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Abstract

:

Accumulating evidence supports the potential protective effects of vitamin D against chronic diseases such as Alzheimer’s disease, autoimmune diseases, cancers, cardiovascular disease (ischaemic heart disease and stroke), type 2 diabetes, hypertension, chronic kidney disease, stroke, and infectious diseases such as acute respiratory tract diseases, COVID-19, influenza, and pneumonia, as well as adverse pregnancy outcomes. The respective evidence is based on ecological and observational studies, randomized controlled trials, mechanistic studies, and Mendelian randomization studies. However, randomized controlled trials on vitamin D supplementation have largely failed to show benefits, probably due to poor design and analysis. In this work, we aim to use the best available evidence on the potential beneficial effects of vitamin D to estimate the expected reduction in incidence and mortality rates of vitamin D-related diseases in the Kingdom of Saudi Arabia and the United Arab Emirates if minimum serum 25(OH)D concentrations were to be raised to 30 ng/mL. Estimated reductions by 25% for myocardial infarction incidence, 35% for stroke incidence, 20 to 35% for cardiovascular disease mortality, and 35% for cancer mortality rates depicted a promising potential for raising serum 25(OH)D. Methods to increase serum 25(OH)D concentrations at the population level could include food fortification with vitamin D3, vitamin D supplementation, improved dietary vitamin D intake, and sensible sun exposure.
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1. Introduction


This is the centennial of the naming of vitamin D by Elmer McCollum et al. in 1922 [1]. For most of the last 100 years, vitamin D has been best known for its classical effects on regulation of calcium and phosphorus absorption from the gastrointestinal tract as well as their metabolism in relation to bone health [2]. In view of those effects, the Institute of Medicine recommends 600 to 800 IU/day vitamin D supplementation to achieve a 25-hydroxyvitamin D [25(OH)D] concentration of 20 ng/mL (50 nmol/L) [3] while the U.S. Endocrine Society recommends 1500–2000 IU/d vitamin D supplementation for those with vitamin D deficiency (<20 ng/mL) to achieve a 25(OH)D value > 30 ng/mL [4].



National vitamin D guidelines have been in place in the Kingdom of Saudi Arabia (KSA) as well as for the Gulf Cooperating Council (GCC) countries, a regional union of Arab monarchies that include not only KSA and UAE, but also for Bahrain, Kuwait, Oman and Qatar since 2000. Both vitamin D guidelines advocated 25(OH)D cut-offs on the basis of bone health, and achieving ≥30 ng/mL (75 nmol/L) is currently only advised for the osteoporotic elderly and frail [5,6]. However, no consideration was given to younger vitamin D-deficient individuals with metabolic diseases, given the lack of local and regional data at the time of drafting the guidelines. Thus, these individuals are managed in the same way as the general population, that is, with the aim of achieving 25(OH)D ≥ 20 ng/mL (50 nmol/L), as advised [5,6]. Future guidelines should take into consideration the value of expanding the goal to cover the entire population and not just the elderly and frail.



Numerous potential non-skeletal (i.e., pleiotropic) effects for vitamin D have been intensively studied during the past two decades, but the first suggestion that vitamin D might play important roles in reducing extra-skeletal disease risks was made much earlier than that. A geographical ecological study in 1980 suggested that solar radiation [through production of vitamin D] reduced colon cancer mortality rates [7]. This was followed by finding that vitamin D was necessary for normal insulin secretion (e.g., [8]), by an observational study of dietary vitamin D and calcium intakes and the risks of colon cancer in 1985 [9], and of 25(OH)D concentrations in relation to the risks of colon cancer in 1989 [10]. A temporal ecological study in 1981 was used to suggest that solar UVB, through production of vitamin D3, reduced the risk of myocardial infarction (MI) [11], followed by an observational study of 25(OH)D and MI risks in 1990 [12]. A similar ecological study suggested that higher vitamin D status reduced the risk of epidemic influenza [13]. That study was quickly reinforced by a secondary analysis of a vitamin D randomized controlled trial (RCT) [14]. Studies such as a vitamin D RCT for cancer in 2007 [15], an observational study of 25(OH)D concentration and cardiovascular disease incidence in 2008 [16], and an RCT for vitamin D and influenza in 2011 provided more support for potential extra-skeletal benefits of vitamin D [17].



The pathophysiological mechanisms through which vitamin D may reduce the risk of various diseases have also been studied, e.g., [18,19]. Calcitriol—activated vitamin D produced in target tissues—enhances effects that protect the tissues in various ways which include the following: combating microbial and viral infections (innate immunity) by increasing the secretion of antimicrobials (e.g., cathelicidin and the two defensins [20]); acquired immunity is modulated to protect against excessive inflammatory damage and cytokine storms by the down-regulation of pro-inflammatory cytokines and the upregulation of anti-inflammatory cytokines [21]. Insulin resistance is combated by reducing the secretion of cell-damaging free radicals and UCP2 in hepatocytes, and by reducing FOXO1 secretion in muscle cells [22,23,24]; the secretion of the matrix metalloproteinases, 2/9 in particular, that lead to the inflammatory tissue destruction in arterial plaque that precipitates acute arterial events, to tissue caseation (liquifaction) in tuberculosis, causing lung cavitation, cartilage destruction and other joint damage in inflammatory arthritis, is strikingly reduced by the correction of vitamin D deficiency [25,26]. Further beneficial effects are being reported on neurological tissues, in part at least through effects on Wnt/β-catenin and the Sonic Hedgehog pathway modulation of neurogenesis [27]. Vitamin D may reduce the risk of cancer incidence through controlling differentiation, proliferation, and apoptosis of cells, and reduces cancer mortality risks through antiangiogenesis around tumors and through reducing the development of metastasis [28].



Based on the advances in understanding the role of vitamin D for non-skeletal diseases, some recommendations were made to increase serum 25(OH)D concentrations to 30–50 ng/mL (multiply ng/mL by 2.496 to convert ng/mL to nmol/L) [29,30]; however, recommendations by others have remained at 20 ng/mL, largely because RCTs have been unable to find beneficial effects of vitamin D supplementation and due to neglecting the findings from Mendelian randomization (MR) studies [31] and ignoring the limitations of vitamin D RCTs. For example, vitamin D RCTs have usually been based on guidelines for pharmaceutical drugs, but they should be based on guidelines for nutrients as outlined by Heaney [32,33]. The difference is that the drug guidelines are usually analysed by dosages of drug intakes while nutrient guidelines are based on baseline and achieved nutrient status (serum 25(OH)D concentrations in the case of vitamin D). There are also large interpersonal differences in baseline 25(OH)D concentrations and in the increases in 25(OH)D concentrations in response to any given vitamin D dose, such that the vitamin D dose in an RCT may be of little relevance for analyzing the results of supplementation. A prime example comes from the D2d trial that examined progression from prediabetes to diabetes [34]. When analyzed according to intention to treat, i.e., by dose, there was no significant difference between the outcomes for the vitamin D treatment and placebo arms. However, when the results were analyzed according to achieved 25(OH)D concentrations, it was found that for each 10 ng/mL increase in serum 25(OH)D of up to >50 ng/mL on vitamin D supplementation, there was a ten percent reduction in progression to diabetes which provided reductions of up to 70% in treated subjects achieving serum 25(OH)D values of ≥40 ng/mL [35].



Another way to evaluate whether vitamin D affects the risk of adverse health outcomes is through the use of Hill’s criteria for causality in a biological system [36]. The suitable criteria for evaluating vitamin D would encompass factors such as the strength of association, consistency, temporal relationship, biological gradient, feasibility of mechanisms, consistency with established facts regarding the disease natural history and biology, experimental evidence, and comparison to similar situations. Hill also stated that not all criteria need to be satisfied in order for causality to be claimed, but the more that are, the better. As will be discussed, observational studies generally find significant inverse correlations between serum 25(OH)D concentrations and adverse health outcomes if the reduction in association strength due to changes in serum 25(OH)D concentrations during long follow-up times is taken into account. Combining such studies in meta-analyses may allow observational studies to be used to estimate the effects on adverse health outcomes. The well-known mechanisms whereby vitamin D reduces adverse health outcomes are denoted in this article.



MR studies are increasingly being used to examine whether higher vitamin D status reduces the incidence of, or mortality from, various diseases. These analyses use data from large cohorts of subjects and are considered to be as reliable as adequately conducted randomized controlled trials [37]. Now that data from large representative cohorts from various populations are becoming available, the findings from MR studies are of increasing importance. MR studies examine the correlation between genetically-determined variation in 25(OH)D concentrations and health outcomes. There are many different genes involved in the vitamin D pathway, from those affecting vitamin D3 production in the skin to those producing 25(OH)D from vitamin D in the liver, those varying the binding of 25(OH)D to circulating proteins, and those activating 25(OH)D to produce the hormonally active metabolite calcitriol in all target tissues. Specific alleles of many of these genes are associated with consistent variation in serum 25(OH)D concentrations. Large databases of data for such variance are used to generate estimates of serum 25(OH)D variance with such polymorphisms and the associations of those polymorphisms with health risks are then used as a surrogate for the life-long variation of vitamin D status.



The use of genetically predicted 25(OH)D concentrations in MR effectively randomizes the participants into the study groups since this form of allocation is independent of such factors as vitamin D supplementation and solar UVB exposure. Since, however, increases in serum 25(OH)D produce benefits which plateau observationally once serum 25(OH)D levels reach a certain level, as for all nutrients, it is not surprising that many MR analyses have failed to show variance in health benefits using genome-wide association study (GWAS) data for all subjects. However, when GWAS data is used in subjects whose serum 25(OH)D values lie below the plateau value of 25(OH)D (i.e., the value above which the health benefit of interest ceases to increase in observational studies), marked associations of health benefits with rises in GWAS-estimated D status often emerge. For example, MR analyses using stratification of cohort data by baseline vitamin D status has already revealed reductions in CVD risks and in mortality rates with GWAS-estimated increases in vitamin D status in subjects with initial 25(OH)D values below ~20 ng/mL. Furthermore, the strongest inverse correlations between health risk and increases in D status are being seen in those with the lowest baseline concentrations of 25(OH)D [37].



The goal of this article is to estimate the potential for reducing disease incidence and death rates in KSA and the United Arab Emirates (UAE) through raising serum 25(OH)D concentrations to above 30 ng/mL (75 nmol/L) for virtually all inhabitants. These two countries were chosen as representative of the Middle East in terms of low mean serum 25(OH)D concentrations and because they provide many studies of the health effects of vitamin D status. Raising minimum 25(OH)D concentrations in these two countries could be achieved through a combination of vitamin D fortification, supplementation and increased, but cautious, solar UVB exposure when the solar elevation angle is greater than 45° [38].




2. Approach


This is a narrative review aiming to summarize the evidence on the association of vitamin D deficiency with adverse clinical outcomes for a variety of diseases. Each disease is summarized in a section of this article that includes the best available evidence on the potential health benefits of raising vitamin D status with reference to the respective diseases in the Middle East and elsewhere, up to February 2023. Studies performed in KSA and the UAE are considered, when available and relevant to this study.



The approach taken in this review is first to assess the prevalence of each disease of interest in KSA and the UAE, to identify some of the important risk factors for those diseases and then to discuss the evidence that vitamin D reduces risk of the relevant adverse health outcomes in a causal manner, before identifying those studies judged to provide 25(OH)D concentration-health outcome data suitable for evaluating the expected benefits of raising serum 25(OH)D concentrations to above 30 ng/mL in KSA and the UAE. Inclusion criteria for articles supporting the use of vitamin D in this review required the use of appropriate methodologies and the identification of beneficial effects of vitamin D. As most RCTs have been based on guidelines for pharmaceutical drugs rather than nutrients [32,33], they were largely excluded. Therefore, most of the studies included in this review are observational studies, but MR studies are also included. More recent publications and meta-analyses were generally prioritized. When possible, papers available without cost were selected. These relationships can then be used, together with what is known about the frequency distribution of 25(OH)D concentrations in both countries, for adults and, if available, for the elderly populations of those countries. Since most of the known 25(OH)D concentration-health outcome relationships come from prospective studies with follow-up times between five to ten years, the relationship data may underestimate the benefits of vitamin D due to variation in serum 25(OH)D concentrations with time, as has been shown for all-cause mortality rate [39] and for cancer [40]. Thus, the follow-up time will be considered and the findings from prospective studies adjusted if a clear trend towards a greater effect of serum 25(OH)D concentration is found for shorter follow-up times. Moreover, case-control (CC) results are used when relevant in the absence of other data.




3. Disease Mortality Rates in KSA and the UAE


To guide the preparation of this article, mortality rate data for 2016 from KSA and the UAE were obtained from the World Health Organization [41]. Data for the leading causes of death are given in Table 1 for males and females for the two countries. The potential roles of vitamin D in reducing risk of incidence and mortality rates for the various diseases listed as well as all-cause mortality rate are emphasized in this article.




4. Metabolic Syndrome


The constellation of abnormalities used to identify the metabolic syndrome [MetS], is the presence of three or more of the following disorders: centrally distributed obesity, dyslipidemia (decreased high-density lipoprotein cholesterol (HDL-C), elevated LDL-C and triglycerides), elevated blood pressure (BP), and hyperglycaemia [42]. Associated with a three-fold and two-fold increased risk of type 2 diabetes and cardiovascular disease (CVD), respectively, this syndrome is thought to be a major driver of the currently increasing epidemics of diabetes and of CVD, and has become a major public health challenge globally. [43].



A study of the MetS and cardiometabolic risk factors was conducted in KSA that included 648 participants from the “general population” who visited the Specialized Polyclinic of Abha, Asir, KSA [44]. The patients had high rates of the features of MetS: 69.4% diabetes and 92.2% obesity. The rate of arterial hypertension was 33% for men and 23% for women, respectively. The prevalence of obesity in KSA is estimated at 41% for men and 49% for women [45], and those participants were apparently less healthy than the total population of KSA; in that group, 60% of the men and 65% of the females had type 2 diabetes mellitus (T2DM) based on an HbA1c > 6.4%. The rate of 25(OH)D < 20 ng/mL was 54% for men and 55% for women. The rate of low HDL-C (<40 mg/dL) was 49% for men and 27% for women, while the rate of high LDL-C (>129 mg/dL) was 29% for men and 21% for women. A study from KSA reported in 2001 found that approximately half of the participants suffered from the MetS [46].



Modest but significant improvements in MetS and its components secondary to a 12-month vitamin D status correction by natural means (sun exposure and vitamin D-rich diet) was observed among 59 non-DM Saudis with vitamin D deficiency [47]. It is noteworthy that in the afore-mentioned study the cohort’s baseline 25(OH)D was only 19.1 ± 1.5 nmol/L which, while increasing to 28.4 ± 1.5 nmol/L after 12 months, still lay within the deficiency range. While the failure to achieve full correction of 25(OH)D status was multifactorial, one major factor unique to the Arab population could be the prevalence of certain VDR polymorphisms, since carriers of Taq-I GG and Bsm-I TT polymorphisms respond best to vitamin D therapy [48], as do homozygous carriers of the major VDR polymorphisms rs4588 and rs7041) [49].



A review published in 2018 stated that since MetS is about three times more common than diabetes, its global prevalence can be estimated to be about one quarter of the world population [50]. A cross-sectional study of the prevalence of MetS was conducted in the UAE in 2013 [51] among 3212 subjects (mean age 39 ± 11. years old, 74% men, 26% women) who were found to have an overall prevalence of MetS of 39% in men and 37% in women.



By 2012, the evidence regarding vitamin D and MetS [52], suggested that hypovitaminosis D was a risk factor for MetS and its sequelae, T2DM and CVD. In 1998, it had already been suggested that low vitamin D status might contribute to the disorders of MetS, called syndrome “X” at that time [53], since there was already mechanistic and observational evidence suggesting protective effects of vitamin D for MetS though RCT evidence has been weakened by inadequate power, low vitamin D dosages, and supplementing too late in life. Since then, vitamin D supplementation has been shown to reduce cardiac disorders and all-cause mortality as well as cancer mortality [54]. Further bidirectional MR analysis has shown that vitamin D status is reduced by obesity but does not determine obesity though better status may reduce central adiposity [55]. Vitamin D reduces inflammation, a major factor worsening vascular disease as well as increasing tissue damage in infection. Vitamin D also reduces abnormally increased insulin resistance while higher status is associated casually with reduced blood pressure as documented by MR analyses [56]; it also reduces circulating triglycerides and may increase HDL cholesterol [57]. The subsequent sections will provide further discussion on these findings, demonstrating the consistent reporting of inverse associations between plasma or serum 25(OH)D concentrations and the defining characteristics of MetS, including hyperglycemia, dyslipidemia, and high body mass index [58].



In conclusion, while the primary cause of MetS in the Middle East and elsewhere is thought to be related to diet, it may also be worsened by reduced serum 25(OH)D concentrations. Thus, it is tempting to hypothesize that vitamin D supplementation should improve the features of MetS or reduce their risks over time in populations where vitamin D deficiency is prevalent [59]. This is important as MetS is a major risk factor for both T2DM and CVD.




5. Arterial Hypertension


In 2010 it was estimated that the prevalence of arterial hypertension among adults globally was 31% and it is one of the major causes of mortality [60]. A study conducted in KSA in 2013 measured systolic and diastolic blood pressure of 10,735 Saudis aged 15 years or older [61] and found that 15% and 41% of subjects were hypertensive or borderline hypertensive, respectively, and that 58% of hypertensive Saudis were undiagnosed. Other reports showed hypertension at 22% amongst women based on a review of articles from 2000 to 2015 [62]; 31% among KSA nationals vs. 55% among expatriates in a study of 550 participants whose blood pressure was measured in 2011 and 2012 [63]. Reported arterial hypertension rates in the UAE were 31% (95% CI, 27–36%) between 2005 and 2021 with 37% (27–36%) in Abu Dhabi and 29% (24–35%) in Dubai and 30% among 6193 individuals from the UAE, Northern Africa and Middle East with a mean age of 39 ± 13 years screened in May 2017 [64].



One of the reasons hypertension rates should be reduced is that it is associated with increased risk of death from several diseases including, in order of death rates globally, ischemic heart disease, hemorrhagic stroke, other CVD events, ischemic stroke and chronic kidney disease [60].



Risk factors for hypertension include age, obesity, type 2 diabetes, and hypercholesterolemia, [61], obesity being especially important [65]. Fresh fruits and vegetables lower the risk of hypertension while high sodium intakes raise risk [66]. Ultra-processed foods, which have a high energy density and are rich in salt, sugar and fat, are also an important risk factor for hypertension based on a review of eight observational studies with ultra-processed foods comprising 8% to 56% of the energy content of individual diets [67].



An observational study from Harvard examined the risk of incident hypertension with respect to serum 25(OH)D concentrations [68]. Two prospective cohort studies including 613 men from the Health Professionals’ Follow-Up Study and 1198 women from the Nurses’ Health Study with measured 25(OH)D concentrations followed for 4 to 8 years. During 8 years of follow-up, the multivariable RR of incident hypertension among men whose measured plasma 25(OH)D levels were <15 ng/mL compared with those whose levels were ≥30 ng/mL was 3.53 (95% CI: 1.02 to 12.3). Amongst women, the same comparison showed a RR of 1.70 (95% CI: 0.92 to 3.16). While that study suggested that higher 25(OH)D concentrations are associated with reduced risk of arterial hypertension, it was not designed to distinguish between the effects of vitamin D and those of nitric oxide, both of which are increased through UVB exposure.



In 2009, a meta-analysis of 11 RCTs was conducted on vitamin D supplementation and change of blood pressure [69]. The meta-analysis of the four studies with hypetensives supplemented with 800 to 2900 IU/d vitamin D3 or UVB radiation resulted in a decrease in systolic blood pressure of −6.2 mmHg, 95% CI −12.3 to −0.04 mmHg) and a similar reduction was seen in diastolic blood pressure (−3.1 mmHg, 95% CI −5.5 to −0.6 mmHg).



