic splines of the hazard ratios of sleep disorders based on serum 25(OH)D concentrations in individuals with diabetes.






3.3.3 Subgroup analysis

We conducted subgroup analyses by age (≤60, >60 years), sex (male, female), BMI (<30, ≥30 kg/m²), and smoking status (never, former, current, others).

Notably, the association between serum 25(OH)D concentration and sleep disorder risk was more pronounced in females across both prediabetes and diabetes groups (P interaction < 0.05), suggesting potential sex-related differences in the effect of serum 25(OH)D on sleep health. In the prediabetes group, female participants with moderate deficiency, insufficiency, and sufficiency in serum 25(OH)D concentrations had approximately 34%, 49%, and 61% lower risks of sleep disorders, respectively, compared to the severely deficient group, while the respective reductions in male participants were 10%, 21%, and 40% (Figure 3). Similarly, in the diabetes group, females in these groups showed a 35%, 58%, and 72% lower risk of sleep disorders, while males showed reductions of 4%, 30%, and 43% (Figure 4). These results suggest that the relationship between serum 25(OH)D and sleep disorders varies by sex, with a stronger association observed in females with abnormal glucose metabolism.




Figure 3 | Multivariable adjusted hazard ratios (95% confidence intervals) of sleep disorders based on serum 25(OH)D concentrations in individuals with prediabetes, stratified by age, sex, body mass index (BMI), and smoking status.






Figure 4 | Multivariable adjusted hazard ratios (95% confidence intervals) of sleep disorders based on serum 25(OH)D concentrations in individuals with diabetes, stratified by age, sex, body mass index (BMI), and smoking status.



Additional analyses indicated a significant interaction effect between smoking status and serum 25(OH)D concentrations on sleep disorder risk in the prediabetes group (P interaction = 0.001), with never-smokers having a substantially lower risk of sleep disorders compared to former smokers. Moreover, significant differences in sleep disorder risk were observed in subgroups with age ≤ 60 years and BMI ≥30 kg/m2 across different serum 25(OH)D concentrations (p < 0.05).

Furthermore, we conducted stratified analyses based on sleep disorder types (sleep apnea, other sleep disorders). The results showed that the association between serum 25(OH)D levels and sleep disorder risk was more pronounced in individuals with sleep apnea, with a stronger inverse relationship observed in both prediabetes and diabetes groups. In contrast, the association with other sleep disorders was weaker but still statistically significant. These findings further confirm that the impact of serum 25(OH)D levels on sleep health may vary by sleep disorder type, with a more substantial effect observed in sleep apnea cases. (Supplementary Tables 2, 3).




3.3.4 Sensitivity analysis

To further corroborate our findings, we conducted sensitivity analyses by excluding participants who developed sleep disorders within the initial two years of follow-up. Additional adjustments were made for potential confounding variables, and trend tests were performed to assess robustness. Results from these sensitivity analyses were consistent with the primary findings, reinforcing the association between serum 25(OH)D concentrations and sleep disorder risk in both prediabetic and diabetic populations.

In the fully adjusted model, participants in the sufficient serum 25(OH)D group (≥ 75 nmol/L) demonstrated a notably lower risk of sleep disorders, with hazard ratios (HRs) of 0.56 (95% CI: 0.44–0.70) in the prediabetes group and 0.47 (95% CI: 0.33–0.68) in the diabetes group, when compared to those in the severely deficient group (< 25 nmol/L). Moreover, each standard deviation (SD) increase in serum 25(OH)D concentration was associated with an approximate 15% reduction in sleep disorder risk (HR = 0.85; 95% CI: 0.80–0.90) in the prediabetes group and a 17% reduction (HR = 0.83; 95% CI: 0.77–0.90) in the diabetes group (Supplementary Table 4).

These findings confirm the association between higher serum 25(OH)D concentrations and a lower risk of sleep disorders, indicating that the observed effects are consistent and unlikely to be driven by short-term variations or early incident cases of sleep disorders.






