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ABSTRACT 

Objective: The aim of the study was to investigate the relationship between serum 25-hydroxyvitamin 

D [25(OH)D] level and risk of type 2 diabetes mellitus (T2DM) in adults participating in the Nord-

Trøndelag Health Study (HUNT) over 11 years of follow-up. We also evaluated if sex, body mass index 

(BMI) and genetic profile for T2DM had potential interactions with low vitamin D levels on the risk of 

T2DM. 

Introduction: With more than 400 million people affected globally, diabetes has been identified by the 

United Nations as one of the four high priority non-communicable diseases targeted for action. 

Meanwhile, low vitamin D status remains a potential threat to health globally and has been associated 

with many diseases. However, its potential harmful effect on risk of diabetes is inconclusive. 

Methods: This prospective cohort study included 3 586 diabetes-free adults at baseline. They were ≥19 

years of age and participated in the second and third surveys of the Nord-Trøndelag Health Study 

[HUNT2 (1995-1997), defined as the baseline, and HUNT3 (2006-2008)] in Norway. Serum 25(OH)D 

levels were determined at baseline and classified as <50 nmol/L and ≥50 nmol/L. Comprehensive 

lifestyle and sociodemographic data were collected at baseline. A polygenic risk score (PRS) for T2DM 

based on 14 single-nucleotide polymorphisms (SNPs) was generated. Incident diabetes was defined by 

self-reporting of diabetes and/or non-fasting glucose levels greater than 11 mmol/L and serum glutamic 

acid decarboxylase antibodies (GADA) level lower than 0.08 ai at the follow-up in HUNT3. Odds ratios 

(ORs) with 95% confidence intervals (CI) for the association of baseline 25(OH)D level with risk of 

T2DM were evaluated using multivariable logistic regression models. We estimated effect modification 

by sex, BMI and PRS for diabetes for the risk of T2DM. Biological interaction of low serum 25(OH)D 

and high PRS for risk of T2DM was also evaluated. Multiple imputation was used to address possible 

bias due to missing data of the covariates. 

Results: Over the follow-up period, a total of 104 (2.9%) participants developed T2DM. A higher risk 

of incident T2DM seemed to be present but not statistically significant in participants with serum 

25(OH)D level under 50 nmol/L compared to those with serum 25(OH)D level above 50 nmol/L 

(OR=1.55, 95% CI=0.97-2.49). We used the top one third PRS as the cut-off value to study statistical 

interaction between serum 25(OH)D and PRS. Level of 25(OH)D under 50 nmol/L was associated with 

a significant increased risk of T2DM in the higher PRS group (OR=2.98, 95% CI=1.19-7.45). There 

was no effect modification by sex and BMI. We also found a biological interaction of low serum 

25(OH)D and high PRS for the risk of T2DM. 

Conclusion: Low serum 25(OH)D was associated with an increased risk of T2DM in Norwegian adults. 

The inverse association appeared particularly significant for people with high polygenic risk score for 

T2DM. Given the high prevalence of vitamin D insufficiency and T2DM worldwide, our study provided 

insights into new ways to prevent T2DM, particularly by incorporating the genetic factor of the disease 

with modifiable factors in prevention. 

Keywords: 25-hydroxyvitamin D, cohort studies, diabetes, genetic profile, HUNT, polygenic risk score, 

vitamin D   
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1. Background 

1.1. Global prevalence and burden of type 2 diabetes 

According to the World Health organization (WHO) definition, diabetes is a serious, 

chronic disease that occurs either when the pancreas does not produce enough insulin (type 1), 

or when the body cannot effectively use the insulin it produces (type 2) (1). It is characterized 

by elevated levels of blood glucose that may lead, if not well controlled, to serious damage to 

the heart, blood vessels, eyes, kidneys and nerves (1). Therefore, individuals with diabetes have 

a shorter life expectancy, with up to 75% dying of macrovascular complications (2). 

More than 400 million people currently live with diabetes. The global prevalence of diabetes 

has almost doubled since 1980, rising from 4.7% to 8.5% in the adult population (1). It has also 

been predicted to rise by 55% in the world and by 22% in European countries between 2013 

and 2035 (3). In Norway, diabetes is one of the most common chronic diseases, and around 5% 

of the population have a diabetes diagnosis (4). Type 2 diabetes mellitus (T2DM) seems to be 

more prevalent among males than females (5-7). One possible explanation would be that men 

could develop T2DM with relatively lower weight gain compared to women (8). This is partly 

because men, due to their elevated visceral and hepatic adipose tissue, are generally more 

insulin resistant than women (9). In contrast to prevalence figures, the incidence of T2DM in 

high income countries might have been falling in the latest years (10). However, this trend could 

be different in low- and middle-income countries where data are limited (10). 

Diabetes is an important public health problem, one of the four high priority non-

communicable diseases targeted for action by the General Assembly of the United Nations (11). 

Besides coronary heart disease, stroke and lung cancer, T2DM has become one of the top ten 

leading causes of death globally in 2017 (7). The number of deaths due to T2DM has increased 

in the most populous countries, such as India, China and Indonesia (7). In addition, diabetes 
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also leads to a considerable increase in healthcare expenditures over the years, which is no 

longer due to the treatment of complications, but rather on the prevention of vascular 

complications and the ongoing management of the condition (12). 

Several successful trials showed that prevention, or at least delaying the onset, of T2DM is 

possible (13). On a life-course perspective, promotion of healthy lifestyle for everyone and 

controlling blood pressure and lipids could have a significant impact on the disease and its 

complications. Additionally, the WHO encourages mass media campaigns and social marketing 

to influence positively changes and make healthy behaviours (1).  

 

1.2. Risk factors for T2DM 

T2DM is a result of the interplay between lifestyle, environmental and genetic factors. 

There are well-defined biological and behavioural risk factors that are thought to act through 

increasing insulin resistance (14). Among them, overweight and obesity, particularly abdominal 

obesity, and physical inactivity are the most important (15, 16). According to the WHO, the 

prevalence of obesity has tripled over the past two decades, with 39% of adults being 

overweight (defined by a body mass index (BMI) ≥ 25 kg/m²) and 13 % being obese (BMI ≥ 

30 kg/m²) (17). Other behavioural risk factors include smoking habits (18) and dietary patterns, 

such as consumption of sugar-sweetened soft drinks (19, 20). 

In addition to lifestyle factors, there is compelling evidence that the individual risk of T2DM 

is strongly influenced by genetic factors (21, 22). The genome-wide association study (GWAS) 

investigates the associations between hundreds of thousands to millions of single-nucleotide 

polymorphisms (SNPs) and phenotype (23). GWAS have provided the possibility to identify 

specific risk alleles of SNPs for T2DM. A recent meta-analysis study, combining data from 32 

GWAS, has provided new insights by identifying 243 loci, including 135 newly implicated in 
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T2DM predisposition (24). These loci are related to genes which mostly influence energy 

metabolism and regulation of insulin secretion. 