An interventional observational study conducted in Canada found that raising serum 25(OH)D concentration above 40 ng/mL (on 4000–5000 IU/day of vitamin D3) lowered blood pressure and reduced the prevalence of hypertension among those with hypertension but did not affect blood pressure in normotensives [70]; significant increases in mean serum 25(OH)D (35 ± 15 to 45 ± 16 ng/mL) were found whilst mean blood pressure variables remained unchanged [systolic BP 125 ± 17 mmHg to 125 ± 17 mmHg (p = 0.10); diastolic BP 77 ± 10 mmHg to 77 ± 9 mmHg (p = 0.10)]. Of those that were hypertensive at baseline (n = 592), 71.1% (n = 421) were no longer in the hypertensive range at follow-up. Amongst those with hypertension, 44% and 49% were on BP-lowering medication at baseline and at follow-up, respectively. There was no significant difference in the reduction of systolic blood pressure (−12.7 ± 20.6 mmHg vs. −13 ± 18, p = 0.7) and diastolic blood pressure (−11 ± 11 mmHg vs. −10 ± 10, p = 0.07) between participants who did and did not use BP-lowering medication. However, >9% of participants who were hypertensive and on BP-lowering medication at program entry were able to discontinue hypotensive medication by the end of their year in the program.



Two subsequent clinical trials conducted in Brazil also found that high-dose vitamin D3 supplementation significantly reduced blood pressure. One involved 43 T2DM patients [71]. Half of the participants were given a single dose of 100,000 IU vitamin D3 and half were given a placebo. Serum 25(OH)D increased from 14 ± 5 ng/mL to 23 ± 7 ng/mL, p = 0.02 at eight weeks in the treated group and from 15 ± 5 ng/mL to 19 ± 5 ng/mL, p = 0.6 in the control group. At eight weeks, daytime SBP was lower in the treated than in the placebo group (−7 vs. −1, p = 0.007), as was daytime DBP (−5 vs. 0. p = 0.01). The second trial involved 35 T1DM normotensive patients of mean age 26 ± 11 years with mean baseline 25(OH)D concentration = 26 ± 8 ng/mL. Depending on baseline 25(OH)D concentration, they were given 4000 or 10,000 IU/d vitamin D3 for three months to achieve 25(OH)D concentration between 30 and 100 ng/mL. The mean achieved 25(OH)D concentrations was 52 ± 25 ng/mL. Significant reductions were found only for morning SBP (117 ± 14 mmHg reduced to 112 ± 14 mmHg, p < 0.05) and DBP (74 ± 9 mmHg reduced to 70 ± 10 mmHg, p < 0.05).



A retrospective chart review was made to evaluate 5308 naïve [previously untreated] hypertensive adults registered for treatment across Abu Dhabi Health Services (SEHA) clinics in Abu Dhabi in 2017 [72]. After collecting data for baseline details and BP measurements, patients were followed up for six months. Patients who did not reach BP targets despite taking three or more antihypertensive medications were defined as treatment-resistant hypertensive. The overall adherence to antihypertensive treatment was 42%. At 6 months, a significant reduction in BP was observed in patients adherent to their medications (SBP: −4.5 mmHg and DBP: −5.9 mmHg). Among 189 patients, using three or more antihypertensive medications for six months, only 34% were adherent to their treatment, and only 14% reached the BP target. The prevalence of treatment-resistant hypertension was 20%. Thus, it appears that blood pressure-lowering drugs do not reliably reduce the prevalence or severity of hypertension in the UAE. These data, however, suggest that correcting vitamin D deficiency could provide a useful adjunctive measure for reducing BP in the UAE, in addition to managing other secondary causes of arterial hypertension.




6. Cardiovascular Disease


The global prevalence of identified CVD disease was 523 million (95% UI: 497 to 550 million) in 2019, when the number of recorded CVD deaths/year reached 18.6 million (95% UI: 17.1 to 19.7 million). CVD remains the leading contributor to disease burden globally. There is an urgent need to focus on implementing existing cost-effective policies and interventions if the world is to meet the targets for Sustainable Development Goal 3 and achieve a 30% reduction in premature mortality from noncommunicable diseases [73].



The role of vitamin D in reducing cardiovascular disease (CVD) risks was first hypothesized by Robert Scragg in 1981 based on the higher rate of CVD deaths in winter than in summer [11]. He later reported that serum 25(OH)D concentration was inversely correlated with risk of MI in a CC study [12]. A study reported in 1991 that seasonal variations of all-cause mortality rate were similar in north-east Scotland and Kuwait [74], the IHD mortality rates during 1981–1984 and 1986–1988 being ~35% higher in winter than in summer in Kuwait and ~30% higher in Scotland in winter than summer during 1974–1988. It was noted that temperature varies in Kuwait from 45 °C in summer to 20 °C in winter and from 18 °C in summer and to 5 °C in winter in Scotland. The authors had no explanation for their findings. However, a report in 2022 showed that seasonal changes in serum 25(OH)D concentrations had the highest impact on seasonal variations in mortality rates, with seasonal changes in temperature having a similar but lesser effect [75].



It took an observational study based on data from the Framingham Offspring Study reported in 2008 to make researchers aware of the potential role of vitamin D in reducing the risk of CVD [16]. That study included 1739 participants of whom 120 developed a first CVD event during a 4.5-year follow-up period. Individuals with 25(OH) D < 15 ng/mL had a multivariable-adjusted hazard ratio (aHR) = 1.62 (95% CI, 1.11 to 2.36, p = 0.01) for incident CVD events compared with those with 25(OH)D ≥ 15 ng/mL. Since then, many observational studies have reported similar findings. By 2012, 19 independent studies with 6123 CVD cases in 65,994 participants were included in a meta-analysis [76]. Comparing those in the lowest vs the highest 25(OH)D categories, the pooled RR was 1.52 (95% CI, 1.30–1.77) for total CVD; 1.42 (95% CI, 1.19–1.71) for CVD mortality; 1.38 (95% confidence interval, 1.21–1.57) for coronary heart disease, and 1.64 (95% CI, 1.27–2.10) for stroke. Another meta-analysis published in 2019 [77] examined 25 studies with 10,099 cases of CVDs, showing increased risks of CVD mortality [relative risk (RR)  =  1.54, 95% CI: 1.29–1.84)] and incidence rates (RR  =  1.18, 95% CI: 1.00–1.39) with lower vitamin D status.



An observational study from northern European countries included 26,916 participants (median age 62 years, 58% females) with a median 25(OH)D concentration of 54 nmol/L [78]. During a median follow-up time of 10.5 years, 6802 subjects died. Compared to participants with 25(OH)D concentrations of 30 to 40 ng/mL, the aHRs for mortality in the groups with 25(OH)D values of 16 to 20, 12 to 16, and <12 ng/mL were 1.15 (95% CI, 1.00–1.29), 1.33 (95% CI, 1.16–1.51), and 1.67 (95% CI, 1.44–1.89), respectively, with similar increases in CVD mortality with lower serum 25(OH)D concentrations.



A study based on the UK Biobank data included 365,530 participants who had serum 25(OH)D measurements and no history of CVD, cancer, or diabetes at baseline (2006–2010) [79]. During a median follow up of 8.9 (interquartile range (IQR): 8.3–9.5) years, 10,175 deaths occurred, including 1841 due to CVD and 5737 (56.4%) due to cancer. The multivariate analyses revealed nonlinear inverse associations, with a decrease in mortality risk appearing to level off at or above 24 ng/mL of 25(OH)D for all-cause and CVD deaths and at or above 18 ng/mL for cancer deaths. Compared to participants with 25(OH)D concentrations below those cutoffs, those with higher concentrations had a 17% lower risk for all-cause mortality (hazard ratio [HR]: 0.83, 95% CI: 0.79–0.86), a 23% lower risk for CVD mortality (HR: 0.77, 95% CI: 0.68–0.86), and an 11% lower risk for cancer mortality (HR: 0.89, 95% CI: 0.84–0.95).



A retrospective, observational, nested CC study based on participants who received care at the U.S. Veterans Health Administration examined the effect of vitamin D supplementation in reducing myocardial infarction (MI) events between 1999 and 2018 [80]. Participants in different 25(OH)D categories were matched using propensity score. It was found that those prescribed vitamin D supplements and with achieved serum 25(OH)D concentration > 30 ng/mL had a significantly reduced risk of MI events than those who were not supplemented and remained <20 ng/mL [HR 0.73 (95% CI 0.55–0.96)] or between 20 and 30 ng/mL [HR = 0.65 (95% CI 0.49–0.85)].



RCTs have not supported a role for vitamin D supplementation in reducing risk of CVD [81]. None of the 21 RCTs discussed in this meta-analysis reported a significant reduction of CVD from vitamin D supplementation. The primary reason seems to be that participants in such trials have had median 25(OH)D concentrations around 30 ng/mL, which is much higher than concentrations at which significant risks of CVD have been found (see above).



A recent vitamin D supplementation trial conducted in KSA involving 120 participants of whom 32 had 25(OH)D concentrations <10 ng/mL and 88 had 25(OH)Ds between 10 and 20 ng/mL [82]. Those in the treatment arm were given 50,000 IU/week vitamin D3 for two months, then twice a month, followed by daily 1000 IU until month 6, while those in the control arm were given a placebo. The goal was to see whether this approach reduced their 10-year risk of Atherosclerotic Cardiovascular Disease (ASCVD) risk scores. Only 25 participants achieved >30 ng/mL. Only HDL cholesterol showed favorable significant changes in the participants, which translated to significantly improved 10-year ASCVD risk scores: for achieved 25(OH)D concentration < 30 ng/mL, −32%, p = 0.004; for achieved 25(OH)D >30 ng/mL, −47%, p = 0.002.



However, strong evidence that vitamin D reduces risk of CVD in a causal manner in the long term comes from a recent MR study [83]. It used a non-linear MR analysis of UK Biobank data for 44,519 CVD cases and 251,269 controls. Genetically determined increases in serum 25(OH)D concentration were instrumented using 35 GWAS-confirmed significant gene variants for subjects with baseline serum 25(OH)D values stratified into 100 ranges. There was a striking L-shaped association between genetically predicted increases in serum 25(OH)D and CVD risk (p, non-linear = 0.007), reductions in CVD risk being seen with a genetically determined increase in serum 25(OH)D in subjects with baseline 25(OH)D values below <10 ng/mL with the OR for a CVD event being >2.0 for those with the lowest baseline 25(OH)D values, falling to near 1.0 near 10 ng/mL. Examination of those data shows that raising serum 25(OH)D for those with deficiency to ≥10 ng/mL could reduce CVD risk by 2%, and raising it to ≥20 ng/mL could reduce CVD risk by 4%, though raising 25(OH)D to >40 ng/mL was unlikely to increase this benefit further. However, MR analyses probably underestimate predictions of the benefits of raising serum 25(OH)D concentration since they use genetically-determined 25(OH)D estimates based on only a few of the genes involved in the vitamin D pathway. However, since the MR analysis approach randomizes participants based on predicted 25(OH)D concentrations, it is becoming accepted as being as useful as RCTs for determining causality [37].



In 2016, the results of an observational study on the incidence of stroke with respect to serum 25(OH)D concentrations were reported in the Reasons for Geographic and Racial Differences in Stroke (REGARDS) study, which included both black and white adults [84]. Participants were enrolled between 2003 and 2007 and were followed until September 2011. The study found that individuals with a baseline 25(OH)D concentration <20 ng/mL had an adjusted hazard ratio (aHR) of 1.85 (95% CI, 1.17–2.93) for stroke compared to those with a concentration >30 ng/mL. For those with a concentration of 20–30 ng/mL, the aHR was 1.33 (95% CI, 0.89–1.96). Similar results were observed for both ischemic and hemorrhagic stroke.



The prospective study from the U.S. veterans [80] forms the basis for the estimate of reduction in risk of MI incidence from vitamin D supplementation to achieve 25(OH)D >30 ng/mL applied to the UAE using the serum 25(OH)D concentration data of Haq et al. [85]. The result, given in Table 2, indicates that risk of MI in the UAE could be reduced by 25% (95% CI, 10–40%).



For the KSA, the data used are from a cross-sectional series of measurements of 25(OH)D concentrations from about 500 females and 400 males with mean age rising from 26 ± 16 years in 2008 to 36± each year from 2008 to 2017 [86]. The trends showed that prevalence of 25(OH)D concentration for vitamin D deficiency [25(OH)D] between 12 and 20 ng/mL decreased from 87% in 2008 to 59% in 2017, while the prevalence of severe vitamin D deficiency (25(OH)D concentrations <12 ng/mL) decreased from 48% in 2008 to 17% in 2017. The values in 2017 were used in the calculations for the KSA (Table 3). The calculations could easily be revised when more recent data for older inhabitants of KSA become available.



The prospective observational study of incident stroke in the U.S. [84] forms the basis for the estimate of stroke reduction in the UAE by raising the minimum serum 25(OH)D concentration to >30 ng/mL. The result for the UAE, given in Table 4, is that risk of stroke could be reduced by 35% (95% CI, 7–53%). The result for KSA, given in Table 5, is that risk of stroke could be reduced by 40% (95% CI, 9–60%).



Two studies reporting mortality rates for CVD with respect to serum 25(OH)D concentrations were used: one based on data from northern Europe [78], the other on results from the UK [79]. The result for UAE, given in Table 6, is that risk of CVD mortality could be reduced by 32% (95% CI, 19–40%). The result for KSA, given in Table 7, is that risk of CVD mortality could be reduced by 37% (95% CI, 15–47%).



The result for UAE, given in Table 8, is that risk of CVD mortality could be reduced by 17% (95% CI, 8–25%). The result for KSA, given in Table 9, is that risk of CVD mortality could be reduced by 24% (95% CI, 24–33%). The difference in the two estimates for reduction in CVD mortality rate indicates that the approach used for the calculations depends strongly on the data used.




7. Diabetes Mellitus


The global prevalence of T2DM was estimated at 462 million in 2017 with one million deaths/year attributed to T2DM [87]. The rate of T2DM rises from 4.4% for those aged 14–49 to 22% for those over 70 years. Diabetes rates in KSA and the UAE estimated by the International Diabetes Association for 2021 are: for KSA, 4.3 million with diabetes (19% age-age adjusted) and 1.9 million with undiagnosed diabetes, 3800 with T1DM (https://diabetesatlas.org/data/en/country/208/ae.html, accessed on 1 February 2023); for UAE, 1.0 million with diabetes (16% age-age adjusted) and 0.6 million with undiagnosed diabetes, 400 with T1DM (https://www.diabetesatlas.org/data/en/country/174/sa.html, accessed on 1 February 2023).



Conditions frequently reported with T2DM in the UAE study include hypertension (83%), obesity (59%), retinopathy (17%), and microvascular complications (20%). Kidney damage was found in 52% of the patients, and kidney failure in 2% [88].



Increased oxidative stress appears to be a deleterious factor causing insulin resistance, dyslipidemia, β-cell dysfunction, and impaired glucose tolerance and ultimately leads to T2DM [89]. Oxidative stress is the excessive production of various oxidant species and has an important role in aggravating inflammation and in the pathophysiology of a number of debilitating illnesses, including cardiovascular diseases, diabetes, cancer, and many neurodegenerative processes [90].



T2DM is a disease in which the development of increasing insulin resistance leads to higher circulating insulin levels, needed to overcome insulin resistance in the tissues. Over time this leads to islet beta cell failure with reducing ability to produce enough insulin to assure glucose homeostasis, followed by fasting hyperglycemia and progressing to glucose intolerance and then to type 2 diabetes. Increased insulin resistance is a major factor in the pathogenesis of type 2 diabetes and plays a key role in the development of associated metabolic abnormalities such as dyslipidemia and dysglycemia and also increases the risks of CVD [91].



That the combination of increased insulin resistance with worsening β-cell function over time leads to worsening glucose tolerance and then to type 2 diabetes has been confirmed many times since first postulated as the problem underlying the development of T2DM by Harold Himsworth [92]. The negative effects of obesity are partly due to the release of adipokines, which can worsen inflammation. Mechanistic research provides evidence that vitamin D may have the potential to alleviate tissue damage resulting from inflammation caused by obesity [93].



Several prospective studies have found that vitamin D status affects the risks of developing T2DM. A 12-year follow-up observational study was conducted in southern California on 903 persons known to be free of diabetes or prediabetes in 1997–1999. During follow-up, 47 cases of T2DM and 337 cases of prediabetes were detected. The HR for progression to T2DM for a 25(OH)D > 50 ng/mL vs. <30 ng/mL was 0.19 (95% CI, 0.06–0.56), and per 10 ng/mL increase in 25(OH)D it was 0.64 (95% CI, 0.48–0.86) [94]. A study in Ireland involving 5272 adults over the age of 50 years followed for four years found an increased likelihood [RRR = 1.62 (95% CI, 1.12–2.35)] of progressing to prediabetes from normoglycemia for 25(OH)D < 12 ng/mL compared to >30 ng/mL [95].



A secondary analysis of results from the D2d RCT for conversion from prediabetes to T2DM [35] on participants in the treatment arm who were given 4000 IU/d vitamin D3 is of relevance. The results of the trial in terms of intention to treat, were not significant [34] but, in analyses based on achieved 25(OH)D concentration amongst subjects in the treatment arm, the risk of developing T2DM in those who achieved and maintained intra-trial 25(OH)D levels of 40–50 ng/mL or >50 ng/mL were 0.48 (0.29–0.80) and 0.29 (0.17–0.50), respectively, vs. T2DM risk in those maintaining levels of 20–30 ng/mL.



Since we cannot make final conclusions on causality based on observational studies, and RCTs have largely failed, it is useful to use MR studies which are considered as equally reliable for evaluating causality. An MR study published in 2018 used data of four 25(OH)D single nucleotide polymorphisms (SNPs; n = 82,464), plasma 25(OH)D concentrations (n = 13,565), and cases with diabetes (n = 5565) in the China Kadoorie Biobank (CKB) [96]. The effects on risk of diabetes were assessed by a genetic score using two 25(OH)D synthesis SNPs (DHCR7-rs12785878 and CYP2R1-rs10741657), with and without the addition of SNPs affecting the transport (GC/DBP-rs2282679) and catabolism (CYP24A1-rs6013897) of 25(OH)D. The CKB results were combined in a meta-analysis of data from 10 studies for the two synthesis SNPs (n = 58,312 cases) and 7 studies for all four SNPs (n = 32,796 cases). Mean (SD) 25(OH)D concentration was 65 (8) ng/mL in CKB, and the per allele effects of genetic scores on 25(OH)D were +2.87 (SE 0.39) ng/mL for the synthesis SNPs and +3.54 (SE 0.32) ng/mL for an analysis using four SNPs. A 10-ng/mL higher biochemically measured plasma 25(OH)D concentration was associated with a 9% (95% CI: 0–18%) lower risk of diabetes in CKB. In a meta-analysis of all studies, a 10-ng/mL higher genetically instrumented 25(OH)D concentration was associated with a 14% (95% CI: 3–23%) lower risk of diabetes using the 2 synthesis SNPs. In view of the increasing global epidemic of T2DM such significant reductions are of practical relevance for public health [97].



A review published in 2019 reported on vitamin D deficiency among T2DM patients in KSA [98]. A total of 12 Saudi articles with a total of 14,645 patients were included. The majority of those articles reported that the prevalence of vitamin D deficiency was high among T2DM patients, particularly among older patients, women of childbearing age, and younger males, the prevalence ranging from 38% to 80%.



Given that vitamin D deficiency is associated with increased risk of developing T2DM, it seems reasonable to expect that vitamin D supplementation in patients with prediabetes could increase the natural reversion rate of prediabetes to normoglycemia. The earlier demonstration that supplementation with 4000 IU/d vitamin D3 for six months in vitamin D deficient but normoglycemic south Asian women to 25(OH)D values of 32 ng/mL or above reduced insulin resistance to normal supports this view [99], as do the reduced T2DM rates seen with high achieved 25(O)D levels in the D2d study [35]. Furthermore, this benefit was found in non-obese subjects (RR 0.73 [95%CI 0.57–0.92]) but not in obese subjects (RR 0.95 [95% CI 0.84–1.08]) (p, interaction = 0.048). This lack of an effect on obesity could well reflect the reduced hepatic 25-hydroxylaton of vitamin D and the increased secretion of FGF-23 secretion seen in obesity—the latter reducing activity of the vitamin D-activating 1-alpha hydroxylase and thus reducing calcitriol formation [100]. Reversion of prediabetes to normoglycemia was found in 116 of 548 (21.2%) participants in the vitamin D group and 75 of 532 (14.1%) in the control group; thus, supplementation increased the reversion rate of prediabetes to normoglycemia [RR 1.48 (95% CI 1.14–1.92)]. In addition, diabetes also reduces hepatic 25-hydroxylase activity [100]. Thus, the provision of extra vitamin D may be as important as the correction of hyperglycemia in the treatment of diabetes.