4 Discussion

This study, employing both cross-sectional and prospective cohort designs, systematically investigates the association between serum 25(OH)D levels and the risk of sleep disorders in individuals with prediabetes and diabetes. First, the cross-sectional study revealed a significant inverse association between serum 25(OH)D levels and the risk of sleep disorders. Building on this, our prospective study further confirmed this crucial finding. Over an average follow-up period of 12.8 years, we observed that individuals with sufficient serum 25(OH)D levels (≥75 nmol/L) had a significantly lower risk of developing sleep disorders compared to those with severe vitamin D deficiency. Specifically, the risk was reduced by 48% in the prediabetes group and by 52% in the diabetes group. These findings suggest that maintaining adequate vitamin D levels may help reduce the prevalence and future risk of sleep disorders in individuals with impaired glucose metabolism. Moreover, subgroup analyses indicated that this association was more pronounced in specific populations, including individuals aged ≤60 years, non-smokers, those with a BMI ≥30 kg/m², and females.

This study is the first to explore the association between serum 25(OH)D concentrations and the risk of sleep disorders in individuals with dysglycemia, including those with prediabetes and diabetes. Our findings are generally consistent with previous research on the relationship between vitamin D and sleep disorders. Increasing evidence suggests that vitamin D deficiency is associated with poor sleep quality (20), reduced sleep duration (21), and increased sleep disorder risk (13), with similar associations observed in various populations, such as the elderly (22), community dwellers (23), and individuals with obesity (24). An 8-week randomized controlled trial (25) found that high-dose vitamin D supplementation alleviated fatigue, reduced anxiety, and improved cognitive function. However, it is important to note that not all studies support the positive effects of vitamin D on sleep. For instance, a randomized controlled trial in overweight or obese postmenopausal women (26) found that daily supplementation with 2000 IU of vitamin D for 12 months did not improve sleep quality, depressive symptoms, or health-related quality of life. This result contrasts with our findings and those of most other studies, suggesting that the relationship between vitamin D and sleep may not be linear or unidirectional, and could be influenced by factors such as population characteristics, vitamin D supplementation dosage, and study design.

Sleep is a complex physiological process finely regulated by various factors, including neurotransmitters (27), hormones (28), inflammatory status (29), and circadian rhythms (30). Individuals with dysglycemia are at a higher risk for sleep disorders (31). In addition to hyperglycemia caused by insulin resistance, which may affect neurotransmitter levels in the brain related to sleep regulation (32, 33), the common vitamin D deficiency in these individuals may also play a significant role (34). Some studies suggest (35, 36) that low vitamin D levels may indirectly impact sleep quality and duration by contributing to conditions such as chronic pain, myopathy, cardiovascular diseases, and mood disorders. Vitamin D, a multifunctional hormone, has receptors widely distributed in various tissues (37), including the brain. Research indicates that vitamin D may influence sleep health through several mechanisms, with the inflammatory pathway being widely recognized (38, 39). A meta-analysis demonstrated (40) elevated pro-inflammatory cytokines (such as TNF-α, IL-8, and IL-1β) in OSA patients compared to controls. Additionally, a study in the United States highlighted the essential role of IL-6 in sleep regulation (29). Although these studies suggest that vitamin D may influence sleep quality through its modulation of inflammatory responses (36), the precise mechanisms by which vitamin D affects sleep still require further investigation.

The strength of this study lies in its combination of cross-sectional and prospective designs, which provides a comprehensive analysis of the relationship between serum 25(OH)D concentrations and the risk of sleep disorders. The cross-sectional study allowed us to assess participants’ vitamin D levels and sleep disorder status at a specific point in time, enabling the identification of potential associations. The prospective study, with long-term follow-up, allowed us to observe the impact of serum 25(OH)D concentrations on the incidence of sleep disorders over time. This combined approach not only enhances the reliability of the results but also provides stronger support for causal inference (41).

Another strength of this study is the large sample size and focus on individuals with dysglycemia, which further increases the reliability and novelty of the findings. Our study found that the effect of vitamin D supplementation on reducing sleep disorder risk was most pronounced in individuals aged ≤60 years and in females. These findings suggest that age and sex may be important factors influencing the development of sleep disorders, and may also be related to variations in vitamin D concentrations among different subgroups. For example, studies have indicated that the prevalence of obstructive sleep apnea (OSA) is higher among women, particularly postmenopausal women (42). This may be due to hormonal changes that make women more susceptible to sleep problems, such as reduced sleep quality, sleep deprivation, and increased risks of OSA, restless legs syndrome, and insomnia during menopause (43–45). Recent clinical research has further elucidated the nuanced relationship between vitamin D and sex (46). Specifically, the inverse correlation between serum vitamin D and insulin resistance was statistically significant only in women with vitamin D deficiency, and not in men or women with sufficient vitamin D levels. This suggests a potential threshold effect and underscores the importance of considering sex as a critical biological factor in vitamin D’s impact on metabolic health, potentially extending to sleep regulation. In addition to age and sex, our subgroup analysis also found that BMI and smoking status may modulate the effects of vitamin D on sleep disorder risk. These results underscore the importance of considering individual characteristics when designing personalized interventions for sleep disorders.