Among them, the genetic variant rs7578326 near gene IRS1 has been identified in several 

studies (25). IRS1 is an insulin receptor, a necessary component of insulin action such as in 

insulin-secreting beta cells of the pancreas (26). The A allele of rs7578326 near gene IRS1 

would be associated with increased T2DM risk. Voight et al. suggested that the risk alleles at 

CENTD2 modify T2DM susceptibility through a detrimental effect on beta-cell function. In 

contrast, the risk alleles at KLF14 and at IRS1 appear to have a primary effect on insulin action 

(by reducing insulin sensitivity) (25). They found that their data were consistent with the idea 

that common T2DM-risk alleles, while usually acting through beta-cell dysfunction, can also 

exert their primary effects on insulin action (25). 

 

1.3. Vitamin D synthesis and metabolism 

Vitamin D is a vital vitamin mainly created by our skin after exposure to ultraviolet-B 

(UVB) radiation in sunlight. Few foods naturally contain vitamin D, including fatty fish and 

cod liver oil, and food fortification is often inadequate to satisfy human vitamin D requirement 

(27). Approximately 80% of vitamin D is produced in the skin, while the remaining 20% comes 

from dietary sources, but this varies depending on factors such as season, latitude, nutrition 

intake or ethnicity (28-30). Moreover, anything that diminishes the penetration of UVB 

radiation into our skin will affect the cutaneous synthesis of vitamin D. Therefore, uses of 

sunscreen or clothes covering too much of the skin, as well as diminution of outdoor activity, 

reduce the possibility of dermal synthesis of vitamin D (31). 

Vitamin D is considered biologically inert until it undergoes two consecutive 

hydroxylation reactions: first in the liver to 25-hydroxyvitamin D [25(OH)D], which is used to 
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determine a patient’s vitamin D status, and then in the kidney to its active form, 1,25-

dihydroxyvitamin D [1,25(OH)₂D] (32, 33). Serum 25(OH)D is the main circulating vitamin D 

metabolite that is considered to best indicate overall vitamin D status as it reflects vitamin D 

supply from diverse sources (34). Although there is no consensus on optimal levels of serum 

25(OH)D, vitamin D insufficiency is commonly defined as serum 25(OH)D level < 50 nmol/L, 

and vitamin D deficiency as serum 25(OH)D level < 30 nmol/L  (32, 33, 35). 

 

1.4. Prevalence and prevention of vitamin D insufficiency and deficiency 

Vitamin D insufficiency is very common worldwide in all ethnicities and age groups.  Even 

in countries with low latitude, meaning adequate sun exposure all year round, and in developed 

countries with access to vitamin-rich foods, vitamin D deficiency is present (36). Although 

prevalence of vitamin D insufficiency is uncertain due to data lacking from many countries, it 

has been estimated that 1 billion people worldwide have low vitamin D levels (36). It may be 

linked to many issues, such as less vitamin D photosynthesis in response to UVB radiations in 

individuals with high skin melanin content or due to aging (37), use of extensive skin coverage 

and few exposure to sunlight, which has been shown in individuals from Africa, the Middle 

East, Central and South America (36). Additionally, the problem can be due to both a low 

vitamin D intake and high rates of obesity worldwide (36). 

According to recent surveys, 40% of the general population in Europe have low levels of 

vitamin D (38), compared to 24% in the US (39). The prevalence seems to be even higher in 

low and middle-income countries (40). Among  young and middle-aged Norwegian adults in 

HUNT, the prevalence of vitamin D insufficiency is about 40%, with a seasonal variation 

ranging from 20% in the summer to a peak at 64% in the winter (41). Larose et al. found that 

the high prevalence of vitamin D insufficiency in a Norwegian adult population was associated 
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with winter season, high BMI and current smoking (41). The sunlight being low in Norway 

between October and March due to the high latitude, almost no vitamin D is produced in the 

skin. 

Despite the ongoing debates on impact of vitamin D status on many aspects of human 

health, there is a general agreement that prevention of vitamin D deficiency is a public health 

priority (27). The Institute of Medicine and the Nordic Nutrition Recommendations Committee 

recommend an intake of 10 μg/day in order to maintain serum 25(OH)D level around 50 nmol/L 

among the majority of the population, and of 20 μg/day for the elderly (32, 42). To prevent 

vitamin D deficiency, it has been recommended to increase intakes of naturally vitamin D 

containing food, food fortification, vitamin D supplements, to increase solar UVB exposure and 

to encourage weight loss (43-45). Supplementation can improve vitamin D intake on an 

individual basis, but adherence within the population as well as potential overdosing of vitamin 

D supplements are significant limitations (46). Overall, food fortification seems to represent 

the best opportunity to increase the vitamin D supply to the population, as highlighted by the 

European project ODIN (47). Well-designed sustainable fortification strategies, which use a 

range of various foods such as dairy products, meat, eggs and mushrooms, have potential to 

increase vitamin D intakes across the population distribution and minimize the prevalence of 

low serum 25(OH)D (47, 48). 

 

1.5. The biological role of vitamin D 

Vitamin D is essential for musculoskeletal health. It promotes calcium absorption from 

the gut, enables mineralisation of newly formed osteoid tissue in bone and has an important 

role in muscle function (33, 49). The main manifestation of vitamin D deficiency is rickets in 

children and osteomalacia in adults, generally associated with increased risk at serum 25(OH)D 
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levels < 30 nmol/L (33, 35, 50). Vitamin D insufficiency may lead to bone loss, muscle 

weakness, falls and fragility fractures in older people (51). Moreover, as explained in the review 

of Dr. Holick, most tissues and cells in the body, including immune cells, have a vitamin D 

receptor (VDR) and respond to the active form of vitamin D: 1,25(OH)₂D (33). This active form 

helps control the expression of more than 200 genes (52), including genes responsible for 

regulating cell growth and cellular differentiation via paracrine or autocrine regulatory 

mechanisms (33, 35, 53, 54). Therefore, vitamin D insufficiency may be related to the risk of 

many illnesses, including diabetes (55-57), cancers (58) and cardiovascular diseases, among 

others (59). These conditions are major public health problem worldwide. 

 

1.6. Association between vitamin D status and T2DM 

There is a debate about whether low vitamin D status increases the risk of T2DM or is just 

a marker of overall poor health. However, there is accumulating evidence to suggest that altered 

vitamin D may play a role in the development of T2DM. Defects in pancreatic β-cell function, 

insulin sensitivity and systematic inflammation appear to be related to development of T2DM 

(60, 61), and vitamin D may influence these mechanisms (62). 