In 2022 it was reported that high-dose vitamin D3 (HDVD) supplementation (50,000 IU/week) for three months reduced insulin resistance in Saudi females while low-dose vitamin D3 (LDVD) (25,000 IU/week) did not [101]. Most anthropometric variables varied non-significantly between the two groups. For example, mean BMI in the LDVD arm was 28.6 ± 1.5 kg/m2, while that in the HDVD arm was 26.8 ± 1.5 kg/m2, (not significant). Serum 25(OH)D concentrations increased non-significantly from 16 ± 2 ng/mL to 23 ± 3 ng/mL in the LDVD group and significantly from 13 ± 1 ng/mL to 40 ± 3 ng/mL in the HDVD group. Importantly, fasting serum insulin levels and Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) did not change significantly in the LDVD group but decreased significantly by 13 ± 8 µIU/mL in the HDVD group as did HOMA-IR, from 2.9 ± 0.2 to 1.8 ± 0.1. The statistical analysis found that HOMA-IR was non-significantly reduced in the LDVD arm (−0.13) and −0.31 (p < 0.05) in the HDVD arm.



In view of the data discussed above, it is surprising that neither ‘A Consensus Report from the American Diabetes Association’ (ADA) nor the ‘European Association for the Study of Diabetes (EASD)’ report [102] make any mention of vitamin D in relation to T2DM.



An adjuvant study of vitamin D supplementation on T2DM patients was conducted in KSA [103]. A total of 34 men (57 ± 9 years, BMI = 29 ± 3 kg/m2) and 58 women (51 ± 11 years, BMI = 34 ± 5 kg/m2) were given 2000 IU/d vitamin D for 18 months. Serum 25(OH)D concentrations rose from baseline (13 ± 1 ng/mL) to 18 months (22 ± 1 ng/mL). A significant decrease in LDL- (baseline = 4.4 ± 0.8 mmol/L vs. 18 months = 3.6 ± 0.8 mmol/L, p < 0.001) and in total cholesterol (baseline = 5.4 ± 0.2 mmol/L vs. 18 months = 4.9 ± 0.3 mmol/L, p < 0.001) were noted, as well as a significant improvement in HOMA-β function (p = 0.002). Most of these benefits were more prominent in women than men.



A cross-sectional study in Jazan City, KSA, studied vitamin D status and glycemic control among 309 T2DM patients [104]. The mean age was 59 ± 12 years and the mean 25(OH)D concentration was 19 ± 7 ng/mL. Of the 130 males, 49% were vitamin D deficient, and 69% of the 179 females were vitamin D deficient. Figure 2 in [104] is a plot of HbA1C vs. 25(OH)D concentration where the slope of the linear fit to the data is ~−0.11 HbA1C/[25(OH)D] and the regression coefficient, r = 0.44, p < 0.001.




8. Chronic Kidney Disease


A number of important risk factors have been identified for chronic kidney disease (CKD), including African-American descent, male gender, older age, and family history [105]. Other major risk factors include smoking, obesity, hypertension, and diabetes mellitus. Obesity raises blood pressure by increasing tubular sodium reabsorption, altering renal compression [106] and hence reducing natriuresis which causes volume expansion via activation of the sympathetic nervous system and the renin-angiotensin-aldosterone system, and increased physical compression of the kidneys, especially with increased visceral adiposity [107]. In a recent study based on the UK Biobank dataset, new onset CKD was found to be inversely correlated with 25(OH)D concentrations for participants with diabetes [HR = 0.91 (95% CI, 0.86–0.96) per standard deviation (approximately 10 ng/mL)], but not for non-diabetic participants [108].



8.1. Renal Outcomes Due to Obesity


As mentioned above, obesity raises blood pressure by various mechanisms. Other factors such as inflammation, oxidative stress, and lipotoxicity may also contribute to renal dysfunction with obesity-mediated hypertension. Initially though, obesity causes renal vasodilation and glomerular hyperfiltration, which act as compensatory mechanisms to maintain sodium balance despite increased tubular reabsorption. However, these compensations, along with increased arterial pressure and metabolic abnormalities, may ultimately lead to glomerular damage, initiating a slowly progressive vicious cycle that exacerbates hypertension and eventually reduces renal function [107].




8.2. Renal Outcomes with Low 25(OH)D in CKD


A study conducted in Canada tested the rationale for raising target serum 25(OH)D concentration guidelines for clinical practice in the management of CKD [109]. Participants were in Stage 3 or 4 CKD and had BMIs averaging 34–35 kg/m2. They were treated with slow-release calcifediol [i.e., 25(OH)D)] or placebo in 26-week prospective RCTs. Suppression of PTH and bone turnover markers occurred when 25(OH)D reached between 51 ng/mL and 93 ng/mL [109]. It is not known what the optimal PTH is for CKD. As noted in that article, a PTH of 65 pg/mL is the upper limit of normal, and a recent commentary reported that a PTH > 65 pg/mL is associated with increased risks of heart failure and CVD death, but not an all-cause mortality rate [110]. However, a meta-analysis reported in 2016 that elevated PTH was a significant risk factor for all-cause mortality rate but, again, not for CVD mortality rate [111].



A meta-analysis of ten studies found mortality rates associated with CKD with respect to a 10 ng/mL increase in 25(OH)D had a RR = 0.86 (95% CI, 0.82–0.91) [112]. Among those ten studies were two that can be used to estimate mortality rate as a function of 25(OH)D concentration. One, from the U.S, used a cohort of 30,122 patients from the Third National Health and Nutrition Examination Study who had CKD but were not on dialysis and who had a mean follow up of nine years [113]. At baseline, mean BMI was ~27 ± 5 kg/m2 and mean age ~55 years; the percentages of participants in each CKD stage were 44% in Stage 1, 27% in Stage 2, 27% in Stage 3, and 1% in Stage 4. The aHRs for mortality rate by 25(OH)D concentrations were, versus 25(OH)Ds > 30 ng/mL, 1.17 (95% CI, 0.99–1.38), for 25(OH)Ds of 15–30 ng/mL and 1.56 (1.23–2.18) if 25(OH)Ds were <15 ng/mL. The other study was based on 1108 diabetic hemodialysis patients participating in the German Diabetes and Dialysis Study [114]. At baseline, mean BMI was ~27 ± 5 kg/m2 and the mean duration of diabetes was between 16 and 20 years (SD, 7 years). For those with 25(OH)D ≤10 ng/mL vs. >30 ng/mL, the aHR for all-cause mortality rate was 1.65 (95% CI, 1.14–2.38); for those with 25(OH)Ds between 10 and 20 ng/mL, the aHR was 1.20 (95% CI, 0.86–1.68), and for those between 20 and 30 ng/mL, the aHR was 1.16 (95% CI, 0.80–1.70).




8.3. Role of Vitamin D Treatment in CKD


Since the kidney is an organ that converts 25(OH)D to circulating calcitriol, whose concentrations are important in regulating serum calcium concentrations and for bone health [115], untreated CKD results in increases in PTH levels. A meta-analysis of ten studies using oral calcitriol [natural or analogue] treatment of hemodialysis patients found significant reductions in all-cause mortality, aRR = 0.73 (95% CI, 0.64–0.83) while for CVD mortality from four studies, aRR = 0.55 (95% CI, 0.41–0.74) [116].



A systematic review and meta-analysis of responses to vitamin D supplementation for patients with CKD was published in 2021 [117]. It examined five studies giving vitamin D2 or D3, finding a non-significant reduction of PTH [−18 pg/mL (95% CI, −37 to 2 pg/mL)], while the analysis of six trials using calcitriol or calcitriol analogues found a significant reduction of PTH [−35 pg/mL (95% CI, −60 to −10 pg/mL)]. The trial with the best outcome was conducted in Sweden [118]. This trial had 47 participants in the vitamin D arm and 48 in the control arm and ran for 21 weeks; the mean ag was 63 ± 14 years, the mean BMI 29 ± 6 kg/m2, and about half were in CKD Stage 3 and half in CKD Stage 4. For those in the vitamin D treatment arm, the mean serum 25(OH)D increased from 23 ± 9 ng/mL to 65 ± 20 ng/mL, and PTH decreased from 10.9 ± 5.0 to 10.5 ± 5.0 pmol/L; in the control arm however, 25(OH)D increased from 23 ± 9 ng/mL to 25 ± 10 ng/mL and PTH increased from 13 ± 9 pmol/L to 15 ± 11 pmol/L. In subgroup analyses, for those in the CKD Stage 3 subgroup PTH did not change in either treatment arm; for those in the CKD Stage 4 subgroup, the mean PTH changed from 13  ±  7 to 12  ±  6 pmol/L in the treatment group, and from 16  ±  11 to 19  ±  12 pmol/L in the placebo group. The mean (confidence interval) difference in the change in mean PTH between groups was −3.8 (−6.5; −1.1) (p  =  0.006).





9. Alzheimer’s Disease


Evidence that vitamin D reduces Alzheimer’s disease (AD) risks in a causal manner comes from MR studies. The first report that vitamin D was causally linked to AD was published in 2016 [119]. It used data for four single nucleotide polymorphisms (SNPs) from the largest database then available, from a GWAS for vitamin D (the Study of Underlying Genetic Determinants of Vitamin D and Highly Related Traits [SUNLIGHT] Consortium; N 533,996) [120] together with data on 17,008 clinically determined AD patients and 37,154 controls from the International Genomics of Alzheimer’s Project [IGAP] [121]. That MR analysis demonstrated that a 1 standard deviation decrease in natural log-transformed serum 25(OH)D increased AD risk by 25% (odds ratio 1.25, 95% confidence interval 1.03–1.51, p = 0.02). (A 1 standard deviation of 25(OH)D was approximately 10 ng/mL).



Another MR study used data from IGAP and the UK Biobank [122] and reported, from the IGAP data, significant inverse correlations between both genetically determined and laboratory measured 25(OH)D concentrations with AD in prospective studies, while neither measure of 25(OH)D concentration was inversely related to AD risk in the UK Biobank dataset. The proposed reason for this discrepancy was that IGAP AD data were based on clinical diagnoses while the UK Biobank AD data were based on self-reported AD diagnoses or by-proxy from family members.



A recent article reported measurements of 25(OH)D in the serum and in the brain with respect to mild cognitive impairment or dementia [123]. This study was conducted among 290 participants in the Descendants of the Rush Memory and Aging Project with a mean age at death of 92 ± 6 years and a mean plasma 25(OH)D concentration of 35 ± 17 ng/mL. At the final cognitive diagnosis, 41% had dementia, 24% had mild cognitive impairment (MCI), and 36% had no MCI. The odds of having dementia or MCI at the last cognitive assessment before death were 25% to 33% lower per doubling of 25(OH)D3 in the four brain regions measured (OR 0.67 to 0.75, p ≤ 0.03 for all analyses), but plasma 25(OH)D concentrations were not significantly associated with global cognitive function or global cognitive decline; however, mean plasma 25(OH)D concentration was so high at 35 ± 17 ng/mL that this study would be unlikely to have been able to reveal variations in cognitive function with vitamin D status at lower concentrations.



Several mechanisms by which the lack of vitamin D would increase the risks of AD have been identified. Such mechanisms, together with evidence that increasing vitamin D provision reduces the magnitude of those effects are listed below (see Table 10).



Findings from observational studies of the incidence of AD and of vascular dementia up to 2017 were reported in 2019 [135] and plotted (Figures 2 and 3 in a recent review [33]) so as to be able to estimate the circulating 25(OH)D concentration–risk relationship. The assumption was made that each study’s findings reflected the HR for the mean 25(OH)D concentration of that study. The study by Littlejohns [136] was omitted from the graphs since it was an outlier from the relationships seen in the other studies. For dementia, the regression fit to that data had an HR = 0.19 +0.031× [25(OH)D ng/mL; 95% CI, ~−0.2, 0.3 for 12 ng/mL—decreasing to 0.1,0.1 at 28 ng/mL]. For AD, the regression fit to the data showed a HR = 0.51 +0.016× [25(OH)D ng/mL; 95% CI, ~−0.1, 0.2 for 25(OH)D values of 28 ng/mL vs. 12 ng/mL]. Those plots suggested, overall, that the optimal 25(OH)D concentration for brain health must be at or above 30 ng/mL.



According to a recent study, vitamin D supplementation significantly reduces the incidence of dementia, including AD [137]. The study analyzed data from the U.S. National Alzheimer’s Coordinating Center database for the years 2005–2021 (https://naccdata.org/ accessed on 14 March 2023). Participants were considered taking vitamin if they had vitamin D supplementation listed on the NACC A4 medication form at time of enrollment. During the ten-year follow-up period, those who took vitamin D supplements had a lower dementia-free survival time [HR = 0.60 (95% CI, 0.55–0.65)]. Since AD is the most common type of dementia, these findings support the use of vitamin D supplementation to reduce the risk of AD. In secondary analyses, a significant reduction was observed among Black people [HR = 0.59 (95% CI, 0.51–0.67)], while other racial/ethnic groups did not show a significant reduction [HR = 0.94 (95% CI, 0.76–1.15)]. These differences by race/ethnicity are likely due to variations in 25(OH)D concentrations.




10. Cancer


A role of vitamin D in reducing cancer risks was proposed in 1980 by the brothers Cedric and Frank Garland, based on their finding that colon cancer mortality rates were inversely correlated with annual solar radiation exposures in the U.S. [7]. They reasoned that since the most important physiological role of solar radiation was vitamin D production, vitamin D provision should play a role in reducing the risk of cancer. They further demonstrated that colon cancer incidence was inversely correlated with dietary vitamin D intake [9], and with serum 25(OH)D concentration in 1989 [10].



In 1999, the Atlas of Cancer Mortality in the United States, 1950–1994 was published by the National Cancer Institute [138] (available a Google Books) with maps of incidence and/or mortality of about 37 types of cancer for two periods, 1950–1969 and 1970–1994. Deciles of mortality rate were displayed in shades of colors from dark blue for low rates to dark red for high rates. It was readily apparent that mortality rates for many types of cancer were highest in the northeastern states while they were lowest in the southwestern states. An article published in 2002 showed that solar UVB doses at the Earth’s surface in July 1992 were inversely correlated with mortality rates for 506 state economic areas in the 48 contiguous U.S. states (omitting AK and HI because solar UVB doses were at extreme vlues), but omitted data for the states bordering Mexico where H. pylori infection, an important risk factor for gastric cancer, is unusually common [139] and the high rates of gastric cancer reflected the high proportion of residents from Mexico. In a follow-up article, data were included for several cancer risk-modifying factors including alcohol consumption, Hispanic heritage, poverty, smoking, and urban/rural residence, and data were analyzed by state for white Americans [140] and later for black Americans [141]. Both of the articles for white Americans identified about 13 types of cancer; the rates of which were inversely correlated with solar UVB doses; and adjusting for the other known cancer risk-modifying factors did not significantly change those cancer-correlations with solar UVB doses.



Evidence relevant to the role of vitamin D in reducing cancer incidence and mortality rates was published recently [28]. The principal findings were reported for seven large ecological single-country studies of cancer incidence and/or mortality rates in relation to indices of solar UVB dose (latitude or UVB dose). It also included a novel study on cancer incidence with respect to occupation in Nordic countries which looked at lip cancer incidence less lung cancer incidence as a UVB exposure index [142]. From those data, over 30 types of cancer had their incidence rates examined in relation to solar UVB doses—inverse correlations with solar UVB dose indices being found for all but four types of cancer (Table 2 and Table 3; [28]). Since no effects of solar UVB exposure on cancer risks have been found other than vitamin D production, these results provide strong support for the role of vitamin D in reducing risk of cancers (other than cutaneous basal cell and squamous cell carcinomas).



Many observational studies have been reported that have examined serum 25(OH)D concentration and cancer incidence rates. Table 5 of that article [28] lists meta-analyses for all cancers, and for bladder, breast, colorectal, head and neck, liver, lung, ovarian, pancreatic, prostate, renal, and thyroid cancers. Nearly all meta-analyses have reported significant inverse correlations between serum 25(OH)D concentration and cancer incidence from prospective and CC studies apart from a finding of insignificance for ovarian cancer and a direct correlation for prostate cancer. As already suggested, [28], the findings for prostate cancer may be due to increased absorption of calcium and phosphorus from oral intake since one or both minerals are suggested risk factors for prostate cancer [143].



One of the problems with prospective observational studies is that serum 25(OH)D concentrations change over time, so that the longer the follow-up time, the lower the apparent benefit of higher baseline 25(OH)D concentration [28,40]. An example of this effect is shown in Figure 1 of that article [28] for a meta-analysis of prospective studies of colorectal cancer incidence vs. serum 25(OH)D concentration reported earlier [144], where for each 10 ng/mL increment in circulating 25(OH)D, colorectal cancer risk was 19% lower in women (RR = 0.81, 95% CI = 0.75 to 0.87) and 7% lower in men (RR = 0.93, 95% CI = 0.86 to 1.00). Since there is no a priori reason to suggest that serum 25(OH)D concentrations would have a different effect on cancer incidence for men and women, further investigations were undertaken. It was found that for men, the OR increased by 0.031/year while for women, the increase was 0.0081/year. The regression fit to the data as a function of follow-up time was OR = 0.74 for men and 0.77 for women. (See Figure 1 in [28].) An article by Visvanathan et al. conducted a pooled analysis of 17 prospective cohort studies of breast cancer incidence with respect to baseline serum 25(OH)D concentration in an effort to determine whether vitamin D reduces the risk of breast cancer [145]. All of the RRs were near 1.0 with no variation with respect to median follow-up time after blood draw for 25(OH)D concentration measurement, which ranged from 2.3 to 12.4 years. This is likely because of the potential of breast cancer to develop rapidly [146].



CC studies use data on many variables examined near the time of disease diagnosis to evaluate risk factors and usually find stronger correlations with health outcomes than do prospective studies. However, CC studies are generally considered inferior to prospective studies for two reasons: first, that the disease state may affect the variable factors studied [reverse confounding] and second, that the controls may not have been fully comparable. Furthermore, as discussed recently, [33], serum 25(OH)D concentrations can be lowered near the onset of acute inflammatory diseases such as COVID-19, but not usually in other disorders though obesity and diabetes lower 25(OH)D chronically through proven mechanisms [147]. Cancer is not an acute inflammatory disorder and inflammatory biomarkers are not raised in early-stage cancer [28]. As for the selection of controls, the propensity score matching approach is useful and may be more reliable than the usual randomized control matching [148]. The reason is that important variables that affect the outcome can be matched for both cases and controls. An example of propensity score matching in a vitamin D RCT used the following matching covariates: age, baseline 25 (OH)D, total energy intake, smoking, alcohol consumption, dietary fiber, saturated and unsaturated fat intakes, adiposity, and physical activity [149]. A comparison of CC studies with prospective studies of breast and colorectal cancer found that CC data gave RRs close to those expected from regression analysis of prospective observational study data [40].



A CC study of breast cancer incidence in Iran was reported in 2016 [150]. It included 135 cases from April 2013 to May 2014 along with 135 cases matched by 10-year age groups and menopausal status. Table 5 in [150] shows that the aOR for quartile 25(OH)D ≥ 29.5 ng/mL compared to the quartile ≤ 10.3 ng/mL was 0.26 (95% CI, 0.12–0.59). The aORs for the second and third 25(OH)D quartiles were 0.48 (95% CI, 0.22–1.04) and 0.59 (0.28–1.29), respectively. Since few such studies have been conducted in the Middle East, the importance of this study is that it found results similar to those found in Western countries.



RCTs are considered the best way to determine causality in medicine. However, as discussed earlier, vitamin D RCTs have been designed based on vitamin D dose as is the norm in pharmaceutical drug RCTs rather than being based on changes in serum 25(OH)D concentrations as is recommended for nutrients [32]. Unsurprisingly, therefore, very few have, as yet, reported vitamin D supplementation to reduce cancer risks (see Table 9 in [28]). The vitamin D RCT that had the best chance of finding a beneficial effect of vitamin D supplementation on cancer risks was the VITAL study [54]. It enrolled over 25,000 participants and supplemented half of them with 2000 IU/d vitamin D3. While vitamin D supplementation was not associated with cancer incidence when analyzed by intention to treat, cancer mortality rate, with omission of the data for the first, or first + second, years of supplementation, was inversely associated with cancer risks (hazard ratios, 0.79 [95% CI, 0.63 to 0.99] and 0.75 [95% CI, 0.59 to 0.96], respectively). In addition, secondary analyses revealed that for those with BMI < 25 kg/m2, cancer incidence was reduced [HR = 0.76 (95% CI, 0.63–0.90)]. The reason why vitamin D is more effective in reducing risk of cancer mortality than cancer incidence is, probably, that while there are many mechanisms driving cancer incidence there are few mechanisms of importance for reducing angiogenesis around tumors, and thereby reducing metastasis risk, apart from vitamin D status, as recently reviewed [33].