However, this study has several limitations that should be acknowledged. First, although our findings suggest an association between higher vitamin D concentrations and reduced sleep disorder risk, as an observational study, we cannot fully exclude the influence of residual confounding factors, and causality cannot be determined. Depression is a potential confounding factor that affects a significant proportion of individuals with diabetes (47). Depression often leads to poor social interactions, dietary habits, and obesity, all of which can impact vitamin D levels (48). Furthermore, the impact of hormones on vitamin D metabolism, particularly in women (49), including menopausal status and the use of vitamin D supplements, requires further exploration.

Second, the reliance on large biobank and electronic medical records introduces potential limitations. Specifically, we used ICD codes for sleep disorders, which encompass a wide range of conditions such as insomnia, hypersomnia, narcolepsy, circadian rhythm disorders, and restless legs syndrome. The lack of more specific diagnoses, such as obstructive sleep apnea (OSA), which is particularly common in individuals with diabetes, may limit the accuracy of our findings. Future studies with more detailed sleep disorder classifications would enhance the validity of these associations. In addition, vitamin D levels were measured only at baseline, limiting our ability to capture changes over time or assess the impact of lifestyle modifications. Moreover, due to the limitations of the database, we did not include fasting blood glucose measurements, which would have provided better insight into the relationship between blood sugar control and sleep disorders. Finally, the storage and viability of serum vitamin D samples over time were not specified, which may impact the accuracy of the measurements.




5 Conclusion

This study contributes new insights into the preventive potential of vitamin D supplementation for sleep disorders in individuals with abnormal glucose metabolism. Future research, particularly randomized controlled trials, should investigate the therapeutic efficacy of vitamin D in improving sleep quality and reducing sleep disorder incidence. Additionally, understanding the biological mechanisms linking vitamin D to sleep regulation and examining potential interactions with other risk factors may facilitate the development of targeted, personalized interventions to optimize sleep health and quality of life for at-risk populations.
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Model 3: adjusted for model 2 variables as wel as sleep duration (6, 7-8, 29 hours/day), Smoking status (Never, Previous, Current, Others), Drinking status (Never, Previous, Current, Others), Glucose-lowering drugs (yes, no). Antihypertensive drugs (yes, no),
Lowering-cholesterol drugs (yes, no), Parathyroid diseases (yes, no).
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Serum 25(OH)D in prediabetes, nmol/L Serum 25(OH)D in diabetes, nmol/L