Most cross-sectional studies have reported inverse association between vitamin D status 

and T2DM (63-65), but others failed to show any association (66, 67). It is unclear if the 

association between serum 25(OH)D and metabolic syndrome may simply reflect the well-

established inverse association between serum 25(OH)D and body weight (68). Contrary to 

cross-sectional studies, longitudinal observational studies may suggest the direction of the 

association between vitamin D and T2DM. Many have reported that higher 25(OH)D levels are 

significantly associated with lower risks of diabetes (57, 69), but overall the results are 

inconsistent (70, 71). The meta-analysis of Song at al. combined data from 21 prospective 
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studies, including 4 996 incident T2DM cases with average follow-up periods from 1 to 22 

years (57). They showed a significant inverse association between baseline 25(OH)D levels and 

risk of T2DM (57). They also evaluated sex as potential effect modifier in stratified analyses, 

and the association tended to be stronger for men than for women (57). A Norwegian 

prospective study demonstrated that lower baseline serum 25(OH)D concentrations were 

associated with a higher risk of T2DM, and stratified analysis by BMI showed that the inverse 

association was present among people with a BMI ≤ 23 kg/m² (72). No studies were found on 

the interaction between vitamin D status and genetic profile on risk of T2DM. 
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2. Study aims 

The aim of the study was to investigate the relationship between serum 25(OH)D level and 

risk of T2DM in adults participating in the Nord-Trøndelag Health Study (HUNT) over 11 years 

of follow-up. We also evaluated if sex, BMI and genetic profile for T2DM had potential 

interactions with low vitamin D levels on the risk of T2DM. 
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3. Methods 

3.1. Study design and data collection 

The Nord-Trøndelag Health Study (HUNT) is one of the largest collections of health data 

in Norway. The study has enrolled about 150 000 participants aged over 19 years old in four 

different surveys: HUNT1 (1984-1986), HUNT2 (1995-1997), HUNT3 (2006-2008) and 

HUNT4 (2017-2019). The Nord-Trøndelag Study area is located in the middle of Norway, 

situated at latitude 64° North (73). The study population was mostly Caucasian (97%), with 

sociodemographic characteristics generally representative of Norway. Participants may be 

followed up longitudinally between the surveys and in several national health- and other 

registers covering the total population (73, 74). The HUNT study includes data from 

questionnaires, interviews, clinical measurements and biological samples (blood and urine) 

(73). Blood and serum samples collected in HUNT2-3-4 were stored in freezers at -80°C, in the 

HUNT Biobank for research use. 

In this study, we linked data from HUNT2 (n=65 228) to HUNT3, in an average 11-year 

follow-up. Of the participants in HUNT2, a 10% random sample (n=6 613) was selected for 

measurement of serum 25(OH)D levels. Baseline levels were established for participants with 

sufficient blood sample volume (n=6 377). Among them, 3 671 also participated in HUNT3. 

Participants with diabetes in HUNT2, missing information on diabetes or type 1 diabetes in 

HUNT3 were excluded. The final analysis dataset included 3 586 participants. Figure 1 presents 

a flow diagram outlining the selection process of the analysis dataset. 
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Figure 1. Selection process of the analytical sample, Nord-Trøndelag Health Study (HUNT). 

Analytical sample comprised of participants with complete data on serum 25(OH)D, participating in 

HUNT2 and HUNT3, without diabetes at baseline and complete data on T2DM in HUNT3. 

25(OH)D: 25-hydroxyvitamin D 

 

3.2. Serum 25(OH)D level as exposure variable 

Measurement of serum 25(OH)D levels is known as the best approach to estimate body 

vitamin D status as the serum level integrates sun exposure, dietary intake, supplement use and 

storage (75, 76). 

Blood samples collected in HUNT2 were stored at -80°C. LIAISON 25-OH vitamin D 

TOTAL (DiaSorin, Saluggia, Italy) was used to measure serum 25(OH)D levels. It is a fully 

automated antibody-based chemiluminescence assay for the direct measurement of 25-OH 

vitamin D in human serum. The detection range of the assay is 10-375 nmol/L. The assay has 

an intra- and inter-assay coefficient of variation of 4% and 8% respectively. A cosinor model 

based on month of blood draw was used to calculate season-standardized 25(OH)D level 
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(nmol/L) in order to reduce the effect of seasonal fluctuations due to the high-latitude 

geographical position of Norway. This season-standardized 25(OH)D level represents the 

annual average value of serum 25(OH)D for each participant. It has been suggested that the 

cosinor model is a better approach than adjustment for seasons in regression model (77, 78). 

The cosinor model appears to minimize the mean squared error which includes both bias 

squared and variance. The season-standardized 25(OH)D levels were treated both as a 

continuous variable and as a categorical variable classified into two categories: <50 and ≥50 

nmol/L based on the widely accepted definition of vitamin D insufficiency (33). 

 

Figure 2a) shows the distribution of measured serum 25(OH)D by month of blood draw in 

the 10% random sample of HUNT2 participants whose blood sample were available (n=6 377) 

and in the analysis sample (n=3 586). Levels of serum 25(OH)D are higher around summer and 

early autumn months (June-October) when sun exposure is greater, and lower in winter. Figure 

2b) underlines the linear relationship between the measured and the season-standardized 

25(OH)D levels. For each figure, the patterns are similar between the two samples, indicating 

no selection bias. 

a) 
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b) 

 

Figure 2. Serum 25(OH)D in the Nord-Trøndelag Health Study (HUNT).  

a) Box plot of the distribution of measured serum 25(OH)D (nmol/L) by month of blood draw (January-

December) in participants in HUNT2 (n=6377) and in the analytical sample (n=3586). Horizontal lines 

indicate 10th, 25th, 50th, 75th and 90th percentiles. b) Scatter plot comparing measured serum 25(OH)D 

(nmol/L) and cosinor-predicted 25(OH)D (nmol/L). The linear regression line is marked as red. 
25(OH)D: 25-hydroxyvitamin D 

 

3.3. Covariates 

Several confounding factors that could bias the association between exposure and outcome 

variables were identified using a directed acyclic graph (DAG), which serves as a visual 

representation of causal assumptions by making underlying relations explicit (Figure 3) (79). 
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Figure 3. Directed acyclic graph (DAG) underlining associations between exposure, outcome variable 

and covariates. 