That vitamin D reduces risk of cancer in a causal manner has been evaluated using Hill’s criteria for causality [36]. Hills criteria were first used for cancer generally in 2009 [151] and later for breast cancer [152]. By 2009, only one RCT had found that vitamin D supplementation reduced risk of cancer incidence which was from Nebraska, USA [15]. Now, however, a secondary analysis from the VITAL study [54] provides further support for a role of vitamin D in reducing cancer risks as discussed above.



The estimate of reductions in cancer mortality rate for raising the minimum 25(OH)D concentration to 30 ng/mL is based on a meta-analysis of five vitamin D RCTs [153,154]. The estimate in [154] was a reduction of 13% (95% CI, 4–21%), based on a mean vitamin D supplementation dose, of 1000 IU/day. However, two of the RCTs used monthly bolus doses, which have been found to be ineffective in reducing the risk of non-skeletal health outcomes; one trial gave 400 IU/day and a second, 800 IU/day and in the VITAL study, 2000 IU/day [54]. The results were also based on the full length of each study. However, as reported in the VITAL study, a significant reduction in overall cancer mortality rate was found only when data for the first one or two years of data were omitted [54]. In analyses restricted to 153 deaths from cancer in patients with medical records or other adjudication of the cause of death beyond the NDI coding, the HR were 0.72 (95% CI, 0.52–1.00) over the total follow-up period and 0.63 (95% CI, 0.43 to 0.92) after the first 2 years were excluded. The mean baseline 25(OH)D concentration for those in the vitamin D treatment arm providing values was 31 ng/mL. Since the effect of a given vitamin D dose will be greater in those with lower 25(OH)D concentrations, it is reasonable to expect that the reduction in overall cancer mortality rates by raising the minimum 25(OH)D concentration in KSA and the UAE, where deficiency remains common, will be greater than the 37% (8–57%) found in the VITAL study.




11. Respiratory Tract Infection and Other Infectious Diseases


11.1. Influenza


Interest in the role of vitamin D in reducing risk of respiratory tract infections increased dramatically after Cannell and colleagues published a paper in 2006 hypothesizing that the rate of seasonal variation in epidemic influenza in winter being due to low solar UVB doses causing reduced vitamin D production [13]; that report referred to the paper by Hope-Simpson showing the same relationship in both the northern and southern hemispheres [155]. This hypothesis was quickly supported by an analysis of influenza and cold incidence in a vitamin D RCT conducted on African–American postmenopausal women in New York [14] and later in a vitamin D RCT in school children in Japan [17]. However, it was subsequently shown that absolute humidity was a more important determinant of the winter peak compared to vitamin D status for influenza [156], and also that cold-dry weather conditions were most important outside the tropics while humid-rainy conditions was the most important factor in the tropics [157]. A study in the Nordic countries found that temperature and UV dose were the major predictors of influenza rates in winter, with a lesser association with humidity [158]. A meta-analysis of ten trials including 4859 individuals found that supplementation with vitamin D significantly reduced the risk of influenza infections (RR = 0.78, 95% CI:0.64–0.95) [159]. There have not been any subsequent meta-analyses on vitamin D and influenza risks as of 7 February 2023.



There is also evidence that higher UV exposure and higher vitamin D status may reduce the risk of pneumonia. A study conducted in Philadelphia, USA involving 602 cases of invasive pneumococcal disease (IPD) [160] showed that IPD incidence was greatest in winter, peaking in week 51. After adjustment for seasonality, weekly incidence was found to be inversely associated with clear-sky UV index (IRR per unit increase in index: 0.70 [95% CI 0.54–0.91]). The effect of UV index was highest among the youngest people and decreased with age. Over shorter time scales only, an association was found between increases in ambient sulfur oxides and increased disease risks (incidence rate ratio = 1.73 (95% CI, 1.27–2.37)).



In a study in China of 163 older hospitalized patients, 49 suffering from pneumonia [161], levels of 25(OH)D, total cholesterol (TC), and low-density lipoprotein cholesterol (LDL-C) were lower (p < 0.05) in the pneumonia group and severe vitamin D deficiency was significantly more common in the pneumonia group (71.4 vs. 19.3%; p < 0.0001). Multivariate logistic regression showed that age and 25(OH)D levels were independent risk factors for pneumonia. Since 25(OH)D concentrations decrease rapidly during acute inflammatory diseases [162], the low 25(OH)D concentrations were to be expected but the effects on health outcomes of falls in serum 25(OH)D due to infection compared to those due to inadequate provision remain unknown.




11.2. Acute Viral Respiratory Tract Infections


A meta-analysis for double-blind RCTs of several forms of vitamin D supplementation conducted before 1 May 2020 was analyzed for acute respiratory tract infection rates (ARI) [163]. The authors identified 1528 articles, of which 46 RCTs (75,541 participants) were eligible for analysis. Protective effects of supplementation were observed in trials where vitamin D had been given in a daily dosing regimen (OR 0·78 [95% CI 0·65–0·94]; 19 studies), at daily dose equivalents of 400–1000 IU (0·70 [0·55–0·89]; ten studies), and in participants aged 1–16 years at enrolment (0·71 [0·57–0·90] in 15 studies).




11.3. COVID-19


It was suggested as early as April 2020 that boosting vitamin D status could reduce the risk of SARS-CoV-2 infection and progression to COVID-19 [164]; analogies were made with respect to the pneumonia associated with pandemic influenza [165] and with influenza and other acute respiratory viral illnesses. The proposed mechanisms included reduced viability of the SARS-CoV-2 through induction of human cathelicidin (LL-37) and reduced production of proinflammatory cytokines and reduced risk of a cytokine storm. A large number of studies have evaluated this hypothesis.



An observational study from the UAE investigated COVID-19 severity and death with respect to vitamin D status, [166] using data for 464 patients who were admitted for COVID-19 to two of the main hospitals in Abu Dhabi and Dubai. Serum 25(OH)D concentrations were determined from blood drawn at the time of admission. The aOR for COVID-19 severity with respect to 25(OH)D concentration < 12 ng/mL vs. >12 ng/mL was 1.76 (95% CI, 1.19–2.61) and the aOR for mortality with respect to 25(OH)D concentration < 12 ng/mL vs. >12 ng/mL was 2.58 (95% CI, 1.01–6.62). Higher age was associated with an independent increase in risk of 7% for both outcomes.



One of the first retrospective studies carried out in KSA during the global lockdown involved 439 Saudi adults admitted for COVID-19 and showed that having a serum 25(OH)D < 12.5 nmol/L vs. >12.5 nmol/l was a significant predictor of mortality [aHR 7.0 (CI 1.7–28.2); p = 0.007] [167]. An RCT of 2-weeks duration was conducted a year later in a Saudi setting, this time for COVID-19 patients with vitamin D deficiency on admission and found that daily doses of 5000 IU of D3, which exceeded local intake guidelines, improved recovery times [168].



Again, it must be stressed that serum 25(OH)D concentrations can be lowered by acute inflammatory illness [162] and that COVID-19 is one such disease. Thus, observational studies of COVID-19 with 25(OH)D concentration measured near the time of diagnosis can be considered useful in determining outcome but not for determining the risks of infection with this virus.



An observational study of COVID-19 outcomes with respect to serum 25(OH)D concentration for vitamin D supplemented patients compared to unsupplemented patients was reported from Barcelona [169]. In Barcelona, most vitamin D is obtained by prescription and records are kept of who has received vitamin D. Since cholecalciferol and calcifediol [25(OH)D] cost about the same there, both are used. Cases and controls were matched using propensity score matching. Diagnosis of COVID-19 was made between 25 February to 30 April 2020 while mortality date was obtained between 24 February and 15 May 2020. For those supplemented with cholecalciferol and with achieved 25(OH)D concentrations > 30 ng/mL compared to unsupplemented controls with 25(OH)D concentrations < 20 ng/mL, the aHR for SARS-CoV-2 infection was 0.60 (95% CI, 0.57–0.77), the aHR for severe COVID-19 was 0.72 (95% CI, 0.52–1.00), and the aHR for COVID-19 mortality was 0.66 (95% CI, 0.46–0.93). For those supplemented with calcifediol, the aHR for SARS-CoV-2 infection was 0.69 (95% CI, 0.61–0.79), the aHR for severe COVID-19 was 0.61 (95% CI, 0.46–0.81), and the aHR for COVID-19 mortality was 0.56 (95% CI, 0.42–0.76) [169].



A study of the effect of vitamin D supplementation on COVID-19 infection and mortality rates for American veterans treated by US Department of Veterans Affairs health care facilities in 2020 was reported recently [170]. Records were reviewed for 66,432 patients treated with prescribed vitamin D2 and 398,996 patients treated with prescribed vitamin D3 in the period prior to the COVID-19 pandemic (1 January 2019 to 31 December 2020). That study also included patients treated from March 1 to 31 December 2020, but only if they had also been vitamin D supplemented in the earlier period. Those treated earlier with vitamin D developed COVID-19 infections rates of 28% and 20%, respectively, [(D3 HR = 0.80, [95% CI 0.77, 0.83]), D2 HR = 0.72, [95% CI 0.65, 0.79)] vs. untreated individuals. The overall HR for mortality within 30 days of diagnosis of COVID-19 was 0.68 (95% CI, 0.59–0.75), irrespective of season. They also noted that after controlling for serum 25(OH)D concentrations, veterans receiving higher dosages of vitamin D obtained greater benefits from supplementation than veterans receiving lower dosages. Thus, for example, veterans with 25(OH)Ds between 0 and 19 ng/mL exhibited the largest decrease in COVID-19 infection rates following supplementation and Black veterans showed greater COVID-19 risk reductions with supplementation than White veterans. The authors stated that “When we extrapolate our results for vitamin D3 supplementation to the entire US population in 2020, there would have been approximately 4 million fewer COVID-19 cases and 116,000 deaths would have been avoided.”



A recent article has shown that regardless of the severity of COVID-19 at the time of hospital admission, low serum 25(OH)D concentrations predicted poor outcomes [171]. The concentration of serum 25(OH)D at the time of admission is influenced by the concentration prior to infection and the degree of inflammation induced by fighting the disease [162]. There could be various reasons for the differences in the severity of the disease at the time of admission, such as varying symptom thresholds among individuals who seek admission to hospitals. These findings provide further evidence for the potential role of vitamin D in mitigating the severity of COVID-19.



Calcifediol has been used to treat COVID-19 patients in Spain. The benefits of using calcifediol rather than cholecalciferol are that serum 25(OH)D concentrations can be increased rapidly in hours rather than days [172] and that adverse effects of large bolus doses of D3 can be avoided, which is desirable since very large bolus doses are not as effective as daily dosing [173]. The first such study was reported in 2020 [174] on 76 consecutive patients hospitalized with COVID-19 who all received ‘best available therapy’ as standard. Eligible patients were allocated at a ratio of 2:1 to calcifediol versus no calcifediol by electronic randomization on the day of admission (oral calcifediol dosage being 0.532 mg). Patients in the calcifediol treatment group continued on oral calcifediol (at 0.266 mg) on days 3 and 7, and then weekly until discharge or ICU admission. Outcomes of effectiveness included rate of ICU admission and death rates. Of 50 patients treated with calcifediol, one required admission to the ICU (2%), while of 26 untreated patients, 13 required ICU admission (a reduction from 50% to 2% in ICU admissions). The overall multivariate Risk Estimate OR for ICU admission in patients with calcifediol treatment vs without calcifediol treatment (adjusted for hypertension and T2DM) = 0.03 (95% CI: 0.003–0.25). Of the patients treated with calcifediol, none died, and all were discharged without complications. The 13 patients not treated with calcifediol, who were not admitted to the ICU, were all discharged but of the 13 unsupplemented patients admitted to the ICU, two died and the remaining 11 were discharged.



In summary, there is moderate evidence that higher 25(OH)D concentrations reduce the risk of SARS-CoV-2 infection and strong evidence that they reduce the risk of severe COVID-19. The evidence regarding intact parent vitamin D3 in treating COVID-19 is only moderate. The evidence for benefit with calcifediol [25(OH)D] treatment, however, is encouraging and warrants further investigation. It appears reasonable that vitamin D should be given at the first symptoms of infection or disease in combination with ‘best treatment’ as an adjuvant measure in order to improve the immune response, while the available data suggests that serum 25(OH)D concentrations > 50 ng/mL compared to <20 ng/mL at the population level over time could halve COVID-19 risks [175].





12. Autoimmune Diseases


There are a number of autoimmune diseases for which there is evidence that better provision of vitamin D reduces risk. Observational studies in the KSA and UAE and elsewhere have found lower 25(OH)D concentrations associated with increased incidence and/or prevalence based on observational studies for disorders including: ankylosing spondylitis [176], inflammatory bowel disease [177], multiple sclerosis [178], rheumatoid arthritis [179,180] systemic lupus erythematous [181], T1DM [182,183], and vitiligo [184].



A recent article reported that vitamin D3 supplementation at 2000 IU/d in an RCT reduced the risk of combined autoimmune diseases [185]. 25,871 participants were enrolled and followed for a median of 5.3 years, mean baseline age = 67.1 years. For the vitamin D arm, 123 participants in the treatment group versus 155 in the placebo group developed a confirmed autoimmune disease [HR = 0.78 (95% CI, 0.61–0.99)]; the rate of development of autoimmune disease was very similar between the vitamin D and placebo arms over the first three years, after which autoimmune disease development rates increased more rapidly in the placebo arm. When the first two years of follow up were excluded from analysis the HR for new autoimmune disease = 0.61 (95% CI, 0.43–0.86) with supplementation. The largest effect was seen for ‘confirmed’ and ‘probable’ rheumatoid arthritis: 15 vs. 24 cases and 18 vs. 27 cases in the vitamin D treatment and placebo arms, respectively.



Viral infections are an important risk factor for autoimmune disease. A review of a total of 24,117 cases of incident RA (mean age 54.7 years; 18,688 [77.5%] women) found that respiratory viral infections in the population were associated with a higher incidence of RA over time, an effect peaking 6 or 7 weeks after infection [186]. The progression of multiple sclerosis (MS) is also triggered by certain environmental factors, including viral infections [187]. The most important viruses that affect MS risks are Epstein–Barr virus (EBV), human herpes virus 6 (HHV-6), human endogenous retrovirus (HERV), cytomegalovirus (CMV), and varicella zoster virus (VZV). These viruses all have latent stages that allow them to escape immune detection and to reactivate after exposure to various stimuli. Furthermore, viral tropism for CNS and immune system cells is likely to explain their potentially damaging neuroinflammatory effects [187].



Vitamin D status also affects the severity of autoimmune disease and a recent review noted that seasonal variations in onset, severity, and progression of rheumatoid arthritis were significantly, and inversely, correlated with serum 25(OH)D concentrations prospectively [188].



Experimental work has revealed a mechanistic basis for the contribution of vitamin D inadequacy to the pathogenesis of inflammatory bowel disease (IBD). The vitamin D/VDR complex is involved in the regulation of innate and adaptive immune responses to pathogenic threats by acting as an immunomodulator and can alleviate inflammation in experimental models of IBD and in patients with IBD, through promotion of intestinal wall homeostasis. Vitamin D has been associated with the promotion of antimicrobial peptide secretion, down-regulation of dendritic cell activity, induction of tolerogenic rather than pro-inflammatory T-cell differentiation and function, and increased production of anti-inflammatory cytokines, highlighting its potential therapeutic value for IBD [177]. Similar benefits could also be expected for other inflammatory bowel disorders since experimental studies have shown that hormonally active vitamin D [1,25-dihydroxyvitamin D (calcitriol)] stimulates immunologic activity in both the innate and the adaptive immune systems and promotes endothelial membrane stability in the gastrointestinal tract. Low levels of serum 25(OH)D are associated with increased risks of developing immune-related diseases. However, different disease outcomes are observed aftertreatment with vitamin D because high inter-individual differences are present due to the complex gene expression in human peripheral blood mononuclear cells. Thus, the optimal level, or levels, of serum 25(OH)D for autoimmune disease risk reduction are not yet clear. The current recommendation is to increase vitamin D intake and have enough sunlight exposure to achieve serum 25(OH)D concentrations at or above 30 ng/mL (75 nmol/L), though values of about 40–60 ng/mL (100–150 nmol/L) may be needed to promote optimal autoimmune risk reductions with vitamin D [189].



Another review has discussed the role of epigenetics (a series of gene regulatory effects that do not disrupt genetic DNA sequences) in the etiology of autoimmune disease [190]. The main epigenetic mechanisms considered to play a major role in both health and disease are DNA methylation, histone modifications, and altered profiling of non-coding RNAs. When the fragile balance between these simultaneously occurring phenomena is disrupted, the risk of pathology increases; those authors aimed to review the literature suggesting that vitamin D is one of the more important nutrients potentially capable of modulating the course of disease in various autoimmune disorders [190]. Crohn’s disease, for example, may be a condition where adequate provision of vitamin D can reduce the risk of relapse [191].



The importance of maintaining sufficient vitamin D concentrations in maternal blood during pregnancy, as well as in the early years of life, for avoiding later offspring ill health due to inappropriate epigenetic changes in deficiency has also been emphasized. An example is atopic eczema at age 4 years [192]. Another example is increased childhood adiposity is associated with higher maternal adiposity and low maternal vitamin D status [193].




13. Pregnancy and Birth Outcomes


Having optimal maternal and neonatal vitamin D provision (circulating 25(OH)D concentrations) prior to, during, and after pregnancy is considered critical for pregnancy outcomes. However, by 2019, the significance of optimal vitamin D status during pregnancy was still not universally accepted [194,195] because the few large RCTs conducted to date have generated conflicting evidence on vitamin D supplementation in improving perinatal outcomes. However, as we now understand, most vitamin D RCTs conducted to date have been inappropriately designed, conducted, and analyzed [33,196], so that lack of support from earlier RCTs where, for example, achieved vitamin D status was not examined should not be a major concern since the peer-reviewed literature does provide good evidence for promotion of reproductive health by adequate vitamin D status. This includes that vitamin D may improve fertility for both males and females [197,198], that vitamin D promotes normal development of the fetus by ensuring the necessary epigenetic changes take place [199,200] that vitamin D reduces the risk of preterm birth, of small for gestational age births and of stillbirth as well as of pre-eclampsia with its associated increase in maternal and neonatal risks [201], that vitamin D reduces maternal morbidity and mortality [202,203], and reduces the risks of gestational diabetes [204]. Intact (unprocessed) vitamin D is needed by nursing infants [205] and repletion by the time of birth avoids the risks of neonatal hypocalcaemic status epilepticus [206] and of hypocalcaemic cardiomyopathy [207] both of which have high mortality rates unless they are correctly diagnosed and treated very rapidly.



In KSA, an extremely high prevalence of maternal (85%) and neonatal (88%) vitamin D deficiency (<20 ng/mL) has been documented [208] and associated with a GDM risk that is three times higher than in those who do not have vitamin D deficiency [209].



An informative RCT of vitamin D in pregnancy has been conducted in Iran [210]. It involved 800 pregnant women in two Iranian cities. Women with a moderate [25(OH)D, 10 to 20 ng/mL] and severe [25(OH)D, <10 ng/mL] deficiency were randomly divided into four subgroups and received vitamin D3 until delivery. Supplementation dose was determined by baseline 25(OH)D concentration and by group, with four groups for each of two 25(OH)D concentration ranges, <10 ng/mL and 10–20 ng/mL, 50,000 IU/week to two intramuscular doses of 300,000 IU followed by 50,000 IU/month. After supplementation, only 2% of the women in the control group met the sufficiency level (>20 ng/mL) vs 53% of the women in the screening and treatment arm. The screening site had 900 pregnant women living in Madjed-Soleyman while the treatment arm had 900 pregnant women living in Shushtar. Most of the baseline characteristics such as age, 25(OH)D concentration and blood pressure were non-significantly different between the two groups, [most p values above 0.50 with two of 0.07, for marriage age and 25(OH)D concentration [23 ng/mL (IQR, 21–27 ng/mL) and 22 ng/mL (IQR, 21–24 ng/mL) in the two groups]. Adverse pregnancy outcomes, including preeclampsia, gestational diabetes mellitus, and preterm delivery, were significantly decreased, by 60%, 50%, and 40%, respectively, with supplementation. While differences in confounding factors between the two locations cannot be ruled out, it seems unlikely that they would explain the huge differences in the outcome measures. One group with baseline 25(OH)D concentrations between 10 and 20 ng/mL and two groups with a serum 25(OH)D < 10 ng/mL were given an initial intramuscular vitamin D3 injection of 300,000 IU in addition to monthly 50,000 IU maintenance injections (given as being most likely to ensure compliance and to achieve vitamin D sufficiency by the time of delivery). One of the important factors in that trial was that the participants who were not supplemented with vitamin D had a mean baseline 25(OH)D concentration of 11 ng/mL (7–16 ng/mL), which was virtually unchanged at delivery. Thus, this RCT satisfied the guidelines for nutrients outlined by Heaney [32]. However, some confounding due to problems induced by large bolus dosing cannot be excluded [210].