Baseline
characteristics* 25 to 50 50 to 75 >75 25 to 50 50 to 75 >75
No. of participants, n 80546 9671 26810 18846 5769 4369 8897 4877 1307
Age, years 59.6 (7.1) 57.4(7.7) 594 (7.1) 60.6 (6.5) 610 (6.3) <0.001 57.7 (7.5) 59.5 (7.1) 60.8 (6.7) 610 (6.5) <0.001
Sex
Male 40513 (50.3%) 4666 (48.2%) 12499 (46.6%) 8696 (46.1%) 2759 (47.8%) 0.003 2547 (58.3%) 5452 (61.3%) 3097 (63.5%) 797 (61.0%) <0.001
Female 40033 (49.7%) 5005 (51.8%) 14311 (53.4%) 10150 (53.9%) 301 0 (52.2%) 1822 (41.7%) 3445 (38.7%) 1780 (36.5%) 510 (39.0%)
Body mass index, kg/m2 | 29.6 (5.5) 30.3 (6.0) 295 (5.4) 283 (47) 27.1 (4.4) <0.001 324 (67) 318 (57) 305(5.2) 289 (4.8) <0.001
Ethnicity <0.001 <0.001
‘White 72125 (89.5%) 7295 (75.4%) 24193 (90.2%) 18087 (96.0%) 5651 (98.0%) 3244 (74.3%) 7779 (87.4%) 4601 (94.3%) 1275 (97.6%)
Mixed 577 (0.7%) 126 (1.3%) 195 (0.7%) 108 (0.6%) 18 (0.3%) 39 (0.9%) 64 (0.7%) 22 (0.5%) 5 (0.4%)
Asian 3698 (4.6%) 1230 (12.7%) 958 (3.6%) 209 (1.1%) 28 (0.5%) 714 (16.3%) 443 (5.0%) 103 (2.1%) 13 (1.0%)
Black 2548 (3.2%) 648 (6.7%) 920 (3.4%) 251 (1.3%) 39 (0.7%) 206 (4.7%) 381 (4.3%) 94 (1.9%) 9 (0.7%)
Others 1598 (2.0%) 372 (3.8%) 544 (2.0%) 191 (1.0%) 33 (0.6%) 166 (3.8%) 230 (2.6%) 57 (1.2%) 5 (0.4%)
Education™ <0.001 <0.001
1 20300 (25.2%) 2683 (27.7%) 7158 (26.7%) 4638 (24.6%) 1340 (23.2%) 1093 (25.0%) 2105 (23.7%) 1004 (20.6%) 279 (21.3%)
2 27796 (34.5%) 3195 (33.0%) 9223 (34.4%) 6761 (35.9%) 2134 (37.0%) 1462 (33.5%) 2953 (33.2%) 1616 (33.1%) 452 (34.6%)
3 11145 (13.8%) 1278 (13.2%) 3663 (13.7%) 2636 (14.0%) 801 (13.9%) 576 (13.2%) 1282 (14.4%) 714 (14.6%) 195 (14.9%)
4 21305 (26.5%) 2515 (26.0%) 6766 (25.2%) 4811 (25.5%) 1494 (25.9%) 1238 (28.3%) 2557 (28.7%) 1543 (31.6%) 381 (29.2%)
Household income, £ <0.001 <0.001
<18,000 21718 (27.0%) 2986 (30.9%) 6973 (26.0%) 4433 (23.5%) 1339 (23.2%) 1551 (35.5%) 2667 (30.0%) 1422 (29.2%) 347 (26.5%)
18000-30,999 19089 (23.7%) 2055 (21.2%) 6314 (23.6%) 4728 (25.1%) 1429 (24.8%) 917 (21.0%) 2062 (23.2%) 1240 (25.4%) 344 (26.3%)
31,000-51,999 14821 (18.4%) 1700 (17.6%) 5202 (19.4%) 3601 (19.1%) 1110 (19.2%) 679 (15.5%) 1479 (16.6%) 812 (16.6%) 238 (18.2%)
>52,000 10970 (13.6%) 1250 (12.9%) 3803 (14.2%) 2756 (14.6%) 880 (15.3%) 443 (10.1%) 1105 (12.4%) 569 (11.7%) 164 (12.5%)
Others 13948 (17.3%) 1680 (17.4%) 4518 (16.9%) 3328 (17.7%) 1011 (17.5%) 779 (17.8%) 1584 (17.8%) 834 (17.1%) 214 (16.4%)
Smoking status <0.001 <0.001
Never 38420 (47.7%) 4576 (47.3%) 13070 (48.8%) 9257 (49.1%) 2660 (46.1%) 2038 (46.6%) 4080 (45.9%) 2160 (44.3%) 579 (44.3%)
Previous 30180 (37.5%) 2866 (29.6%) 9520 (35.5%) 7224 (38.3%) 2402 (41.6%) 1565 (35.8%) 3709 (41.7%) 2278 (46.7%) 616 (47.1%)
Current 11479 (14.3%) 2156 (22.3%) 4099 (15.3%) 2267 (12.0%) 684 (11.9%) 735 (16.8%) 1036 (11.6%) 403 (8.3%) 99 (7.6%)
Others 467 (0.6%) 73 (0.8%) 121 (0.5%) 98 (0.5%) 23 (0.4%) 31 (0.7%) 72 (0.8%) 36 (0.7%) 13 (1.0%)
Drinking status <0001 <0.001