25(OH)D: 25-hydroxyvitamin D 

 

Covariates data were collected in HUNT2. Sociodemographic variables included age (as a 

continuous variable), sex (female or male), years of education (<10, 10-12, ≥13, or unknown 

(2%)), economic difficulties in the past year (yes, no, or unknown (19%)). Body weight and 

standing height of participants were measured in light clothing and without shoes by health 

professionals (73). Based on these measures, BMI was calculated as weight divided by the 

square value of height (kg/m², used as a continuous variable). Lifestyle factors included daily 

smoking (never, former, current, or unknown (1%)), frequency of alcohol consumption per 

month (0, 1-4, ≥5, or unknown (7%)), level of physical activity (inactive or very low, low, 

moderate, high, or unknown (27%)), average hours of sitting time per day as a marker for 

sedentary life (≤4, 5-7, ≥8, or unknown (18%)). Family history of diabetes was identified by 

asking the following question concerning the participant’s relatives (mother, father, sister, 

brother): “Do they have or have they had diabetes?” (yes, no, or unknown (14%)). Chronic 

diseases were determined by the question: “Do you suffer from any long-term illness or injury 
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of a physical or psychological nature that impairs your functioning in your everyday life?” (yes, 

no, or unknown (3%)). The unknown category for education, smoking, alcohol consumption, 

physical activity, sedentary life, economic difficulties, family history of diabetes, history of 

chronic diseases, was included in the primary analysis. This categorization of covariates has 

been used in previous HUNT publications (41, 59, 80). 

 

3.4. Polygenic risk score for T2DM 

DNA was isolated from blood samples collected in HUNT2 and stored at the HUNT 

biobank. Genotyping was performed using HumanCoreExome (Illumina, San Diego, CA, 

USA) arrays as described elsewhere (81). Imputation was performed on samples of recent 

European ancestry using Minimac3 (82) from a merged reference panel constructed from the 

Haplotype Reference Consortium panel (83) and a local reference panel based on 2201 whole-

genome sequenced HUNT participants (84). 

We generated a polygenic risk score (PRS) for T2DM based on 14 SNPs identified in a 

large-scale genome-wide association study (GWAS) by Voight et al. (25). The 14 SNPs include 

rs243021 (nearby gene BCL11A), rs4457053 (ZBED3), rs972283 (KLF14), rs896854 

(TP53INP1), rs13292136 (CHCHD9), rs231362 (KCNQ1), rs1552224 (CENTD2), rs1531343 

(HMGA2), rs7957197 (HNF1A), rs11634397 (ZFAND6), rs8042680 (PRC1), rs5945326 

(DUSP9), rs7578326 (IRS1) and rs1387153 (MTNR1B). The risk allele was coded 1 and the 

non-risk allele 0. The PRS for each participant was calculated by multiplying the number of 

risk allele by the weight and summing across the 14 SNPs (85). The weights are effect sizes 

derived from the GWAS results of Voight et al. (25). 
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3.5. T2DM as outcome variable 

Diabetes were defined using the following question: “Have you had or do you have 

diabetes?”, and/or by non-fasting blood glucose measurement. Participants were diagnosed as 

having diabetes if they answered yes to the question and/or had a non-fasting blood glucose 

level above 11 mmol/L, in accordance with the WHO guidelines (1). Incident diabetes cases 

were the participants who developed diabetes between HUNT2 and HUNT3 among individuals 

who were free of diabetes at baseline. The questionnaire-based diabetes diagnoses have been 

validated by comparison with medical records, and were verified in 96% of the cases (86). 

Type 1 and type 2 diabetes were defined based on the values of serum glutamic acid 

decarboxylase antibodies (GADA). Antibody levels are expressed as an antibody index (ai) 

relative to a standard serum. The incident cases were classified as type 1 diabetes if the value 

of GADA ≥0.08 ai and as T2DM if the value of GADA <0.08 (87). One incident case of type 

1 diabetes was excluded from the analysis. 

 

3.6. Statistical analysis 

Baseline characteristics were presented for participants in the analysis dataset (n=3 586), 

and stratified by two categories of serum 25(OH)D level (<50.0 and ≥50.0 nmol/L). The 

baseline covariates were presented as percentages for categorical variables and mean ± standard 

deviation for continuous variables. Comparisons between baseline serum 25(OH)D level 

categories were made for each covariate using Pearson chi-square tests for categorical 

covariates and t-tests for continuous covariates. 

The relationship between serum 25(OH)D and risk of T2DM was evaluated using logistic 

regression models. Crude and adjusted odds ratios (ORs), and 95% confidence intervals (CIs) 

were estimated. The multivariable regression analysis was performed to control for potential 
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confounders: age, sex, BMI, education, smoking status, alcohol consumption, physical activity, 

sedentary life, economic difficulties, family history of diabetes and chronic disease. The higher 

serum 25(OH)D category (≥50.0 nmol/L) was used as the reference group. 

Potential effect modification by sex, BMI and PRS for diabetes for the risk of T2DM was 

assessed by the likelihood ratio test. A p-value <0.05 indicates a statistical interaction. BMI and 

PRS were categorized as a binary variable for stratification. The two BMI categories were 

defined as <30 and ≥30 kg/m². The PRS was classified as the top one third and the other two 

thirds. Biological interaction of low serum 25(OH)D and high PRS for risk of T2DM was 

evaluated by the relative excess risk due to interaction (RERI). A RERI >0 and the lower limit 

of 95% CI >0 suggest a biological interaction (88). 

Multiple imputation (mi command in Stata) was used to address possible biases due to 

missing data of the covariates, assuming missing at random (89). White et al. showed that the 

number of imputations performed should be at least higher than the percentage of missing 

values in the analysis (90). As missing data in the analysis dataset were around 10%, 10 

imputations were performed to follow the recommendations. All statistical analyses were 

performed using Stata statistical software: release 16 (College Station, TX: StataCorp LLC). 

 

3.7. Ethical reflections 

Participation in the HUNT study was voluntary, and written informed consent was obtained 

from all participants prior to participation. The data were already collected at the HUNT 

Research Center. All names and personal ID numbers were removed; therefore, all information 

was de-identified. Nobody was contacted for gathering of new data. This master project was 

conducted as a sub-study under the approval of the Regional Committees for Medical Research 

Ethics – REK (2015-1562 REK sør-øst C). 
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4. Results 

4.1. Baseline characteristics of the study population 

The study population was more represented by women than men (54.7% vs 45.3%), with 

approximately the same distribution within the two categories of serum 25(OH)D level (Table 

1). More participants had baseline serum 25(OH)D levels under 50 nmol/L than above (57.6% 

vs 42.4%). Study participants were 46.7 years old on average; they were relatively older in the 

group with serum 25(OH)D level above 50 nmol/L compared to the other group (mean age 47.9 

vs 45.7 years). The study participants with baseline serum 25(OH)D levels under 50 nmol/L 

had a BMI of 1.3 point higher compared to the group with serum 25(OH)D levels above 50 

nmol/L (26.6 vs 25.3 kg/m²). More study participants with serum 25(OH)D levels under 50 

nmol/L had a high polygenic risk score for T2DM compared to the other group with 25(OH)D 

levels above 50 nmol/L (33.6% vs 30.9%). Participants with baseline 25(OH)D levels under 50 

nmol/L tended to report the following characteristics in greater proportions than participants of 

baseline 25(OH)D levels above 50 nmol/L: <10 years of education, current smoker, alcohol 

abstainer, inactive or very low physical activity, and economic difficulties. There was no clear 

pattern for chronic diseases and total sitting time. 
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Table 1. Baseline characteristics of subjects overall and by baseline serum 25(OH)D levels in the 

HUNT2 study, 1995-1997. 