A cross-sectional observational study conducted in Iran aimed to determine the thresholds for serum 25(OH)D) concentrations necessary for reducing adverse pregnancy outcomes, including preterm labor, preeclampsia (PE), and gestational diabetes mellitus (GDM), using a generalized additive model [211]. It used the data of 1763 pregnant women, whose serum vitamin D status during the third trimester of pregnancy was available. The concentrations of 25(OH)D within which there were high, moderate, or low risks of GDM were ≤16, 16–26, and >26 ng/mL, respectively. Similarly, the ranges of serum 25(OH)D concentrations associated with high, moderate, and low risks of preterm delivery were ≤15, 15–21, and >21 ng/mL, respectively. Finally, the corresponding values for the high, moderate, and low risk of pre-eclampsia [PE] were ≤15, 15–23, and >23 ng/mL, respectively. Those models were well-calibrated, using the Hosmer-Lemeshow test. Results using an adjusted generalized linear model showed a significant trend for increasing risk of adverse pregnancy outcomes with lower baseline 25(OH)D concentrations. While those authors recommended that in the preconception period, a 25(OH)D concentration of >15 ng/mL is adequate for the prevention of adverse pregnancy outcomes, the overall data available suggests that >30 ng/mL would be a more appropriate target level to ensure optimal pregnancy outcomes.



An observational study in Boston found that risk of primary Cesarean-section delivery was inversely correlated with serum 25(OH)D concentration [212]. A total of 253 women were enrolled between 21 March 2005, and 20 March 2007. In the study, 67 had cesarean sections, of whom 43 had a primary cesarean section. The aOR for primary cesarean section for a baseline maternal 25(OH)D <15 ng/mL compared to >15 ng/mL was 3.84 (95% CI, 1.71–8.62 0.001).



A meta-analysis of Cesarean section in gestational diabetes mellitus patients supplemented with vitamin D was reported in 2020 [213]. The relative risk of Cesarean section for vitamin D supplementation vs. placebo based on five studies was 0.61 (95% CI, 0.44–0.83). Based on the same five studies, the RR for macrosomia was 0.31 (95% CI, 0.13–0.72), no doubt associated with the reduced risk of GDM.



An interventional observational study regarding vitamin D supplementation and risk of preterm birth was conducted at the Medical University of South Carolina [214]. A total of 1064 women of various ethnic backgrounds were included in the study. At their first prenatal visit, serum 25(OH)D concentration was measured and they were given a free bottle of 5000 IU vitamin D3 capsules and counseled on how to achieve 25(OH)D > 40 ng/mL. Serum 25(OH)D concentration was measured several times during the study and the value closest to delivery was used for analysis. The mean rate of preterm delivery increased from 36.8 weeks with a maternal 25(OH)D of 5 ng/mL to 38.3 weeks at 25 ng/mL and 39 weeks at 90 ng/mL. The OR for indicated preterm birth for 25(OH)D concentration > 40 ng/mL vs. <20 ng/mL was 0.39 (95% CI, 0.20–0.76).




14. Skeletal Muscles and Vitamin D


The significance of vitamin D in human muscles cannot be emphasized enough. The following is a summary of essential discoveries from previously published reviews, arranged in chronological order. The importance of vitamin D for athletic performance was outlined by Cannell et al. in 2009 [215]. They pointed out that Germans used UVB lamps to produce vitamin D and improve athletic performance in the 1950s, and that athletic performance has seasonal variations associated with serum 25(OH)D concentrations affected by solar UVB. Vitamin D increases the size and number of Type II (fast twitch) muscles. Hamilton reviewed the topic in 2010 [216]. He noted that vitamin D receptors were discovered in rat myoblast cells in 1985 [217], thus showing that vitamin D controls muscles through genomic actions in addition to those by calcium affecting both contractile and relaxation properties [218]. Vitamin D also regulates insulin-like growth factor-1 (IGF-1) [219]. IGF-I induces proliferation, differentiation, and hypertrophy of skeletal muscle [220].



A study by Jastrzebska et al. [221], aiming to investigate the relation between 25(OH)D concentrations and athletic performance among young Polish soccer players (N = 24) throughout the training cycle across different seasons during lockdown, revealed significant changes in 25(OH)D concentrations with season. The highest concentrations were observed at the end of the summertime in September and August, while the highest concentrations were observed during the low sunlight periods in December. Moreover, the results demonstrated a significant correlation between 25(OH)D concentrations and sprint times on the distances of 10 m and 30 m, where athletes with greater concentrations of 25(OH)D in performed better and had shorter sprint times. Additionally, there was also a significant improvement in the jump test. There was no significant correlation between 25(OH)D concentration and other physical fitness measurements.



Insulin resistance (IR) in older men results in lean mass loss [222]. In muscle, vitamin D reduces IR by reducing over-production of FOXO1 and is dependent on VDR activation of intracellular insulin signaling pathways, for example, through enhancement of Insulin receptor substrate-1 (IRS1) and VDR production in muscle tissue [24].



In 2012, Bischoff-Ferrari discussed the role of vitamin D in reducing the risk of falls [223]. Based on an analysis of results from RCTs, vitamin D doses between 700 and 1000 IU/day significantly reduced the risk of falling [OR = 0.66 (95% CI, 0.53–0.82)] [224]. In addition, achieving serum 25(OH)D >24 ng/mL significantly reduced falling [pooled RR = 0.77 (95% CI, 0.65–0.90)] [225].



An important problem in old age is sarcopenia, cachexia, and muscle atrophy [226]. The loss of muscle mass is around 0.8%/year in the forties rising to 1.5%/year in the 60s [227]. Vitamin D supplementation may reduce the progression of sarcopenia [228]. Observational and mechanistic studies suggest that vitamin D supplementation might be an effective way to prevent and treat sarcopenia [229]. The definition of cachexia that emerged from a conference in 2006 was: “cachexia is a complex MetS associated with underlying illness and characterized by loss of muscle with or without loss of fat mass. The prominent clinical feature of cachexia is weight loss in adults (corrected for fluid retention) or growth failure in children (excluding endocrine disorders). Anorexia, inflammation, insulin resistance, and increased muscle protein breakdown are frequently associated with cachexia” [230].



A review published in 2019 covered the mechanisms of vitamin D on skeletal muscle function: oxidative stress, energy metabolism, and anabolic state [231]. Vitamin D deficiency decreases oxygen consumption and induces disruption of mitochondrial function. Vitamin D deficiency may also contribute to the development of muscle atrophy through a pathway causing protein degradation.




15. Obesity and Vitamin D


Several epidemiological studies, including large cohort studies such as the National Health and Nutrition Examination Survey (NHANES) and Framingham Heart studies, have reported an association between obesity measures (including increased BMI and increased waist circumference) and low serum 25(OH)D concentrations [232,233,234,235]. Individuals who suffer from obesity, BMI > 30 kg/m2, consistently have lower serum 25(OH)D concentrations; an observation that holds true across ages, ethnicities, genders, geographies and cultures where serum 25(OH)D is inversely correlated with body weight, BMI, and fat mass [236].



These inverse relationships between measures of obesity and vitamin D status (serum 25(OH)D) in individuals with obesity have been explained as being due either to vitamin D sequestration by the various fat or fat-containing body organs in individuals with obesity [235], or by simple dilution into increased fat masses, the “volumetric dilution hypothesis” [237], or by some combination of the differences in the expression and activity of the vitamin D hydroxylase enzymes seen in obese versus lean (normal weight) individuals [235], especially in the liver and adipose tissues [235,238], in the adverse behavioral or cultural lifestyle habits adopted by individuals with obesity, including reduced outdoor activity and avoidance of sun exposure, or in the secondary biochemical complications such as elevated circulating parathyroid hormone (PTH) [239] and/or due to other as-yet unrecognized factors.



Wortsman et al. [235] were the first to suggest that individuals with obesity compared to lean (normal weight) individuals consistently gave lower responses to UV-B and achieved lower serum 25(OH)D concentrations than lean individuals, despite obese individuals having a greater body surface area to support vitamin D’s synthesis when stimulated with Ultraviolet B (UV-B) exposure. This lower serum 25(OH)D concentration following UV-B exposure was hypothesized to be due to vitamin D metabolites being sequestered and tightly locked into adipose tissues and other fat-containing organs, making it difficult for it to be released back into the blood stream. Possible mechanisms of locking/binding/sequestration, however, have not yet been reported [235].



Recently, differences in adipose and hepatic vitamin D-hydroxylating enzymes expression and activity between obese and lean individuals have been found, suggesting that 25(OH)D production and metabolism may be altered in obesity [238] which warrants further investigation. These findings are supported by emerging evidence from studies on obese rodents fed high-fat diets, where reduced 25-hydroxylating enzyme function and expression was found [9]. These adverse effects of obesity on 25(OH)D concentrations, bioavailability and activity may also be associated with the quantity and quality of the high-fat nutritional intake often seen with unhealthy nutritional and behavioral choices made by individuals with obesity [240].



Drincic et al. [237] hypothesized that the reason for the reduced serum 25(OH)D seen in individuals with obesity was due to a simple ‘volumetric dilution’. Having studied individuals spanning a range of body weights between 41 and 166 kg and of BMIs between 16.5 and 61.2 kg/m2, they proposed that the inverse correlation of 25(OH)D with these measures of obesity reflected simple distribution into larger fat masses with greater volumetric dilution. It is now known that people who are overweight need ×1.5 as much and people who suffer from obesity need 2 to 3 times as much vitamin D than leaner, lower weight individuals to achieve a comparable vitamin D status [241,242]. Consequently, vitamin D supplementation cannot be managed as ’one size fits all’ and the knowledge of the increased dose requirements of overweight and obese individuals should be considered in public health planning. Progress is being made to unravel the metabolic mechanisms of vitamin D metabolism in adipose tissues of individuals with obesity [243,244].



In a systematic review with meta-regression analysis of 23 studies, Pannu et al. showed that reductions in body weight, specifically percentage fat mass, in obese individuals resulted in a marginally significant increase in circulating 25(OH)D. These findings were taken to support the ‘volumetric dilution of hypothesis’ by Drincic et al. Nonetheless, the authors’ findings showed that the regression analysis slopes showed a smaller increase than expected in serum 25(OH)D following weight loss. These findings suggested that in addition to the ‘volumetric dilution’, a potential metabolic inactivation of 25(OH)D occurred in adipose tissues of obese individuals which could explain the greater reduction in released serum 25(OH)D upon fat mass and weight loss in these individuals; such inactivation could be different in different fat compartments in the body and warrants further investigation [245].



A study by Mason et al. (2011) showed that a loss of fat mass of more than 15% results in an average of 7.7 ng/mL increase in serum 25(OH)D in women [246]. In a bi-directional MR analysis study of 21 adult cohorts of up to 42,024 participants, Vimaleswaran et al. (2013) showed that each increase of 1 kg/m2 in BMI was associated with 1.15% lower circulating 25(OH)D. A 10% higher genetically instrumented BMI was associated with 4.2% lower 25(OH)D concentration (instrumental variables (IV) ratio: 24.2 [95% CI, 27.1–21.3], p = 0.005) but there was no association of genetically instrumented 25(OH)D with variations in BMI. The findings of this bi-directional MR analysis strongly suggest that a higher BMI leads to lowering of the serum 25(OH)D, while any effects of lower 25(OH)D on BMI appear to be minimal or absent. Those results, moreover, suggest that interventions that help reduce excessive BMI can be expected to ameliorate vitamin D deficiency [55]. In contrast, in line with the findings on bi-directional MR analyses on this association mentioned above, vitamin D supplementation has no effect on weight or fat mass loss [247]. In a later meta-analysis, Pannu et al. showed that a loss of approximately 10 kg without vitamin D supplementation could increase 25(OH)D concentrations by up to 6 nmol/L [245].



The important question is whether obesity-induced reductions in 25(OH)D concentrations have direct causative effects on adverse clinical outcomes associated with vitamin D deficiency in individuals with obesity. For bone health and turnover, it would be expected that lower 25(OH)Ds would lead to lower calcium absorption and lower bone mineral density (BMD) in otherwise healthy adults. However, in adults with obesity, despite the inverse association of obesity with lower serum 25(OH)D values, this does not translate into lower bone density or bone loss in obese adults. Indeed, some studies show that obese adult individuals may have higher bone density, higher BMD, thicker and denser cortices, and greater trabecular numbers than lean individuals [248]. However, in children and the elderly this obesity-evoked reduction in serum 25(OH)D has negative clinical outcomes related to weaker BMD, with increased fractures in children and the elderly [249,250,251]. As for other body systems, obesity-induced reduction in 25(OH)D clearly associates, often causally, with increased risks of many other comorbidities and conditions including cancer, metabolic syndrome, type 2 diabetes mellitus, cardiometabolic abnormalities, blood pressure, depression, autoimmune diseases, and others, as mentioned elsewhere in this manuscript and in the literature [252,253,254,255].



In the UAE and KSA, as with other Arab countries within the Middle East, obesity is continuously on the increase. Alongside the indigenous UAE and KSA Gulf Arabs living in their countries, expatriates of several nationalities, from different ethnic and religious backgrounds, have also settled there during the last five decades. Given the advanced rates of economic growth of these countries over the past 50 years, and the influx of expatriate worker migrants, drivers of obesity in the UAE and KSA tend to be complex. These include dietary shifts away from traditional foods to Western energy-dense diets, socio-economic drivers to consuming carbohydrate-rich but nutrient poor foods in poorer middle-income migrants, poor or unregulated nutritional education and unhealthy behavioral eating habits, multi-factorial anxiety and stress in high-powered vocations, lower levels of exercise especially in women, avoidance of outdoor physical activity during the prolonged months of very hot weather, and many other more recent lifestyle-related factors that have changed over the last 50 years of modern history [45]. Such a high prevalence of obesity is mirrored in several neighboring Middle Eastern countries, as reported in 2020 by the World Obesity Federation (https://www.worldobesity.org/, accessed on 9 February 2023).



Several studies conducted in the KSA and the UAE have investigated the connection between obesity, the ensuing vitamin D deficiency, and associated comorbidities. They confirmed the inverse association between obesity and circulating 25(OH)D levels, and have suggested an increased risk of vitamin D deficiency-associated comorbidities such as diabetes mellitus, depression, non-alcoholic fatty liver disease (NAFLD), reduced BMD, and cancer amongst other health concerns [86,256,257,258,259,260,261]. Given the alarming levels of obesity in KSA and the UAE and the further predicted rises in obesity rates in the future, it is important to implement, as a matter of urgency, improved public health measures that can ensure vitamin D sufficiency across populations including individuals with obesity. This should be coupled with measures aimed at reducing pandemic obesity rates through appropriate measures. Such practices should aim to increase serum 25(OH)D concentrations to above 30 ng/mL if improved health outcomes are to be expected.




16. Summary and Conclusions


In this narrative review we summarized the evidence on correcting vitamin D deficiency in relation to reducing adverse clinical outcomes for a variety of diseases. We also use data on disease prevalence and vitamin D status in KSA and the UAE to estimate the potential health benefits to be expected from raising 25(OH)D concentrations to a minimum of 30 ng/mL and these included expected reductions, for example, of 25% for MI incidence, 35% for stroke incidence, 20 to 35% for CVD mortality and possibly even more for prevention of type 2 diabetes. From VITAL study [54], it is estimated that cancer mortality rates could be reduced by 35%.



We have to stress that some of our estimated health benefits for increasing vitamin D status are based on factors that include various assumptions such as the inference of causality from MR and observational study data, and that our expert opinion-based selection of studies are not solely derived from systematic reviews and may, therefore, be at risk of bias. Additional limitations of our data interpretation are those inherent to the nature of the studies included in our review and potentially include various types of bias and confounding. Our conclusions and estimated calculations should, therefore, be interpreted in the light of these limitations. Nevertheless, we aimed to include the best available evidence up to 11 February 2023 to provide guidance for developing public health measures to reduce the health burden of vitamin D deficiency in KSA and the UAE, because substantial reductions in adverse health outcomes in Saudi Arabia and the UAE are likely to be achieved by raising the minimum serum 25(OH)D concentration to above 30 ng/mL. The U.S. Endocrine Society [4] and the consensus from vitamin D conferences in Poland [29,262] recommend daily intakes up to 2000 IU/d vitamin D3, while reviews from the U.S. Institute of Medicine in 2011 [3] and from the UK both demonstrate, and affirm, that 4000 IU/d is safe and results in greater health benefits. Food fortification with vitamin D can be effective, using a variety of foods including fats, dairy produce, and flour-based products [263,264] though supplementation is usually required in addition for those at high risk of deficiency such as the elderly, those with indoor life styles, shift workers, pregnant women, the obese, diabetics, dark-skinned individuals [255,265], and vegan/vegetarians [266]. Increased exposure to solar UVB can also be advantageous, as long as the solar elevation angle lies below 45 degrees [38] and sunburn is avoided, (e.g., by following the ’shadow rule’ [267]). While concern about erythema and skin cancers is often warranted, raising serum 25(OH)D concentrations above 40 ng/mL can help reduce such risks; in part because skin is able to both produce and regulate vitamin D production, as well as to convert D3 into the 25(OH)D3 metabolite and then to 1,25-dihydroxyvitamin D3, (calcitriol), in situ, as do many other tissues [268], which promotes many protective mechanisms.



Testing 25(OH)D concentrations regularly would be beneficial, especially for those at greatest risk of vitamin D deficiency [255] when used as part of an ongoing audit of measures taken to avoid vitamin D deficiency [255]. It is, however, doubtful whether population-wide screening for vitamin D deficiency is cost-effective [269]. Programmes need to be developed for public health measures to ensure adequate vitamin D provision in various regions of the Middle East. These measures need to be practicable and acceptable to residents, as well as being confirmed as successful on audit [270]. To achieve these aims, committees or working parties could be established comprising appropriate health officials, medical doctors, nutritionists, and local community representatives. These parties should meet to review local evidence and agree on regional guidelines that will ensure effective measures are provided in an acceptable manner. In view of the findings reported in this review, it is hoped that programmes can be developed in the KSA and UAE that can achieve adequate vitamin D provision at the population level.







Author Contributions


Conceptualization, W.B.G.; writing—original draft preparation, W.B.G., F.A.A., B.J.B., H.M.A.F., M.M., S.P. and N.M.A.-D.; formal analysis, W.B.G.; writing—review and editing, W.B.G., F.A.A., B.J.B., H.M.A.F., M.M., S.P. and N.M.A.-D.; supervision, W.B.G. All authors have read and agreed to the published version of the manuscript.




Funding


No funding was received for the preparation of this article.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


WBG receives funding from Bio-Tech Pharmacal, Inc. (Fayetteville, AR, USA). The other authors have no conflict of interest to declare.