Never 5655 (7.0%) 1193 (12.3%) 1677 (6.3%) 825 (4.4%) 204 (3.5%) 650 (14.9%) 769 (8.6%) 290 (5.9%) 47 (3.6%)
Previous 4254 (5.3%) 575 (5.9%) 1302 (4.9%) 738 (3.9%) 210 (3.6%) 390 (8.9%) 648 (7.3%) 321 (6.6%) 70 (5.4%)
Current 70452 (87.5%) | 7856 (81.2%) 23777 (887%) | 17258 (91.6%) | 5348 (92.7%) 3315 (75.9%) 7455 (83.8%) 4255 (87.2%) 1188 (90.9%)
Others 185 (0.2%) 47 (0.5%) 54 (0.2%) 25 (0.1%) 7 (0.1%) 14 (0.3%) 25 (0.3%) 11 (0.2%) 2(0.2%)
Sleeping durat
hours/day <0001 <0.001
<6 22394 (27.8%) 3176 (32.8%) 7602 (28.4%) 4753 (25.2%) 1378 (23.9%) 1424 (32.6%) 2603 (29.3%) 1179 (24.2%) 279 (21.3%)
7-8 50381 (62.5%) 5637 (58.3%) 16960 (63.3%) 12412 (65.9%) 3866 (67.0%) 2378 (54.4%) 5190 (58.3%) 3104 (63.6%) 834 (63.8%)
29 7771 (9.6%) 858 (8.9%) 2248 (8.4%) 1681 (8.9%) 525 (9.1%) 567 (13.0%) 1104 (12.4%) 594 (12.2%) 194 (14.8%)
Summer outdoor time,
‘hours/day 4.1 (25) 3.6(24) 39 (24) 43 (24) 46 (25) <0.001 37 (2.5 4.0 (26) 45 (2.5) 45 (24) <0.001
Glucose-lowering drugs 14090 (17.5%) 391 (4.0%) 912 (3.4%) 548 (2.9%) 192 (3.3%) <0.001 2600 (59.5%) 5430 (61.0%) 3083 (63.2%) 934 (71.5%) <0.001
Antihypertensive drugs 18228 (22.6%) 1800 (18.6%) 4801 (17.9%) 3280 (17.4%) 1045 (18.1%) 0.083 1610 (36.9%) 3400 (38.2%) 1788 (36.7%) 504 (38.6%) 0.187
Lowering-
cholesterol drugs 29744 (36.9%) 2623 (27.1%) 7257 (27.1%) 5290 (28.1%) 1915 (33.2%) <0.001 2637 (60.4%) 5765 (64.8%) 3276 (67.2%) 981 (75.1%) <0.001
Vitamin D
assessment seasons 0234 0.079
Spring. 24125 (30.0%) 2874 (29.7%) 8111 (30.3%) 5618 (29.8%) 1716 (29.7%) 1288 (29.5%) 2649 (29.8%) 1524 (31.2%) 345 (26.4%)
Summer 23704 (29.4%) 2773 (28.7%) 7924 (29.6%) 5578 (29.6%) 1700 (29.5%) 1313 (30.1%) 2611 (29.3%) 1389 (28.5%) 416 (31.8%)
Fall 14436 (17.9%) 1783 (18.4%) 4645 (17.3%) 3415 (18.1%) 1034 (17.9%) 783 (17.9%) 1662 (18.7%) 872 (17.9%) 242 (18.5%)
Winter 18281 (22.7%) 2241 (23.2%) 6130 (22.9%) 4235 (22.5%) 1319 (22.9%) 985 (22.5%) 1975 (22.2%) 1092 (22.4%) 304 (23.3%)
Vitamin D supplements | 3233 (4.0%) 176 (1.8%) 879 (3.3%) 1076 (5.7%) 438 (7.6%) <0.001 78 (1.8%) 270 (3.0%) 243 (5.0%) 73 (5.6%) <0.001
Parathyroid diseases 516 (0.6%) 66 (0.7%) 171 (0.6%) 85 (0.5%) 21 (0.4%) 0.004 40 (0.9%) 86 (1.0%) 35 (0.7%) 12 (0.9%) 0516
Sleep disorder 2704 (3.4%) 361 (3.7%) 783 (2.9%) 462 (2.5%) 107 (1.9%) <0.001 271 (6.2%) 489 (5.5%) 191 (3.9%) 40 (3.1%) <0.001
Sleep apnea 2445 (3.0%) 327 (3.4%) 691 (2.6%) 408 (2.2%) 99 (1.7%) <0.001 245 (5.6%) 456 (5.1%) 182 (3.7%) 37 (2.8%) <0.001
Other sleep disorder 259 (0.3%) 34 (0.4%) 92 (0.3%) 54 (0.3%) 8 (0.1%) 0.061 26 (0.6%) 33 (0.4%) 9 (0.2%) 3 (0.2%) 0011

“Continuous variables are presented as mean(SD), category variables are presented as N (%),

**Education:1.College or university degreei2.A/AS levels or equivalent or O levelsiGCSE or CSE or equivalent;3.NVQ or HND or HNC or equivalent or other professional qualificationsid.others.
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