  
 

Baseline seasonal-standardized serum 

25(OH)D level (nmol/L) 

 

  Overall <50.0 ≥50.0 
 

Characteristic n=3586 n=2066 n=1520 p-value¹ 

Age (years) 46.7±13.4 45.7±12.8 47.9±14.1 <0.001 

Sex 
   

0.75 

   Female 1961 (54.7%) 1125 (54.5%) 836 (55.0%) 
 

   Male 1625 (45.3%) 941 (45.5%) 684 (45.0%) 
 

BMI (kg/m²) 26.1±3.8 26.6±4.1 25.3±3.3 <0.001 

Education (years) 
   

0.001 

   <10 1057 (29.5%) 632 (30.6%) 425 (28.0%)   

   10-12 1324 (36.9%) 776 (37.6%) 548 (36.1%)   

   ≥13 1116 (31.1%) 596 (28.9%) 520 (34.2%)   

   Unknown 89 (2.5%) 62 (3.0%) 27 (1.8%)   

Smoking status       0.002 

   Never 1611 (44.9%) 906 (43.9%) 705 (46.4%)   

   Former 999 (27.9%) 548 (26.5%) 451 (29.7%)   

   Current 941 (26.2%) 591 (28.6%) 350 (23.0%)   

   Unknown 35 (1.0%) 21 (1.0%) 14 (0.9%)   

Alcohol intake per month       <0.001 

   0 (abstainer) 1054 (29.4%) 653 (31.6%) 401 (26.4%)   

   1-4 1845 (51.5%) 1052 (50.9%) 793 (52.2%)   

   ≥5 430 (12.0%) 215 (10.4%) 215 (14.1%)   

   Unknown 257 (7.2%) 146 (7.1%) 111 (7.3%)   

Physical activity       <0.001 

   Inactive or very low 744 (20.8%) 481 (23.3%) 263 (17.3%)   

   Low 672 (18.7%) 395 (19.1%) 277 (18.2%)   

   Moderate 895 (25.0%) 462 (22.4%) 433 (28.5%)   

   High 324 (9.0%) 152 (7.4%) 172 (11.3%)   

   Unknown 951 (26.5%) 576 (27.9%) 375 (24.7%)   

Sitting time, hours/day       0.001 

   ≤4 959 (26.7%) 538 (26.0%) 421 (27.7%)   

   5-7 880 (24.5%) 479 (23.2%) 401 (26.4%)   

   ≥8 1088 (30.3%) 626 (30.3%) 462 (30.4%)   

   Unknown 659 (18.4%) 423 (20.5%) 236 (15.5%)   

Economic difficulties       <0.001 

   No 2122 (59.2%) 1154 (55.9%) 968 (63.7%)   

   Yes 782 (21.8%) 495 (24.0%) 287 (18.9%)   

   Unknown 682 (19.0%) 417 (20.2%) 265 (17.4%)   

Family history of diabetes       0.002 

   No 2505 (69.9%) 1412 (68.3%) 1093 (71.9%)   

   Yes 585 (16.3%) 332 (16.1%) 253 (16.6%)   

   Unknown 496 (13.8%) 322 (15.6%) 174 (11.5%)   

Polygenic risk score for 

type 2 diabetes       0.04 
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   Low (bottom 2/3) 2330 (65.0%) 1311 (63.5%) 1019 (67.0%)   

   High (top 1/3) 1164 (32.5%) 694 (33.6%) 470 (30.9%)   

   Unknown 92 (2.6%) 61 (3.0%) 31 (2.0%)   

Chronic disease       0.44 

   No 2532 (70.6%) 1476 (71.4%) 1056 (69.5%)   

   Yes 960 (26.8%) 538 (26.0%) 422 (27.8%)   

   Unknown 94 (2.6%) 52 (2.5%) 42 (2.8%)   

25(OH)D: 25-hydroxyvitamin D; BMI: body mass index 

Data are given as number of subjects (column percentage) or mean±standard deviation. 

¹Comparisons between baseline serum 25(OH)D level categories; p-values reported using Pearson chi-

square tests for categorical covariates or t-tests for continuous covariates 

 

4.2. Serum 25(OH)D level and risk of T2DM 

A total of 104 (2.9%) participants were identified with T2DM during the 11-year follow up 

period (Table 2). The risk of T2DM during the 11-year follow up was 3.6% in the <50.0 nmol/L 

group compared to 2.0% in the ≥50.0 nmol/L group. 

An 85% (95% CI=1.20- 2.83) higher risk of incident T2DM was observed in people with 

serum 25(OH)D level under 50 nmol/L compared to those with serum 25(OH)D level above 50 

nmol/L in the crude analysis. However, the relative risk was not statistically significant in the 

adjusted model (OR=1.55, 95% CI=0.97-2.49). Every 25 unit decrease in serum 25(OH)D was 

associated with a 52% higher risk of getting T2DM (95% CI=1.09-2.12), but this risk was 

attenuated to 31% and not statistically significant in the adjusted model (95% CI=0.90-1.89). 

The analyses after performing multiple imputation of missing data showed similar results 

(Supplementary table S1).  
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Table 2. Association between baseline seasonal-standardized serum 25(OH)D level and incidence of 

T2DM over an 11-year follow up. 

Seasonal-standardized 

serum 25(OH)D level 

(nmol/L) 

No. of 

participants 

No. of 

cases 

Risk 

(%) 

Crude OR 

(95% CI) 

Adjusted OR 

(95% CI)* 

Categorical 
     

   <50.0 2066 74 3.6% 1.85 (1.20 - 2.83) 1.55 (0.97 - 2.49) 

   ≥50.0 1520 30 2.0% 1.00 (reference) 1.00 (reference) 

  
     

Continuous¹ 3586 104 2.9% 1.52 (1.09 - 2.12) 1.31 (0.90 - 1.89) 

25(OH)D: 25-hydroxyvitamin D; T2DM: type 2 diabetes mellitus; OR: odds ratio; CI: confidence 

interval 

T2DM was defined as non-fasting serum glucose levels of ≥11 mmol/L and/or reported diabetes. 