References


	



McCollum, E.V.; Simmonds, N.; Becker, J.E.; Hipley, P.G. Studies on experimental rickets: An experimental demonstration of the existence of a vitamin which promotes calcium deposition. J. Biol. Chem. 1922, 52, 293–298. [Google Scholar] [CrossRef]

	



Chandra, P.; Wolfenden, L.L.; Ziegler, T.R.; Tian, J.; Luo, M.; Stecenko, A.A.; Chen, T.C.; Holick, M.F.; Tangpricha, V. Treatment of vitamin D deficiency with UV light in patients with malabsorption syndromes: A case series. Photodermatol. Photoimmunol. Photomed. 2007, 23, 179–185. [Google Scholar] [CrossRef] [PubMed]

	



Ross, A.C.; Manson, J.E.; Abrams, S.A.; Aloia, J.F.; Brannon, P.M.; Clinton, S.K.; Durazo-Arvizu, R.A.; Gallagher, J.C.; Gallo, R.L.; Jones, G.; et al. The 2011 report on dietary reference intakes for calcium and vitamin D from the Institute of Medicine: What clinicians need to know. J. Clin. Endocrinol. Metab. 2011, 96, 53–58. [Google Scholar] [CrossRef]

	



Holick, M.F.; Binkley, N.C.; Bischoff-Ferrari, H.A.; Gordon, C.M.; Hanley, D.A.; Heaney, R.P.; Murad, M.H.; Weaver, C.M.; Endocrine, S. Evaluation, treatment, and prevention of vitamin D deficiency: An Endocrine Society clinical practice guideline. J. Clin. Endocrinol. Metab. 2011, 96, 1911–1930. [Google Scholar] [CrossRef] [PubMed]

	



Al-Daghri, N.M.; Al-Saleh, Y.; Aljohani, N.; Sulimani, R.; Al-Othman, A.M.; Alfawaz, H.; Fouda, M.; Al-Amri, F.; Shahrani, A.; Alharbi, M.; et al. Vitamin D status correction in Saudi Arabia: An experts’ consensus under the auspices of the European Society for Clinical and Economic Aspects of Osteoporosis, Osteoarthritis, and Musculoskeletal Diseases (ESCEO). Arch. Osteoporos. 2017, 12, 1. [Google Scholar] [CrossRef] [PubMed]

	



Al Saleh, Y.; Beshyah, S.A.; Hussein, W.; Almadani, A.; Hassoun, A.; Al Mamari, A.; Ba-Essa, E.; Al-Dhafiri, E.; Hassanein, M.; Fouda, M.A.; et al. Diagnosis and management of vitamin D deficiency in the Gulf Cooperative Council (GCC) countries: An expert consensus summary statement from the GCC vitamin D advisory board. Arch. Osteoporos. 2020, 15, 35. [Google Scholar] [CrossRef]

	



Garland, C.F.; Garland, F.C. Do sunlight and vitamin D reduce the likelihood of colon cancer? Int. J. Epidemiol. 1980, 9, 227–231. [Google Scholar] [CrossRef]

	



Kadowaki, S.; Norman, A.W. Dietary vitamin D is essential for normal insulin secretion from the perfused rat pancreas. J. Clin. Investig. 1984, 73, 759–766. [Google Scholar] [CrossRef]

	



Garland, C.; Shekelle, R.B.; Barrett-Connor, E.; Criqui, M.H.; Rossof, A.H.; Paul, O. Dietary vitamin D and calcium and risk of colorectal cancer: A 19-year prospective study in men. Lancet 1985, 1, 307–309. [Google Scholar] [CrossRef]

	



Garland, C.F.; Comstock, G.W.; Garland, F.C.; Helsing, K.J.; Shaw, E.K.; Gorham, E.D. Serum 25-hydroxyvitamin D and colon cancer: Eight-year prospective study. Lancet 1989, 2, 1176–1178. [Google Scholar] [CrossRef]

	



Scragg, R. Seasonality of cardiovascular disease mortality and the possible protective effect of ultra-violet radiation. Int. J. Epidemiol. 1981, 10, 337–341. [Google Scholar] [CrossRef] [PubMed]

	



Scragg, R.; Jackson, R.; Holdaway, I.M.; Lim, T.; Beaglehole, R. Myocardial infarction is inversely associated with plasma 25-hydroxyvitamin D3 levels: A community-based study. Int. J. Epidemiol. 1990, 19, 559–563. [Google Scholar] [CrossRef] [PubMed]

	



Cannell, J.J.; Vieth, R.; Umhau, J.C.; Holick, M.F.; Grant, W.B.; Madronich, S.; Garland, C.F.; Giovannucci, E. Epidemic influenza and vitamin D. Epidemiol. Infect. 2006, 134, 1129–1140. [Google Scholar] [CrossRef] [PubMed]

	



Aloia, J.F.; Li-Ng, M. Re: Epidemic influenza and vitamin D. Epidemiol. Infect. 2007, 135, 1095–1096; author reply 1097–1098. [Google Scholar] [CrossRef]

	



Lappe, J.M.; Travers-Gustafson, D.; Davies, K.M.; Recker, R.R.; Heaney, R.P. Vitamin D and calcium supplementation reduces cancer risk: Results of a randomized trial. Am. J. Clin. Nutr. 2007, 85, 1586–1591. [Google Scholar] [CrossRef]

	



Wang, T.J.; Pencina, M.J.; Booth, S.L.; Jacques, P.F.; Ingelsson, E.; Lanier, K.; Benjamin, E.J.; D’Agostino, R.B.; Wolf, M.; Vasan, R.S. Vitamin D deficiency and risk of cardiovascular disease. Circulation 2008, 117, 503–511. [Google Scholar] [CrossRef] [PubMed]

	



Urashima, M.; Segawa, T.; Okazaki, M.; Kurihara, M.; Wada, Y.; Ida, H. Randomized trial of vitamin D supplementation to prevent seasonal influenza A in schoolchildren. Am. J. Clin. Nutr. 2010, 91, 1255–1260. [Google Scholar] [CrossRef] [PubMed]

	



Haussler, M.R.; Whitfield, G.K.; Kaneko, I.; Haussler, C.A.; Hsieh, D.; Hsieh, J.C.; Jurutka, P.W. Molecular mechanisms of vitamin D action. Calcif. Tissue Int. 2013, 92, 77–98. [Google Scholar] [CrossRef] [PubMed]

	



Christakos, S.; Dhawan, P.; Verstuyf, A.; Verlinden, L.; Carmeliet, G. Vitamin D: Metabolism, Molecular Mechanism of Action, and Pleiotropic Effects. Physiol. Rev. 2016, 96, 365–408. [Google Scholar] [CrossRef] [PubMed]

	



Gombart, A.F.; Pierre, A.; Maggini, S. A Review of Micronutrients and the Immune System-Working in Harmony to Reduce the Risk of Infection. Nutrients 2020, 12, 236. [Google Scholar] [CrossRef]

	



Adams, J.S.; Hewison, M. Unexpected actions of vitamin D: New perspectives on the regulation of innate and adaptive immunity. Nat. Clin. Pract. Endocrinol. Metab. 2008, 4, 80–90. [Google Scholar] [CrossRef]

	



Cheng, Q.; Boucher, B.J.; Leung, P.S. Modulation of hypovitaminosis D-induced islet dysfunction and insulin resistance through direct suppression of the pancreatic islet renin-angiotensin system in mice. Diabetologia 2013, 56, 553–562. [Google Scholar] [CrossRef]

	



Cheng, S.; So, W.Y.; Zhang, D.; Cheng, Q.; Boucher, B.J.; Leung, P.S. Calcitriol Reduces Hepatic Triglyceride Accumulation and Glucose Output Through Ca2+/CaMKK&#946;/AMPK Activation Under Insulin-Resistant Conditions in Type 2 Diabetes Mellitus. Curr. Mol. Med. 2016, 16, 747–758. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.; Villalta, S.A.; Agrawal, D.K. FOXO1 Mediates Vitamin D Deficiency-Induced Insulin Resistance in Skeletal Muscle. J. Bone Miner. Res. 2016, 31, 585–595. [Google Scholar] [CrossRef]

	



Timms, P.M.; Mannan, N.; Hitman, G.A.; Noonan, K.; Mills, P.G.; Syndercombe-Court, D.; Aganna, E.; Price, C.P.; Boucher, B.J. Circulating MMP9, vitamin D and variation in the TIMP-1 response with VDR genotype: Mechanisms for inflammatory damage in chronic disorders? QJM 2002, 95, 787–796. [Google Scholar] [CrossRef] [PubMed]

	



Coussens, A.; Timms, P.M.; Boucher, B.J.; Venton, T.R.; Ashcroft, A.T.; Skolimowska, K.H.; Newton, S.M.; Wilkinson, K.A.; Davidson, R.N.; Griffiths, C.J.; et al. 1alpha,25-dihydroxyvitamin D3 inhibits matrix metalloproteinases induced by Mycobacterium tuberculosis infection. Immunology 2009, 127, 539–548. [Google Scholar] [CrossRef]

	



Uthaiah, C.A.; Beeraka, N.M.; Rajalakshmi, R.; Ramya, C.M.; Madhunapantula, S.V. Role of Neural Stem Cells and Vitamin D Receptor (VDR)-Mediated Cellular Signaling in the Mitigation of Neurological Diseases. Mol. Neurobiol. 2022, 59, 4065–4105. [Google Scholar] [CrossRef] [PubMed]

	



Muñoz, A.; Grant, W.B. Vitamin D and Cancer: An Historical Overview of the Epidemiology and Mechanisms. Nutrients 2022, 14, 1448. [Google Scholar] [CrossRef]

	



Pludowski, P.; Holick, M.F.; Grant, W.B.; Konstantynowicz, J.; Mascarenhas, M.R.; Haq, A.; Povoroznyuk, V.; Balatska, N.; Barbosa, A.P.; Karonova, T.; et al. Vitamin D supplementation guidelines. J. Steroid. Biochem. Mol. Biol. 2018, 175, 125–135. [Google Scholar] [CrossRef]

	



Grant, W.B.; Al Anouti, F.; Boucher, B.J.; Dursun, E.; Gezen-Ak, D.; Jude, E.B.; Karonova, T.; Pludowski, P. A Narrative Review of the Evidence for Variations in Serum 25-Hydroxyvitamin D Concentration Thresholds for Optimal Health. Nutrients 2022, 14, 2519. [Google Scholar] [CrossRef]

	



Bouillon, R.; Manousaki, D.; Rosen, C.; Trajanoska, K.; Rivadeneira, F.; Richards, J.B. The health effects of vitamin D supplementation: Evidence from human studies. Nat. Rev. Endocrinol. 2022, 18, 96–110. [Google Scholar] [CrossRef] [PubMed]

	



Heaney, R.P. Guidelines for optimizing design and analysis of clinical studies of nutrient effects. Nutr. Rev. 2014, 72, 48–54. [Google Scholar] [CrossRef] [PubMed]

	



Grant, W.B.; Boucher, B.J.; Al Anouti, F.; Pilz, S. Comparing the Evidence from Observational Studies and Randomized Controlled Trials for Nonskeletal Health Effects of Vitamin D. Nutrients 2022, 14, 3811. [Google Scholar] [CrossRef] [PubMed]

	



Pittas, A.G.; Dawson-Hughes, B.; Sheehan, P.; Ware, J.H.; Knowler, W.C.; Aroda, V.R.; Brodsky, I.; Ceglia, L.; Chadha, C.; Chatterjee, R.; et al. Vitamin D Supplementation and Prevention of Type 2 Diabetes. N. Engl. J. Med. 2019, 381, 520–530. [Google Scholar] [CrossRef]

	



Dawson-Hughes, B.; Staten, M.A.; Knowler, W.C.; Nelson, J.; Vickery, E.M.; LeBlanc, E.S.; Neff, L.M.; Park, J.; Pittas, A.G.; Group, D.d.R. Intratrial Exposure to Vitamin D and New-Onset Diabetes Among Adults With Prediabetes: A Secondary Analysis From the Vitamin D and Type 2 Diabetes (D2d) Study. Diabetes Care 2020, 43, 2916–2922. [Google Scholar] [CrossRef]

	



Hill, A.B. The Environment and Disease: Association or Causation? Proc. R Soc. Med. 1965, 58, 295–300. [Google Scholar] [CrossRef]

	



Hyppönen, E.; Vimaleswaran, K.S.; Zhou, A. Genetic Determinants of 25-Hydroxyvitamin D Concentrations and Their Relevance to Public Health. Nutrients 2022, 14, 4408. [Google Scholar] [CrossRef]

	



Engelsen, O. The relationship between ultraviolet radiation exposure and vitamin D status. Nutrients 2010, 2, 482–495. [Google Scholar] [CrossRef]

	



Grant, W.B. Effect of follow-up time on the relation between prediagnostic serum 25-hydroxyvitamin D and all-cause mortality rate. Dermatoendocrinol 2012, 4, 198–202. [Google Scholar] [CrossRef]

	



Grant, W.B. 25-hydroxyvitamin D and breast cancer, colorectal cancer, and colorectal adenomas: Case-control versus nested case-control studies. Anticancer Res. 2015, 35, 1153–1160. [Google Scholar]

	



World Health Organization. Global Health Estimates 2016: Deaths by Cause, Age, Sex, by Country and by Region, 2000–2016; World Health Organization: Geneva, Switzerland, 2018.

	



Beltran-Sanchez, H.; Harhay, M.O.; Harhay, M.M.; McElligott, S. Prevalence and trends of metabolic syndrome in the adult U.S. population, 1999-2010. J. Am. Coll. Cardiol. 2013, 62, 697–703. [Google Scholar] [CrossRef] [PubMed]

	



Zimmet, P.; Magliano, D.; Matsuzawa, Y.; Alberti, G.; Shaw, J. The metabolic syndrome: A global public health problem and a new definition. J. Atheroscler. Thromb. 2005, 12, 295–300. [Google Scholar] [CrossRef]

	



Ahmed, A.E.; Alsamghan, A.; Momenah, M.A.; Alqhtani, H.A.; Aldawood, N.A.; Alshehri, M.A.; Ali Alshehri, A.M.; Alhag, S.K.; Mosaad, Y.O.; Ahmed, H. Metabolic Syndrome and Cardiometabolic Risk Factors in the Mixed Hypercholesterolemic Populations with Respect to Gender, Age, and Obesity in Asir, Saudi Arabia. Int. J. Environ. Res. Public Health 2022, 19, 14985. [Google Scholar] [CrossRef]

	



Azizi, F.; Hadaegh, F.; Hosseinpanah, F.; Mirmiran, P.; Amouzegar, A.; Abdi, H.; Asghari, G.; Parizadeh, D.; Montazeri, S.A.; Lotfaliany, M.; et al. Metabolic health in the Middle East and north Africa. Lancet Diabetes Endocrinol. 2019, 7, 866–879. [Google Scholar] [CrossRef]

	



Ruotolo, G.; Howard, B.V. Dyslipidemia of the metabolic syndrome. Curr. Cardiol. Rep. 2002, 4, 494–500. [Google Scholar] [CrossRef] [PubMed]

	



Al-Daghri, N.M.; Alkharfy, K.M.; Al-Saleh, Y.; Al-Attas, O.S.; Alokail, M.S.; Al-Othman, A.; Moharram, O.; El-Kholie, E.; Sabico, S.; Kumar, S.; et al. Modest reversal of metabolic syndrome manifestations with vitamin D status correction: A 12-month prospective study. Metabolism 2012, 61, 661–666. [Google Scholar] [CrossRef]

	



Al-Daghri, N.M.; Mohammed, A.K.; Al-Attas, O.S.; Ansari, M.G.A.; Wani, K.; Hussain, S.D.; Sabico, S.; Tripathi, G.; Alokail, M.S. Vitamin D Receptor Gene Polymorphisms Modify Cardiometabolic Response to Vitamin D Supplementation in T2DM Patients. Sci. Rep. 2017, 7, 8280. [Google Scholar] [CrossRef]

	



Al-Daghri, N.M.M.A.; Bukhari, I.; Rikli, M.; Abdi, S.; Ansari, M.G.A.; Sabico, S.; Hussain, S.D.; Alenad, A.; Al-Saleh, Y.; Alokail, M.S. Efficacy of vitamin D supplementation according to vitamin D-binding protein polymorphisms. Nutrition 2019, 63, 148–154. [Google Scholar] [CrossRef]

	



Saklayen, M.G. The Global Epidemic of the Metabolic Syndrome. Curr. Hypertens. Rep. 2018, 20, 12. [Google Scholar] [CrossRef] [PubMed]

	



Mahmoud, I.; Sulaiman, N. Prevalence of Metabolic Syndrome and Associated Risk Factors in the United Arab Emirates: A Cross-Sectional Population-Based Study. Front. Public Health 2021, 9, 811006. [Google Scholar] [CrossRef]

	



Boucher, B.J. Is vitamin D status relevant to metabolic syndrome? Dermatoendocrinology 2012, 4, 212–224. [Google Scholar] [CrossRef]

	



Boucher, B.J. Inadequate vitamin D status: Does it contribute to the disorders comprising syndrome ‘X’? Br. J. Nutr. 1998, 79, 315–327. [Google Scholar] [CrossRef]

	



Manson, J.E.; Cook, N.R.; Lee, I.M.; Christen, W.; Bassuk, S.S.; Mora, S.; Gibson, H.; Gordon, D.; Copeland, T.; D’Agostino, D.; et al. Vitamin D Supplements and Prevention of Cancer and Cardiovascular Disease. N. Engl. J. Med. 2019, 380, 33–44. [Google Scholar] [CrossRef]

	



Vimaleswaran, K.S.; Berry, D.J.; Lu, C.; Tikkanen, E.; Pilz, S.; Hiraki, L.T.; Cooper, J.D.; Dastani, Z.; Li, R.; Houston, D.K.; et al. Causal relationship between obesity and vitamin D status: Bi-directional Mendelian randomization analysis of multiple cohorts. PLoS Med. 2013, 10, e1001383. [Google Scholar] [CrossRef]

	



Vimaleswaran, K.S.; Cavadino, A.; Berry, D.J.; LifeLines Cohort Study, Investigators; Jorde, R.; Dieffenbach, A.K.; Lu, C.; Alves, A.C.; Heerspink, H.J.; Tikkanen, E.; et al. Association of vitamin D status with arterial blood pressure and hypertension risk: A mendelian randomisation study. Lancet Diabetes Endocrinol. 2014, 2, 719–729. [Google Scholar] [CrossRef]

	



Mai, X.M.; Videm, V.; Sheehan, N.A.; Chen, Y.; Langhammer, A.; Sun, Y.Q. Potential causal associations of serum 25-hydroxyvitamin D with lipids: A Mendelian randomization approach of the HUNT study. Eur. J. Epidemiol. 2019, 34, 57–66. [Google Scholar] [CrossRef]

	



Melguizo-Rodriguez, L.; Costela-Ruiz, V.J.; Garcia-Recio, E.; De Luna-Bertos, E.; Ruiz, C.; Illescas-Montes, R. Role of Vitamin D in the Metabolic Syndrome. Nutrients 2021, 13, 830. [Google Scholar] [CrossRef] [PubMed]

	



Forouhi, N.G.; Luan, J.; Cooper, A.; Boucher, B.J.; Wareham, N.J. Baseline serum 25-hydroxy vitamin d is predictive of future glycemic status and insulin resistance: The Medical Research Council Ely Prospective Study 1990–2000. Diabetes 2008, 57, 2619–2625. [Google Scholar] [CrossRef] [PubMed]

	



Mills, K.T.; Stefanescu, A.; He, J. The global epidemiology of hypertension. Nat. Rev. Nephrol. 2020, 16, 223–237. [Google Scholar] [CrossRef] [PubMed]

	



El Bcheraoui, C.; Memish, Z.A.; Tuffaha, M.; Daoud, F.; Robinson, M.; Jaber, S.; Mikhitarian, S.; Al Saeedi, M.; AlMazroa, M.A.; Mokdad, A.H.; et al. Hypertension and its associated risk factors in the kingdom of saudi arabia, 2013: A national survey. Int. J. Hypertens. 2014, 2014, 564679. [Google Scholar] [CrossRef] [PubMed]

	



Alshaikh, M.K.; Filippidis, F.T.; Baldove, J.P.; Majeed, A.; Rawaf, S. Women in Saudi Arabia and the Prevalence of Cardiovascular Risk Factors: A Systematic Review. J. Environ. Public Health 2016, 2016, 7479357. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, A.M.; Hersi, A.; Mashhoud, W.; Arafah, M.R.; Abreu, P.C.; Al Rowaily, M.A.; Al-Mallah, M.H. Cardiovascular risk factors burden in Saudi Arabia: The Africa Middle East Cardiovascular Epidemiological (ACE) study. J. Saudi. Heart Assoc. 2017, 29, 235–243. [Google Scholar] [CrossRef] [PubMed]

	



Yusufali, A.; Bazargani, N.; Agrawal, A.; Muhammed, K.; Obaid, H.; Gabroun, A.; Albadwawi, M.; Albawab, A.; Musa, A.; Alraeesi, F.; et al. May Measurement Month 2017: An analysis of blood pressure screening results from the United Arab Emirates-Northern Africa and Middle East. Eur. Heart J. Suppl. 2019, 21, D118–D120. [Google Scholar] [CrossRef] [PubMed]

	



Seravalle, G.; Grassi, G. Obesity and hypertension. Pharmacol. Res. 2017, 122, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, B.; Perel, P.; Mensah, G.A.; Ezzati, M. Global epidemiology, health burden and effective interventions for elevated blood pressure and hypertension. Nat. Rev. Cardiol. 2021, 18, 785–802. [Google Scholar] [CrossRef] [PubMed]