¹per 25 nmol/L decrease in serum 25(OH)D 

* Adjusted for age, sex, BMI, education, smoking status, alcohol consumption, physical activity, 

sedentary lifestyle, economic difficulties, family history of diabetes, chronic disease 

 

4.3. Effect modification by sex, BMI and genetic profile of T2DM 

We also studied the association between serum 25(OH)D and risk of T2DM stratified by 

sex, BMI and PRS for diabetes. The p-value of likelihood ratio test for interaction between 

serum 25(OH)D and sex was 0.69, and between serum 25(OH)D and BMI 0.71, indicating no 

evidence of statistical interaction. The results are presented in supplementary tables S2 and S3.  

The likelihood ratio test showed evidence of statistical interaction between serum 25(OH)D 

and PRS. Table 3 presents results using different cut-off values of PRS for stratification. The 

higher the PRS is, the more the person is genetically susceptible to get T2DM. The ORs for 

25(OH)D-diabetes association showed a dose-response relationship in the group with higher 

PRS when the cut-off value changed from the top ½ to the top 1/5 of the PRS, whereas the ORs 

remained similar in the lower PRS group. Using the top one third PRS as the cut-off value 

seemed to show the largest statistical power; and p-value for interaction was 0.04. 
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Table 3. Different cut-off groups evaluated for effect modification of T2DM PRS on association 

between baseline seasonal-standardized serum 25(OH)D level and incidence of T2DM over an 11-year 

follow up. 

 
T2DM: type 2 diabetes mellitus; PRS: polygenic risk score; 25(OH)D: 25-hydroxyvitamin D; OR: odds 

ratio; CI: confidence interval 

T2DM was defined as non-fasting serum glucose levels of ≥11 mmol/L and/or reported diabetes. 

*OR and 95% CI represent the risk in the group of 25(OH)D level < 50 nmol/L (>50 nmol/L as 

reference) and were adjusted for age, sex, BMI, education, smoking status, alcohol consumption, 

physical activity, sedentary lifestyle, economic difficulties, family history of diabetes, chronic disease 

The detailed results presenting the association between serum 25(OH)D and risk of 

T2DM stratified by PRS (cut-off value at 1/3) are shown in Table 4. Participants with a high 

PRS were more likely to get T2DM than those with a low PRS (3.4% vs 2.4%). Serum 25(OH)D 

level below 50 nmol/L seemed to be associated with a higher risk of T2DM in both the PRS 

groups (2.7% vs 2.2% for low PRS group, and 4.8% vs 1.5% for high PRS group). However, 

after adjustment for confounders, level of 25(OH)D under 50 nmol/L was associated with a 

significantly increased risk of T2DM in the higher PRS group (OR=2.98, 95% CI=1.19-7.45), 

but there was no association between low 25(OH)D level and risk of T2DM in the lower PRS 

group (OR=0.92, 95% CI=0.50-1.71). The analyses after performing multiple imputation of 

missing data showed similar results (Supplementary table S4). 
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Table 4. Association between baseline seasonal-standardized serum 25(OH)D level and incidence of 

T2DM over an 11-year follow up, stratified by PRS of T2DM. 

Seasonal-standardized 

serum 25(OH)D level 

(nmol/L) 

No. of 

participants 

No. of 

cases 

Risk 

(%) 

Crude OR 

(95% CI) 

Adjusted OR 

(95% CI)* 

Polygenic risk scores 
     

Low score (2/3) 2330 57 2.4% 
  

<50.0 1311 35 2.7% 1.24 (0.72 - 2.13) 0.92 (0.50 - 1.71) 

≥50.0 1019 22 2.2% 1.00 (reference) 1.00 (reference) 

High score (1/3 top) 1164 40 3.4% 
  

<50.0 694 33 4.8% 3.30 (1.45 - 7.53) 2.98 (1.19 - 7.45) 

≥50.0 470 7 1.5% 1.00 (reference) 1.00 (reference) 

25(OH)D: 25-hydroxyvitamin D; T2DM: type 2 diabetes mellitus; PRS: polygenic risk score; OR: odds 

ratio; CI: confidence interval 

T2DM was defined as non-fasting serum glucose levels of ≥11 mmol/L and/or reported diabetes. 

* Adjusted for age, sex, BMI, education, smoking status, alcohol consumption, physical activity, 

sedentary lifestyle, economic difficulties, family history of diabetes, chronic disease 

 

 

4.4. Biological interaction  

We evaluated the potential biological interaction of low serum 25(OH)D and high PRS (the 

top 1/3 score) for risk of T2DM using the RERI. We found the RERI equal to 1.28 (95% 

CI=0.31-2.25). Since the 95% CI of RERI did not include 0, there is biological interaction of 

low serum 25(OH)D and high PRS for the risk of T2DM. 
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5. Discussion 

5.1. Main findings 

We investigated the relationship between serum vitamin D level and the risk of T2DM in a 

sample of 3 586 adults over 11 years of follow-up, during which 104 incident T2DM were 

identified. In this study, we found that lower 25(OH)D levels seemed to be associated with an 

increased risk of T2DM in adults. The inverse association was more evident and stronger among 

people who were genetically predisposed to T2DM than those who were not. In the group with 

a top one third PRS for T2DM, the participants with serum 25(OH)D level under 50 nmol/L 

had almost three times increased risk to get T2DM compared to those with serum 25(OH)D 

level above 50 nmol/L. We also observed a biological interaction of low serum 25(OH)D and 

high PRS for the risk of T2DM. Effect modification by sex and BMI did not seem to be present. 

 

5.2. Comparison with previous studies 

5.2.1. Vitamin D status as an independent risk factor for T2DM  

Many observational longitudinal studies have investigated the association of serum 

25(OH)D level with risk of T2DM (57, 69-71, 91). Results of the present study support previous 

reports of the potential negative impact of vitamin D insufficiency on risk of T2DM. However, 

the association was not statistically significant in our adjusted models. Indeed, serum 25(OH)D 

<50.0 nmol/L was associated with a 55% increased risk of T2DM (OR=1.55, 95% CI=0.97-

2.49) and a 31% increased risk of T2DM was present per 25 nmol/L decrease in serum 25(OH)D 

(OR=1.31, 95% CI=0.90-1.89). The wide CIs imply an inadequate sample size in our study. 

Our results are consistent with those in a Danish study that found a 20% increased risk of T2DM 

per 25 nmol/L decrease in serum 25(OH)D (70). Contrastingly, another Danish study did not 
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find a significant association between low 25(OH)D status and incident diabetes after 

adjustment for confounders (71). This may be due to the short follow-up duration of 5 years of 

the study. Forouhi et al. designed a nested case-cohort from the EPIC-Norfolk study, including 

621 incident T2DM cases (69). Compared to participants with 25(OH)D ≤ 49 nmol/L, the risk 

of T2DM was halved in those with 25(OH)D >80 nmol/L (69). The variation in the estimate 

magnitude of the risk of T2DM between these previous studies and our study could be partially 

explained by difference in categorization of serum 25(OH)D. 

Several recent meta-analyses have summarized results from the observational studies. The 

meta-analysis performed by Song at al. combined data from 21 prospective studies, including 

4 996 incident T2DM cases in diverse population (57). They found a summary relative risk for 

T2DM of 0.62 (95% CI=0.54-0.70) comparing the highest to lowest category of 25(OH)D 

levels, indicating a significant inverse association between 25(OH)D levels and risk of T2DM 

(57). In a more recent meta-analysis, using data from 22 longitudinal studies of populations of 

European descent and including 8492 cases of T2DM, a 25 nmol/L decrease in 25(OH)D 

concentration was significantly associated with a 21% increased risk of T2DM (91).  

Recent research has also applied Mendelian randomisation (MR) to study the potential 

causal relationship between low vitamin D and risk of T2DM. MR approach attempts to 

overcome issues of confounding and reverse causation usually present in observational studies 

(92, 93). A recent MR study, based on data from the China Kadoorie Biobank, found that higher 

vitamin D status was associated with lower risk of diabetes, and provided moderate evidence 

for a causal protective effect of higher 25(OH)D levels on prevention of T2DM (94). Similarly, 

another recent MR analysis, based on 898 130 individuals of European ancestry from 32 studies, 

revealed a significant inverse association of genetically predicted serum 25(OH)D levels with 

risk of T2DM (95). Results of both studies were robust in the analysis using genetic variants 

affecting the synthesis of vitamin D. In contrast, a MR study including 28 144 cases found no 
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association between genetically predicted serum 25(OH)D and incidence of T2DM (91). 

However, it is important to note that this last study was using SNPs within or near four genes 

involved in both vitamin D synthesis and metabolism, without making any distinction in the 

analysis, and the sample size for the last MR study was relatively small. 

 

5.2.2. Effect modification by sex, BMI and genetic profile of T2DM 

We evaluated sex, BMI and PRS for diabetes as potential effect modifiers of the relationship 

between vitamin D insufficiency and risk of T2DM. To our knowledge, this is one of the first 

prospective cohort studies to investigate effect modification by genetic profile for T2DM for 

the association between serum 25(OH)D and risk of T2DM. 

Sex did not appear to be an effect modifier in the current study. Similarly, the Melbourne 

Collaborative Cohort Study and a prospective study from the Tromsø Study did not find that 

the association varied by sex (72, 96). Association tended to be stronger for men than for women 

in a meta-analysis, but the difference did not reach statistical significance (57). Another analysis 

based on pooling two nested case-control studies of 412 incident T2DM cases and 986 control 

subjects in Finland found that higher serum 25(OH)D was related to a reduced incidence of 

T2DM in men but not in women (97). However, this result may be due to residual confounding 

from dietary factors and cannot be generalized due to its small sample size. 

Our data did not indicate possible effect modification by BMI. A population-based cohort 

from the Tromsø Study found an inverse association among people with a BMI ≤ 23 kg/m², 

while there was no association in the other BMI categories (72). However, these results must 

be interpreted cautiously as the number of cases was low in the leanest BMI category (72). 
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Our results were indicative of potential effect modification by genetic profile of T2DM. 

Among participants with top one third PRS, those with baseline serum 25(OH)D under 50 

nmol/L had a three fold risk of getting T2DM. No significant association was found in the low 

PRS group. These findings indicate that low vitamin D status may be an important risk factor 

for T2DM for people genetically predisposed to T2DM. In current literature, the effect 

modification of T2DM PRS for vitamin D-T2DM association is unknown. Our study also found 

a biological interaction of serum 25(OH)D under 50 nmol/L and the high PRS for the risk of 

T2DM. The results suggest that there was a 1.28 relative excess risk of T2DM due to the 

synergistic interaction of serum 25(OH)D under 50 nmol/L and the high PRS compared to the 

additive effect of both factors. 

 

5.3. Potential biological mechanisms 

Several reviews have highlighted potential mechanisms for a role of vitamin D in the 

pathogenesis of T2DM (62, 98, 99). VDRs are present in many cell types and organs, and 

1,25(OH)₂D is locally produced in several extrarenal organs, including β-pancreatic cells, 

supporting potential broad-ranging effects of vitamin D outside of skeletal health such as T2DM 

(62). Vitamin D may have both direct (via activation of the VDR) and indirect (via the 

regulation of calcium homeostasis) effects on various mechanisms linked to the 

pathophysiology of T2DM, including impaired pancreatic-β cell function and insulin resistance 

(62). Vitamin D could also indirectly contribute to the pathogenesis of T2DM via regulation of 

inflammatory processes, such as production of cytokines, associated with insulin resistance and 

β-cell death (99). 

The biological mechanism by which low serum 25(OH)D level in people genetically 

predisposed to T2DM might lead to substantially increased risk of T2DM is not elucidated. 
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GWAS have identified hundreds of loci containing common variants robustly associated with 

the risk of T2DM (24), and explanation of the mechanisms through which these act can provide 

novel pathophysiological insights. Our study detected a gene-environment interaction effect, 

whereby low vitamin D status and genetic variants for T2DM showed a synergistic effect on 

the risk of T2DM. More fundamental research is warranted to understand the underlying 

mechanism of this biological interaction. 

 

5.4. Strengths 

To our knowledge, this prospective cohort study is the first to provide an insight into the 

influence of genetic profile for T2DM on the relationship between serum 25(OH)D and risk of 

T2DM. Serum 25(OH)D was measured in a large random sample of Norwegian adults aged 

over 19 years in HUNT2. The pattern of 25(OH)D was similar in the analysis dataset and in the 

sub-cohort of HUNT2 with measured 25(OH)D levels, which suggests less selection bias. In 

addition, the study has a long follow-up duration. A large range of sociodemographic and 

lifestyle variables were available in the questionnaire data, giving the possibility to include 

important potential confounders in the analysis, thus strengthening the validity of our results. 

Use of the cosinor model to calculate season-standardized serum 25(OH)D rather than 

adjustment for season of blood draw in the models minimized the mean squared error, as argued 

previously. 

 

5.5. Limitations 

There are several limitations related to our study. Participation rate declined from HUNT2 

(70%) to HUNT3 (54%), increasing the possibility of selection bias. Participants in the HUNT 
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studies were shown to be healthier than nonparticipants (100). Due to the small sample size in 

the analysis cohort, serum 25(OH)D could only be classified into two categories. Data on 

lifestyle factors could be subject to misclassification due to self-reported methods and thus 

resulting in residual confounding; the outcome variable about diabetes is especially of concern. 