	



Barbosa, S.S.; Sousa, L.C.M.; de Oliveira Silva, D.F.; Pimentel, J.B.; Evangelista, K.; Lyra, C.O.; Lopes, M.; Lima, S. A Systematic Review on Processed/Ultra-Processed Foods and Arterial Hypertension in Adults and Older People. Nutrients 2022, 14, 1215. [Google Scholar] [CrossRef] [PubMed]

	



Forman, J.P.; Giovannucci, E.; Holmes, M.D.; Bischoff-Ferrari, H.A.; Tworoger, S.S.; Willett, W.C.; Curhan, G.C. Plasma 25-hydroxyvitamin D levels and risk of incident hypertension. Hypertension 2007, 49, 1063–1069. [Google Scholar] [CrossRef] [PubMed]

	



Witham, M.D.; Nadir, M.A.; Struthers, A.D. Effect of vitamin D on blood pressure: A systematic review and meta-analysis. J. Hypertens. 2009, 27, 1948–1954. [Google Scholar] [CrossRef]

	



Mirhosseini, N.; Vatanparast, H.; Kimball, S.M. The Association between Serum 25(OH)D Status and Blood Pressure in Participants of a Community-Based Program Taking Vitamin D Supplements. Nutrients 2017, 9, 1244. [Google Scholar] [CrossRef]

	



de Paula, T.P.; Moreira, J.S.R.; Sperb, L.F.; Muller, M.E.P.; Steemburgo, T.; Viana, L.V. Efficacy of single-dose cholecalciferol in the blood pressure of patients with type 2 diabetes, hypertension and hypovitaminoses D. Sci. Rep. 2020, 10, 19611. [Google Scholar] [CrossRef]

	



Bhagavathula, A.S.; Shah, S.M.; Aburawi, E.H. Medication Adherence and Treatment-Resistant Hypertension in Newly Treated Hypertensive Patients in the United Arab Emirates. J. Clin. Med. 2021, 10, 5036. [Google Scholar] [CrossRef]

	



Roth, G.A.; Mensah, G.A.; Johnson, C.O.; Addolorato, G.; Ammirati, E.; Baddour, L.M.; Barengo, N.C.; Beaton, A.Z.; Benjamin, E.J.; Benziger, C.P.; et al. Global Burden of Cardiovascular Diseases and Risk Factors, 1990-2019: Update From the GBD 2019 Study. J. Am. Coll. Cardiol. 2020, 76, 2982–3021. [Google Scholar] [CrossRef]

	



Douglas, A.S.; al-Sayer, H.; Rawles, J.M.; Allan, T.M. Seasonality of disease in Kuwait. Lancet 1991, 337, 1393–1397. [Google Scholar] [CrossRef]

	



Grant, W.B.; Boucher, B.J. An Exploration of How Solar Radiation Affects the Seasonal Variation of Human Mortality Rates and the Seasonal Variation in Some Other Common Disorders. Nutrients 2022, 14, 2519. [Google Scholar] [CrossRef]

	



Zittermann, A.; Iodice, S.; Pilz, S.; Grant, W.B.; Bagnardi, V.; Gandini, S. Vitamin D deficiency and mortality risk in the general population: A meta-analysis of prospective cohort studies. Am. J. Clin. Nutr. 2012, 95, 91–100. [Google Scholar] [CrossRef] [PubMed]

	



Gholami, F.; Moradi, G.; Zareei, B.; Rasouli, M.A.; Nikkhoo, B.; Roshani, D.; Ghaderi, E. The association between circulating 25-hydroxyvitamin D and cardiovascular diseases: A meta-analysis of prospective cohort studies. BMC Cardiovasc. Disord. 2019, 19, 248. [Google Scholar] [CrossRef] [PubMed]

	



Gaksch, M.; Jorde, R.; Grimnes, G.; Joakimsen, R.; Schirmer, H.; Wilsgaard, T.; Mathiesen, E.B.; Njolstad, I.; Lochen, M.L.; Marz, W.; et al. Vitamin D and mortality: Individual participant data meta-analysis of standardized 25-hydroxyvitamin D in 26916 individuals from a European consortium. PLoS ONE 2017, 12, e0170791. [Google Scholar] [CrossRef] [PubMed]

	



Fan, X.; Wang, J.; Song, M.; Giovannucci, E.L.; Ma, H.; Jin, G.; Hu, Z.; Shen, H.; Hang, D. Vitamin D Status and Risk of All-Cause and Cause-Specific Mortality in a Large Cohort: Results From the UK Biobank. J. Clin. Endocrinol. Metab. 2020, 105, e3606–e3619. [Google Scholar] [CrossRef] [PubMed]

	



Acharya, P.; Dalia, T.; Ranka, S.; Sethi, P.; Oni, O.A.; Safarova, M.S.; Parashara, D.; Gupta, K.; Barua, R.S. The Effects of Vitamin D Supplementation and 25-Hydroxyvitamin D Levels on the Risk of Myocardial Infarction and Mortality. J. Endocr. Soc. 2021, 5, bvab124. [Google Scholar] [CrossRef]

	



Barbarawi, M.; Kheiri, B.; Zayed, Y.; Barbarawi, O.; Dhillon, H.; Swaid, B.; Yelangi, A.; Sundus, S.; Bachuwa, G.; Alkotob, M.L.; et al. Vitamin D Supplementation and Cardiovascular Disease Risks in More Than 83000 Individuals in 21 Randomized Clinical Trials: A Meta-analysis. JAMA Cardiol. 2019, 4, 765–776. [Google Scholar] [CrossRef]

	



Sabico, S.; Wani, K.; Grant, W.B.; Al Daghri, N.M. Improved HDL Cholesterol through Vitamin D Status Correction Substantially Lowers 10-Year Atherosclerotic Cardiovascular Disease Risk Score in Vitamin D-Deficient Arab Adults. Nutrients 2023, 15, 551. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, A.; Selvanayagam, J.B.; Hypponen, E. Non-linear Mendelian randomization analyses support a role for vitamin D deficiency in cardiovascular disease risk. Eur. Heart J. 2022, 43, 1731–1739. [Google Scholar] [CrossRef] [PubMed]

	



Judd, S.E.; Morgan, C.J.; Panwar, B.; Howard, V.J.; Wadley, V.G.; Jenny, N.S.; Kissela, B.M.; Gutierrez, O.M. Vitamin D deficiency and incident stroke risk in community-living black and white adults. Int. J. Stroke 2016, 11, 93–102. [Google Scholar] [CrossRef] [PubMed]

	



Haq, A.; Svobodova, J.; Imran, S.; Stanford, C.; Razzaque, M.S. Vitamin D deficiency: A single centre analysis of patients from 136 countries. J. Steroid. Biochem. Mol. Biol. 2016, 164, 209–213. [Google Scholar] [CrossRef] [PubMed]

	



Al-Daghri, N.M.; Hussain, S.D.; Ansari, M.G.A.; Khattak, M.N.K.; Aljohani, N.; Al-Saleh, Y.; Al-Harbi, M.Y.; Sabico, S.; Alokail, M.S. Decreasing prevalence of vitamin D deficiency in the central region of Saudi Arabia (2008–2017). J. Steroid. Biochem. Mol. Biol. 2021, 212, 105920. [Google Scholar] [CrossRef] [PubMed]

	



Khan, M.A.B.; Hashim, M.J.; King, J.K.; Govender, R.D.; Mustafa, H.; Al Kaabi, J. Epidemiology of Type 2 Diabetes—Global Burden of Disease and Forecasted Trends. J. Epidemiol. Glob. Health 2020, 10, 107–111. [Google Scholar] [CrossRef]

	



Jelinek, H.F.; Osman, W.M.; Khandoker, A.H.; Khalaf, K.; Lee, S.; Almahmeed, W.; Alsafar, H.S. Clinical profiles, comorbidities and complications of type 2 diabetes mellitus in patients from United Arab Emirates. BMJ Open Diabetes Res. Care 2017, 5, e000427. [Google Scholar] [CrossRef]

	



Tangvarasittichai, S. Oxidative stress, insulin resistance, dyslipidemia and type 2 diabetes mellitus. World J. Diabetes 2015, 6, 456–480. [Google Scholar] [CrossRef]

	



Lugrin, J.; Rosenblatt-Velin, N.; Parapanov, R.; Liaudet, L. The role of oxidative stress during inflammatory processes. Biol. Chem. 2014, 395, 203–230. [Google Scholar] [CrossRef]

	



Goldstein, B.J. Insulin resistance as the core defect in type 2 diabetes mellitus. Am. J. Cardiol. 2002, 90, 3G–10G. [Google Scholar] [CrossRef]

	



Himsworth, H.P.; Kerr, R.B. Insulin-sensitive and insuline-insensitive types of diabetes mellitus. Clin. Sci. 1939, 4, 119–152. [Google Scholar]

	



Hypponen, E.; Boucher, B.J. Adiposity, vitamin D requirements, and clinical implications for obesity-related metabolic abnormalities. Nutr. Rev. 2018, 76, 678–692. [Google Scholar] [CrossRef]

	



Park, S.K.; Garland, C.F.; Gorham, E.D.; BuDoff, L.; Barrett-Connor, E. Plasma 25-hydroxyvitamin D concentration and risk of type 2 diabetes and pre-diabetes: 12-year cohort study. PLoS ONE 2018, 13, e0193070. [Google Scholar] [CrossRef]

	



McCarthy, K.; Laird, E.; O’Halloran, A.M.; Walsh, C.; Healy, M.; Fitzpatrick, A.L.; Walsh, J.B.; Hernandez, B.; Fallon, P.; Molloy, A.M.; et al. Association between vitamin D deficiency and the risk of prevalent type 2 diabetes and incident prediabetes: A prospective cohort study using data from The Irish Longitudinal Study on Ageing (TILDA). EClinicalMedicine 2022, 53, 101654. [Google Scholar] [CrossRef] [PubMed]

	



Lu, L.; Bennett, D.A.; Millwood, I.Y.; Parish, S.; McCarthy, M.I.; Mahajan, A.; Lin, X.; Bragg, F.; Guo, Y.; Holmes, M.V.; et al. Association of vitamin D with risk of type 2 diabetes: A Mendelian randomisation study in European and Chinese adults. PLoS Med. 2018, 15, e1002566. [Google Scholar] [CrossRef] [PubMed]

	



Type 2 diabetes epidemic: A global education. Lancet 2009, 374, 1654. [CrossRef]

	



Albannawi, G.A.A.; Alsaif, S.B.; Alsair, G.B.; Taher, B.A. Vitamin D deficiency among Type 2 Diabetes patients in Saudi Arabia: A systematic review. Int. J. Med. Dev. Ctries. 2019, 3, 1167–1173. [Google Scholar] [CrossRef]

	



von Hurst, P.R.; Stonehouse, W.; Coad, J. Vitamin D supplementation reduces insulin resistance in South Asian women living in New Zealand who are insulin resistant and vitamin D deficient—A randomised, placebo-controlled trial. Br. J. Nutr. 2010, 103, 549–555. [Google Scholar] [CrossRef]

	



Bouillon, R.; Bikle, D. Vitamin D Metabolism Revised: Fall of Dogmas. J. Bone Miner. Res. 2019, 34, 1985–1992. [Google Scholar] [CrossRef]

	



AlGhamdi, S.; AlHarthi, H.; Khoja, S.; AlJefri, A.; AlShaibi, H.F. A High Dose, Not Low Dose, of Vitamin D Ameliorates Insulin Resistance in Saudi Women. J. Clin. Med. 2022, 11, 6557. [Google Scholar] [CrossRef]

	



Chung, W.K.; Erion, K.; Florez, J.C.; Hattersley, A.T.; Hivert, M.F.; Lee, C.G.; McCarthy, M.I.; Nolan, J.J.; Norris, J.M.; Pearson, E.R.; et al. Precision Medicine in Diabetes: A Consensus Report From the American Diabetes Association (ADA) and the European Association for the Study of Diabetes (EASD). Diabetes Care 2020, 43, 1617–1635. [Google Scholar] [CrossRef] [PubMed]

	



Al-Daghri, N.M.; Alkharfy, K.M.; Al-Othman, A.; El-Kholie, E.; Moharram, O.; Alokail, M.S.; Al-Saleh, Y.; Sabico, S.; Kumar, S.; Chrousos, G.P. Vitamin D supplementation as an adjuvant therapy for patients with T2DM: An 18-month prospective interventional study. Cardiovasc. Diabetol. 2012, 11, 85. [Google Scholar] [CrossRef] [PubMed]

	



Darraj, H.; Badedi, M.; Poore, K.R.; Hummadi, A.; Khawaji, A.; Solan, Y.; Zakri, I.; Sabai, A.; Darraj, M.; Mutawwam, D.A.; et al. Vitamin D deficiency and glycemic control among patients with type 2 diabetes mellitus in Jazan City, Saudi Arabia. Diabetes Metab. Syndr. Obes. 2019, 12, 853–862. [Google Scholar] [CrossRef]

	



Kazancioglu, R. Risk factors for chronic kidney disease: An update. Kidney Int. Suppl. (2011) 2013, 3, 368–371. [Google Scholar] [CrossRef] [PubMed]

	



Miricescu, D.; Balan, D.G.; Tulin, A.; Stiru, O.; Vacaroiu, I.A.; Mihai, D.A.; Popa, C.C.; Enyedi, M.; Nedelea, A.S.; Nica, A.E.; et al. Impact of adipose tissue in chronic kidney disease development (Review). Exp. Ther. Med. 2021, 21, 539. [Google Scholar] [CrossRef]

	



Hall, M.E.; do Carmo, J.M.; da Silva, A.A.; Juncos, L.A.; Wang, Z.; Hall, J.E. Obesity, hypertension, and chronic kidney disease. Int. J. Nephrol. Renovasc. Dis. 2014, 7, 75–88. [Google Scholar] [CrossRef]

	



Zhou, C.; He, P.; Ye, Z.; Zhang, Y.; Zhang, Y.; Yang, S.; Wu, Q.; Liu, M.; Nie, J.; Qin, X. Relationships of Serum 25-Hydroxyvitamin D Concentrations, Diabetes, Genetic Susceptibility, and New-Onset Chronic Kidney Disease. Diabetes Care 2022, 45, 2518–2525. [Google Scholar] [CrossRef]

	



Strugnell, S.A.; Sprague, S.M.; Ashfaq, A.; Petkovich, M.; Bishop, C.W. Rationale for Raising Current Clinical Practice Guideline Target for Serum 25-Hydroxyvitamin D in Chronic Kidney Disease. Am. J. Nephrol. 2019, 49, 284–293. [Google Scholar] [CrossRef]

	



Grant, W.B.; Jude, E.B. The Importance of PTH for Heart Failure. Comment on Thiele et al. The Role of Vitamin D(3) as an Independent Predicting Marker for One-Year Mortality in Patients with Acute Heart Failure. J. Clin. Med. 2022, 11, 6038. [Google Scholar] [CrossRef]

	



Yang, B.; Lu, C.; Wu, Q.; Zhang, J.; Zhao, H.; Cao, Y. Parathyroid hormone, cardiovascular and all-cause mortality: A meta-analysis. Clin. Chim. Acta 2016, 455, 154–160. [Google Scholar] [CrossRef]

	



Pilz, S.; Iodice, S.; Zittermann, A.; Grant, W.B.; Gandini, S. Vitamin D status and mortality risk in CKD: A meta-analysis of prospective studies. Am. J. Kidney Dis. 2011, 58, 374–382. [Google Scholar] [CrossRef] [PubMed]

	



Mehrotra, R.; Kermah, D.A.; Salusky, I.B.; Wolf, M.S.; Thadhani, R.I.; Chiu, Y.W.; Martins, D.; Adler, S.G.; Norris, K.C. Chronic kidney disease, hypovitaminosis D, and mortality in the United States. Kidney Int. 2009, 76, 977–983. [Google Scholar] [CrossRef]

	



Drechsler, C.; Pilz, S.; Obermayer-Pietsch, B.; Verduijn, M.; Tomaschitz, A.; Krane, V.; Espe, K.; Dekker, F.; Brandenburg, V.; Marz, W.; et al. Vitamin D deficiency is associated with sudden cardiac death, combined cardiovascular events, and mortality in haemodialysis patients. Eur. Heart J. 2010, 31, 2253–2261. [Google Scholar] [CrossRef] [PubMed]

	



Bhattarai, H.K.; Shrestha, S.; Rokka, K.; Shakya, R. Vitamin D, Calcium, Parathyroid Hormone, and Sex Steroids in Bone Health and Effects of Aging. J. Osteoporos. 2020, 2020, 9324505. [Google Scholar] [CrossRef]

	



Duranton, F.; Rodriguez-Ortiz, M.E.; Duny, Y.; Rodriguez, M.; Daures, J.P.; Argiles, A. Vitamin D treatment and mortality in chronic kidney disease: A systematic review and meta-analysis. Am. J. Nephrol. 2013, 37, 239–248. [Google Scholar] [CrossRef] [PubMed]

	



Christodoulou, M.; Aspray, T.J.; Schoenmakers, I. Vitamin D Supplementation for Patients with Chronic Kidney Disease: A Systematic Review and Meta-analyses of Trials Investigating the Response to Supplementation and an Overview of Guidelines. Calcif. Tissue Int. 2021, 109, 157–178. [Google Scholar] [CrossRef] [PubMed]

	



Westerberg, P.A.; Sterner, G.; Ljunggren, O.; Isaksson, E.; Elvarson, F.; Dezfoolian, H.; Linde, T. High doses of cholecalciferol alleviate the progression of hyperparathyroidism in patients with CKD Stages 3–4: Results of a 12-week double-blind, randomized, controlled study. Nephrol. Dial. Transplant. 2018, 33, 466–471. [Google Scholar] [CrossRef]

	



Mokry, L.E.; Ross, S.; Morris, J.A.; Manousaki, D.; Forgetta, V.; Richards, J.B. Genetically decreased vitamin D and risk of Alzheimer disease. Neurology 2016, 87, 2567–2574. [Google Scholar] [CrossRef]

	



Wang, T.J.; Zhang, F.; Richards, J.B.; Kestenbaum, B.; van Meurs, J.B.; Kiel, D.P.; Streeten, E.A.; Ohlsson, C.; Koller, D.L.; Peltonen, L. Common genetic determinants of vitamin D insufficiency: A genome-wide association study. Lancet 2010, 376, 180–188. [Google Scholar] [CrossRef]

	



Lambert, J.C.; Ibrahim-Verbaas, C.A.; Harold, D.; Naj, A.C.; Sims, R.; Bellenguez, C.; Jun, G.; European Alzheimer’s Disease Initiative; Genetic and Environmental Risk in Alzheimer’s Disease; Alzheimer’s Disease Genetic Consortium; et al. Meta-analysis of 74,046 individuals identifies 11 new susceptibility loci for Alzheimer’s disease. Nat. Genet 2013, 45, 1452–1458. [Google Scholar] [CrossRef]

	



Wang, L.; Qiao, Y.; Zhang, H.; Zhang, Y.; Hua, J.; Jin, S.; Liu, G. Circulating Vitamin D Levels and Alzheimer’s Disease: A Mendelian Randomization Study in the IGAP and UK Biobank. J. Alzheimers Dis. 2020, 73, 609–618. [Google Scholar] [CrossRef] [PubMed]

	



Shea, M.K.; Barger, K.; Dawson-Hughes, B.; Leurgans, S.E.; Fu, X.; James, B.D.; Holland, T.M.; Agarwal, P.; Wang, J.; Matuszek, G.; et al. Brain vitamin D forms, cognitive decline, and neuropathology in community-dwelling older adults. Alzheimers Dement. 2022. [Google Scholar] [CrossRef] [PubMed]

	



Swerdlow, R.H.; Burns, J.M.; Khan, S.M. The Alzheimer’s disease mitochondrial cascade hypothesis: Progress and perspectives. Biochim. Biophys Acta 2014, 1842, 1219–1231. [Google Scholar] [CrossRef] [PubMed]

	



Terock, J.; Bonk, S.; Frenzel, S.; Wittfeld, K.; Garvert, L.; Hosten, N.; Nauck, M.; Volzke, H.; Van der Auwera, S.; Grabe, H.J. Vitamin D deficit is associated with accelerated brain aging in the general population. Psychiatry Res. Neuroimaging 2022, 327, 111558. [Google Scholar] [CrossRef]

	