However, the questionnaire-based diabetes diagnoses of the HUNT study were verified in 96% 

of the cases by comparing them with medical records (86). Data about serum 25(OH)D and 

lifestyle were collected at baseline, meaning that we could not evaluate any changes over the 

11 years follow-up. We cannot exclude measurement error due to the single serum 25(OH)D 

measure used for the study. Nevertheless, a previous Norwegian study demonstrated that 

25(OH)D concentrations were relatively stable up to 14 years of follow-up (101). Missing data 

on baseline characteristics were classified as “unknown” category which may have resulted in 

residual confounding. However, results before and after multiple imputation are similar. 

Participants are mainly Caucasian, reducing the generalizability to other ethnic populations. 

Indeed, the genetic susceptibility for T2DM may differ between populations. For instance, some 

SNPs associated to T2DM are more common in South Asian than in Europeans (102). 
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6. Conclusion 

Overall, this is the first prospective cohort study to evaluate vitamin D status and its 

interaction with genetic profile on the risk of T2DM. We have shown that low serum 25(OH)D 

was associated with an increased risk of T2DM in Norwegian adults, especially for people with 

high polygenic risk score for T2DM. Future epidemiological studies with larger sample size 

should seek to replicate our results, while fundamental research on the underlying mechanisms 

could support the biological plausibility of our findings. Given the high prevalence of vitamin 

D insufficiency and T2DM worldwide, our study provided insights into new ways to prevent 

T2DM, particularly by incorporating the genetic factor of the disease with modifiable factors 

in prevention.  
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APPENDIX: Supplementary tables 

Table S1. Association between baseline seasonal-standardized serum 25(OH)D level and incidence of 

T2DM over an 11-year follow up 

Analyses after performing multiple imputation of missing data 

Seasonal-standardized 

serum 25(OH)D level 

(nmol/L) 

No. of 

participants 

No. of 

cases 

Risk 

(%) 

Crude OR 

(95% CI) 

Adjusted OR 

(95% CI)* 

Categorical 
     

   <50.0 2066 74 3.6% 1.85 (1.20 - 2.83) 1.49 (0.94 - 2.38) 

   ≥50.0 1520 30 2.0% 1.00 (reference) 1.00 (reference) 

  
     

Continuous¹ 3586 104 2.9% 1.52 (1.09 - 2.12) 1.28 (0.88 - 1.85) 

25(OH)D: 25-hydroxyvitamin D; T2DM: type 2 diabetes mellitus; OR: odds ratio; CI: confidence 

interval 

T2DM was defined as non-fasting serum glucose levels of ≥11 mmol/L and/or reported diabetes. 

¹per 25 nmol/L decrease in serum 25(OH)D 

* Adjusted for age, sex, BMI, education, smoking status, alcohol consumption, physical activity, 

sedentary lifestyle, economic difficulties, family history of diabetes, chronic disease 

 

 

Table S2. Association between baseline seasonal-standardized serum 25(OH)D level and incidence of 

T2DM over an 11-year follow up, stratified by Sex 

Seasonal-standardized 

serum 25(OH)D level 

(nmol/L) 

No. of 

participants 

No. of 

cases 

Risk 

(%) 

Crude OR 

(95% CI) 

Adjusted OR 

(95% CI)* 

Sex 
     

Female 1961 50 2.5%   
<50.0 1125 38 3.4% 2.40 (1.25 - 4.62) 1.95 (0.94 - 4.05) 

≥50.0 836 12 1.4% 1.00 (reference) 1.00 (reference) 

Male 1625 54 3.3%   
<50.0 941 36 3.8% 1.47 (0.83 - 2.61) 1.47 (0.77 - 2.81) 

≥50.0 684 18 2.6% 1.00 (reference) 1.00 (reference) 

25(OH)D: 25-hydroxyvitamin D; T2DM: type 2 diabetes mellitus; OR: odds ratio; CI: confidence 

interval 

T2DM was defined as non-fasting serum glucose levels of ≥11 mmol/L and/or reported diabetes. 

* Adjusted for age, BMI, education, smoking status, alcohol consumption, physical activity, sedentary 

lifestyle, economic difficulties, family history of diabetes, chronic disease 
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Table S3. Association between baseline seasonal-standardized serum 25(OH)D level and incidence of 

T2DM over an 11-year follow up, stratified by BMI 

Seasonal-standardized 

serum 25(OH)D level 

(nmol/L) 

No. of 

participants 

No. of 

cases 

Risk 

(%) 

Crude OR 

(95% CI) 

Adjusted OR 

(95% CI)* 

BMI 
     

<30 kg/m² 3105 58 1.9%   
<50.0 1713 37 2.2% 1.44 (0.84 - 2.47) 1.34 (0.75 - 2.39) 

≥50.0 1392 21 1.5% 1.00 (reference) 1.00 (reference) 

≥30 kg/m² 472 46 9.7%   
<50.0 349 37 10.6% 1.50 (0.70 - 3.21) 1.93 (0.82 - 4.55) 

≥50.0 123 9 7.3% 1.00 (reference) 1.00 (reference) 

25(OH)D: 25-hydroxyvitamin D; T2DM: type 2 diabetes mellitus; BMI: body mass index; OR: odds 

ratio; CI: confidence interval 

T2DM was defined as non-fasting serum glucose levels of ≥11 mmol/L and/or reported diabetes. 

* Adjusted for age, sex, BMI, education, smoking status, alcohol consumption, physical activity, 

sedentary lifestyle, economic difficulties, family history of diabetes, chronic disease 

 

Table S4. Association between baseline seasonal-standardized serum 25(OH)D level and incidence of 

T2DM over an 11-year follow up, stratified by PRS 

Analyses after performing multiple imputation of missing data 

Seasonal-standardized 

serum 25(OH)D level 

(nmol/L) 

No. of 

participants 

No. of 

cases 

Risk 

(%) 

Crude OR 

(95% CI) 

Adjusted OR 

(95% CI)* 

Polygenic risk scores 
     

Low score (2/3) 2330 57 2.4% 
  

<50.0 1311 35 2.7% 1.24 (0.72 - 2.13) 0.93 (0.51 - 1.72) 

≥50.0 1019 22 2.2% 1.00 (reference) 1.00 (reference) 

High score (1/3 top) 1164 40 3.4% 
  

<50.0 694 33 4.8% 3.30 (1.45 - 7.53) 2.76 (1.15 - 6.65) 

≥50.0 470 7 1.5% 1.00 (reference) 1.00 (reference) 

25(OH)D: 25-hydroxyvitamin D; T2DM: type 2 diabetes mellitus; PRS: polygenic risk score; OR: odds 

ratio; CI: confidence interval 

T2DM was defined as non-fasting serum glucose levels of ≥11 mmol/L and/or reported diabetes. 

* Adjusted for age, sex, BMI, education, smoking status, alcohol consumption, physical activity, 

sedentary lifestyle, economic difficulties, family history of diabetes, chronic disease 
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