Sikora, E.; Bielak-Zmijewska, A.; Dudkowska, M.; Krzystyniak, A.; Mosieniak, G.; Wesierska, M.; Wlodarczyk, J. Cellular Senescence in Brain Aging. Front. Aging Neurosci. 2021, 13, 646924. [Google Scholar] [CrossRef]

	



Sosa-Diaz, E.; Hernandez-Cruz, E.Y.; Pedraza-Chaverri, J. The role of vitamin D on redox regulation and cellular senescence. Free Radic. Biol. Med. 2022, 193, 253–273. [Google Scholar] [CrossRef]

	



Wang, X.; Wang, W.; Li, L.; Perry, G.; Lee, H.G.; Zhu, X. Oxidative stress and mitochondrial dysfunction in Alzheimer’s disease. Biochim. Biophys Acta 2014, 1842, 1240–1247. [Google Scholar] [CrossRef]

	



Weidling, I.; Swerdlow, R.H. Mitochondrial Dysfunction and Stress Responses in Alzheimer’s Disease. Biology 2019, 8, 39. [Google Scholar] [CrossRef]

	



Wimalawansa, S.J. Vitamin D Deficiency: Effects on Oxidative Stress, Epigenetics, Gene Regulation, and Aging. Biology 2019, 8, 30. [Google Scholar] [CrossRef]

	



Tonnies, E.; Trushina, E. Oxidative Stress, Synaptic Dysfunction, and Alzheimer’s Disease. J. Alzheimers Dis. 2017, 57, 1105–1121. [Google Scholar] [CrossRef]

	



Mehri, N.; Haddadi, R.; Ganji, M.; Shahidi, S.; Soleimani Asl, S.; Taheri Azandariani, M.; Ranjbar, A. Effects of vitamin D in an animal model of Alzheimer’s disease: Behavioral assessment with biochemical investigation of Hippocampus and serum. Metab. Brain Dis. 2020, 35, 263–274. [Google Scholar] [CrossRef]

	



Mehrabadi, S.; Sadr, S.S. Administration of Vitamin D(3) and E supplements reduces neuronal loss and oxidative stress in a model of rats with Alzheimer’s disease. Neurol. Res. 2020, 42, 862–868. [Google Scholar] [CrossRef] [PubMed]

	



Bivona, G.; Lo Sasso, B.; Gambino, C.M.; Giglio, R.V.; Scazzone, C.; Agnello, L.; Ciaccio, M. The Role of Vitamin D as a Biomarker in Alzheimer’s Disease. Brain Sci. 2021, 11, 334. [Google Scholar] [CrossRef]

	



Jayedi, A.; Rashidy-Pour, A.; Shab-Bidar, S. Vitamin D status and risk of dementia and Alzheimer’s disease: A meta-analysis of dose-response (dagger). Nutr. Neurosci. 2019, 22, 750–759. [Google Scholar] [CrossRef] [PubMed]

	



Littlejohns, T.J.; Kos, K.; Henley, W.E.; Kuzma, E.; Llewellyn, D.J. Vitamin D and Dementia. J. Prev. Alzheimers Dis. 2016, 3, 43–52. [Google Scholar] [CrossRef] [PubMed]

	



Ghahremani, M.; Smith, E.E.; Chen, H.Y.; Creese, B.; Goodarzi, Z.; Ismail, Z. Vitamin D supplementation and incident dementia: Effects of sex, APOE, and baseline cognitive status. Alzheimers Dement. (Amst.) 2023, 15, e12404. [Google Scholar] [CrossRef] [PubMed]

	



Devesa, S.S.; Grauman, D.J.; Blot, W.J.; Pennelo, G.A.; Hoover, R.N.; Fraumeni , J.F., Jr. Atlas of Cancer Mortality in the United States, 1950–94; National Institues of Health, National Cancer Institute: Bethesda, MD, USA, 1999; p. 360.

	



Grant, W.B. An estimate of premature cancer mortality in the U.S. due to inadequate doses of solar ultraviolet-B radiation. Cancer 2002, 94, 1867–1875. [Google Scholar] [CrossRef]

	



Grant, W.B.; Garland, C.F. The association of solar ultraviolet B (UVB) with reducing risk of cancer: Multifactorial ecologic analysis of geographic variation in age-adjusted cancer mortality rates. Anticancer Res. 2006, 26, 2687–2699. [Google Scholar]

	



Grant, W.B. Lower vitamin-D production from solar ultraviolet-B irradiance may explain some differences in cancer survival rates. J. Natl. Med. Assoc. 2006, 98, 357–364. [Google Scholar]

	



Grant, W.B. Role of solar UVB irradiance and smoking in cancer as inferred from cancer incidence rates by occupation in Nordic countries. Dermatoendocrinology 2012, 4, 203–211. [Google Scholar] [CrossRef]

	



Wilson, K.M.; Shui, I.M.; Mucci, L.A.; Giovannucci, E. Calcium and phosphorus intake and prostate cancer risk: A 24-y follow-up study. Am. J. Clin. Nutr. 2015, 101, 173–183. [Google Scholar] [CrossRef] [PubMed]

	



McCullough, M.L.; Zoltick, E.S.; Weinstein, S.J.; Fedirko, V.; Wang, M.; Cook, N.R.; Eliassen, A.H.; Zeleniuch-Jacquotte, A.; Agnoli, C.; Albanes, D.; et al. Circulating Vitamin D and Colorectal Cancer Risk: An International Pooling Project of 17 Cohorts. J. Natl. Cancer Inst. 2019, 111, 158–169. [Google Scholar] [CrossRef]

	



Visvanathan, K.; Mondul, A.M.; Zeleniuch-Jacquotte, A.; Wang, M.; Gail, M.H.; Yaun, S.S.; Weinstein, S.J.; McCullough, M.L.; Eliassen, A.H.; Cook, N.R.; et al. Circulating vitamin D and breast cancer risk: An international pooling project of 17 cohorts. Eur. J. Epidemiol. 2023, 38, 11–29. [Google Scholar] [CrossRef] [PubMed]

	



Oh, E.Y.; Ansell, C.; Nawaz, H.; Yang, C.H.; Wood, P.A.; Hrushesky, W.J. Global breast cancer seasonality. Breast Cancer Res. Treat. 2010, 123, 233–243. [Google Scholar] [CrossRef]

	



Bouillon, R.; Marcocci, C.; Carmeliet, G.; Bikle, D.; White, J.H.; Dawson-Hughes, B.; Lips, P.; Munns, C.F.; Lazaretti-Castro, M.; Giustina, A.; et al. Skeletal and Extraskeletal Actions of Vitamin D: Current Evidence and Outstanding Questions. Endocr. Rev. 2019, 40, 1109–1151. [Google Scholar] [CrossRef] [PubMed]

	



Madden, J.M.; Murphy, L.; Zgaga, L.; Bennett, K. De novo vitamin D supplement use post-diagnosis is associated with breast cancer survival. Breast Cancer Res. Treat. 2018, 172, 179–190. [Google Scholar] [CrossRef]

	



Munoz-Aguirre, P.; Flores, M.; Macias, N.; Quezada, A.D.; Denova-Gutierrez, E.; Salmeron, J. The effect of vitamin D supplementation on serum lipids in postmenopausal women with diabetes: A randomized controlled trial. Clin. Nutr. 2015, 34, 799–804. [Google Scholar] [CrossRef]

	



Jamshidinaeini, Y.; Akbari, M.E.; Abdollahi, M.; Ajami, M.; Davoodi, S.H. Vitamin D Status and Risk of Breast Cancer in Iranian Women: A Case-Control Study. J. Am. Coll. Nutr. 2016, 35, 639–646. [Google Scholar] [CrossRef]

	



Grant, W.B. How strong is the evidence that solar ultraviolet B and vitamin D reduce the risk of cancer?: An examination using Hill’s criteria for causality. Dermatoendocrinology 2009, 1, 17–24. [Google Scholar] [CrossRef]

	



Mohr, S.B.; Gorham, E.D.; Alcaraz, J.E.; Kane, C.I.; Macera, C.A.; Parsons, J.K.; Wingard, D.L.; Garland, C.F. Does the evidence for an inverse relationship between serum vitamin D status and breast cancer risk satisfy the Hill criteria? Dermatoendocrinology 2012, 4, 152–157. [Google Scholar] [CrossRef]

	



Keum, N.; Lee, D.H.; Greenwood, D.C.; Manson, J.E.; Giovannucci, E. Vitamin D supplementation and total cancer incidence and mortality: A meta-analysis of randomized controlled trials. Ann. Oncol. 2019, 30, 733–743. [Google Scholar] [CrossRef] [PubMed]

	



Niedermaier, T.; Gredner, T.; Kuznia, S.; Schottker, B.; Mons, U.; Brenner, H. Vitamin D supplementation to the older adult population in Germany has the cost-saving potential of preventing almost 30 000 cancer deaths per year. Mol. Oncol. 2021, 15, 1986–1994. [Google Scholar] [CrossRef] [PubMed]

	



Hope-Simpson, R.E. The role of season in the epidemiology of influenza. J. Hyg. 1981, 86, 35–47. [Google Scholar] [CrossRef] [PubMed]

	



Shaman, J.; Jeon, C.Y.; Giovannucci, E.; Lipsitch, M. Shortcomings of vitamin D-based model simulations of seasonal influenza. PLoS ONE 2011, 6, e20743. [Google Scholar] [CrossRef]

	



Tamerius, J.D.; Shaman, J.; Alonso, W.J.; Bloom-Feshbach, K.; Uejio, C.K.; Comrie, A.; Viboud, C. Environmental predictors of seasonal influenza epidemics across temperate and tropical climates. PLoS Pathog. 2013, 9, e1003194. [Google Scholar] [CrossRef]

	



Ianevski, A.; Zusinaite, E.; Shtaida, N.; Kallio-Kokko, H.; Valkonen, M.; Kantele, A.; Telling, K.; Lutsar, I.; Letjuka, P.; Metelitsa, N.; et al. Low Temperature and Low UV Indexes Correlated with Peaks of Influenza Virus Activity in Northern Europe during 2010(-)2018. Viruses 2019, 11, 207. [Google Scholar] [CrossRef]

	



Zhu, Z.; Zhu, X.; Gu, L.; Zhan, Y.; Chen, L.; Li, X. Association between Vitamin D and Influenza: Meta-Analysis and Systematic Review of Randomized Controlled Trials. Front. Nutr. 2021, 8, 799709. [Google Scholar] [CrossRef]

	



White, A.N.; Ng, V.; Spain, C.V.; Johnson, C.C.; Kinlin, L.M.; Fisman, D.N. Let the sun shine in: Effects of ultraviolet radiation on invasive pneumococcal disease risk in Philadelphia, Pennsylvania. BMC Infect. Dis. 2009, 9, 196. [Google Scholar] [CrossRef]

	



Lu, D.; Zhang, J.; Ma, C.; Yue, Y.; Zou, Z.; Yu, C.; Yin, F. Link between community-acquired pneumonia and vitamin D levels in older patients. Z. Gerontol. Geriatr. 2018, 51, 435–439. [Google Scholar] [CrossRef]

	



Smolders, J.; van den Ouweland, J.; Geven, C.; Pickkers, P.; Kox, M. Letter to the Editor: Vitamin D deficiency in COVID-19: Mixing up cause and consequence. Metabolism 2021, 115, 154434. [Google Scholar] [CrossRef]

	



Jolliffe, D.A.; Camargo, C.A., Jr.; Sluyter, J.D.; Aglipay, M.; Aloia, J.F.; Ganmaa, D.; Bergman, P.; Bischoff-Ferrari, H.A.; Borzutzky, A.; Damsgaard, C.T.; et al. Vitamin D supplementation to prevent acute respiratory infections: A systematic review and meta-analysis of aggregate data from randomised controlled trials. Lancet Diabetes Endocrinol. 2021, 9, 276–292. [Google Scholar] [CrossRef] [PubMed]

	



Grant, W.B.; Lahore, H.; McDonnell, S.L.; Baggerly, C.A.; French, C.B.; Aliano, J.L.; Bhattoa, H.P. Evidence that Vitamin D Supplementation Could Reduce Risk of Influenza and COVID-19 Infections and Deaths. Nutrients 2020, 12, 988. [Google Scholar] [CrossRef] [PubMed]

	



Grant, W.B.; Giovannucci, E. The possible roles of solar ultraviolet-B radiation and vitamin D in reducing case-fatality rates from the 1918-1919 influenza pandemic in the United States. Dermatoendocrinology 2009, 1, 215–219. [Google Scholar] [CrossRef] [PubMed]

	



AlSafar, H.; Grant, W.B.; Hijazi, R.; Uddin, M.; Alkaabi, N.; Tay, G.; Mahboub, B.; Al Anouti, F. COVID-19 Disease Severity and Death in Relation to Vitamin D Status among SARS-CoV-2-Positive UAE Residents. Nutrients 2021, 13, 1714. [Google Scholar] [CrossRef]

	



Alguwaihes, A.M.; Al-Sofiani, M.E.; Megdad, M.; Albader, S.S.; Alsari, M.H.; Alelayan, A.; Alzahrani, S.H.; Sabico, S.; Al-Daghri, N.M.; Jammah, A.A. Diabetes and COVID-19 among hospitalized patients in Saudi Arabia: A single-centre retrospective study. Cardiovasc. Diabetol. 2020, 19, 205. [Google Scholar] [CrossRef]

	



Sabico, S.; Enani, M.A.; Sheshah, E.; Aljohani, N.J.; Aldisi, D.A.; Alotaibi, N.H.; Alshingetti, N.; Alomar, S.Y.; Alnaami, A.M.; Amer, O.E.; et al. Effects of a 2-Week 5000 IU versus 1000 IU Vitamin D3 Supplementation on Recovery of Symptoms in Patients with Mild to Moderate COVID-19: A Randomized Clinical Trial. Nutrients 2021, 13, 2170. [Google Scholar] [CrossRef]

	



Oristrell, J.; Oliva, J.C.; Casado, E.; Subirana, I.; Dominguez, D.; Toloba, A.; Balado, A.; Grau, M. Vitamin D supplementation and COVID-19 risk: A population-based, cohort study. J. Endocrinol. Investig. 2022, 45, 167–179. [Google Scholar] [CrossRef]

	



Gibbons, J.B.; Norton, E.C.; McCullough, J.S.; Meltzer, D.O.; Lavigne, J.; Fiedler, V.C.; Gibbons, R.D. Association between vitamin D supplementation and COVID-19 infection and mortality. Sci. Rep. 2022, 12, 19397. [Google Scholar] [CrossRef]

	



di Filippo, L.; Uygur, M.; Locatelli, M.; Nannipieri, F.; Frara, S.; Giustina, A. Low vitamin D levels predict outcomes of COVID-19 in patients with both severe and non-severe disease at hospitalization. Endocrine 2023, 1–15. [Google Scholar] [CrossRef]

	



Quesada-Gomez, J.M.; Lopez-Miranda, J.; Entrenas-Castillo, M.; Casado-Diaz, A.; Nogues, Y.S.X.; Mansur, J.L.; Bouillon, R. Vitamin D Endocrine System and COVID-19: Treatment with Calcifediol. Nutrients 2022, 14, 2716. [Google Scholar] [CrossRef]

	



Griffin, G.; Hewison, M.; Hopkin, J.; Kenny, R.A.; Quinton, R.; Rhodes, J.; Subramanian, S.; Thickett, D. Perspective: Vitamin D supplementation prevents rickets and acute respiratory infections when given as daily maintenance but not as intermittent bolus: Implications for COVID-19. Clin. Med. 2021, 21, e144–e149. [Google Scholar] [CrossRef] [PubMed]

	



Entrenas Castillo, M.; Entrenas Costa, L.M.; Vaquero Barrios, J.M.; Alcala Diaz, J.F.; Lopez Miranda, J.; Bouillon, R.; Quesada Gomez, J.M. Effect of calcifediol treatment and best available therapy versus best available therapy on intensive care unit admission and mortality among patients hospitalized for COVID-19: A pilot randomized clinical study. J. Steroid. Biochem. Mol. Biol. 2020, 203, 105751. [Google Scholar] [CrossRef]

	



Kaufman, H.W.; Niles, J.K.; Kroll, M.H.; Bi, C.; Holick, M.F. SARS-CoV-2 positivity rates associated with circulating 25-hydroxyvitamin D levels. PLoS ONE 2020, 15, e0239252. [Google Scholar] [CrossRef]

	



Ben-Shabat, N.; Watad, A.; Shabat, A.; Bragazzi, N.L.; Comaneshter, D.; Cohen, A.D.; Amital, H. Low Vitamin D Levels Predict Mortality in Ankylosing Spondylitis Patients: A Nationwide Population-Based Cohort Study. Nutrients 2020, 12, 1400. [Google Scholar] [CrossRef]

	



Triantos, C.; Aggeletopoulou, I.; Mantzaris, G.J.; Mouzaki, A. Molecular basis of vitamin D action in inflammatory bowel disease. Autoimmun Rev. 2022, 21, 103136. [Google Scholar] [CrossRef] [PubMed]

	



Ascherio, A.; Munger, K.L.; Simon, K.C. Vitamin D and multiple sclerosis. Lancet Neurol. 2010, 9, 599–612. [Google Scholar] [CrossRef] [PubMed]

	



Harrison, S.R.; Li, D.; Jeffery, L.E.; Raza, K.; Hewison, M. Vitamin D, Autoimmune Disease and Rheumatoid Arthritis. Calcif. Tissue Int. 2020, 106, 58–75. [Google Scholar] [CrossRef]

	



Alharbi, S.; Alharbi, R.; Alhabib, E.; Ghunaim, R.; Alreefi, M.M. Vitamin D Deficiency in Saudi Patients with Rheumatoid Arthritis. Cureus 2023, 15, e34815. [Google Scholar] [CrossRef] [PubMed]

	



Farid, E.; Jaradat, A.A.; Al-Segai, O.; Hassan, A.B. Prevalence of Vitamin D Deficiency in Adult Patients with Systemic Lupus Erythematosus in Kingdom of Bahrain. Egypt J. Immunol. 2017, 24, 1–8. [Google Scholar]

	



Al-Daghri, N.M.; Al-Attas, O.S.; Alokail, M.S.; Alkharfy, K.M.; Yakout, S.M.; Aljohani, N.J.; Al Fawaz, H.; Al-Ajlan, A.S.; Sheshah, E.S.; Al-Yousef, M.; et al. Lower vitamin D status is more common among Saudi adults with diabetes mellitus type 1 than in non-diabetics. BMC Public Health 2014, 14, 153. [Google Scholar] [CrossRef]

	



Rasoul, M.A.; Al-Mahdi, M.; Al-Kandari, H.; Dhaunsi, G.S.; Haider, M.Z. Low serum vitamin-D status is associated with high prevalence and early onset of type-1 diabetes mellitus in Kuwaiti children. BMC Pediatr. 2016, 16, 95. [Google Scholar] [CrossRef] [PubMed]

	



AlGhamdi, K.; Kumar, A.; Moussa, N. The role of vitamin D in melanogenesis with an emphasis on vitiligo. Indian J. Dermatol. Venereol. Leprol. 2013, 79, 750–758. [Google Scholar] [CrossRef] [PubMed]

	



Hahn, J.; Cook, N.R.; Alexander, E.K.; Friedman, S.; Walter, J.; Bubes, V.; Kotler, G.; Lee, I.M.; Manson, J.E.; Costenbader, K.H. Vitamin D and marine omega 3 fatty acid supplementation and incident autoimmune disease: VITAL randomized controlled trial. BMJ 2022, 376, e066452. [Google Scholar] [CrossRef] [PubMed]

	



Joo, Y.B.; Lim, Y.H.; Kim, K.J.; Park, K.S.; Park, Y.J. Respiratory viral infections and the risk of rheumatoid arthritis. Arthritis Res. Ther. 2019, 21, 199. [Google Scholar] [CrossRef] [PubMed]

	



Sedighi, S.; Gholizadeh, O.; Yasamineh, S.; Akbarzadeh, S.; Amini, P.; Favakehi, P.; Afkhami, H.; Firouzi-Amandi, A.; Pahlevan, D.; Eslami, M.; et al. Comprehensive Investigations Relationship between Viral Infections and Multiple Sclerosis Pathogenesis. Curr. Microbiol. 2022, 80, 15. [Google Scholar] [CrossRef] [PubMed]

	



Cutolo, M.; Soldano, S.; Sulli, A.; Smith, V.; Gotelli, E. Influence of Seasonal Vitamin D Changes on Clinical Manifestations of Rheumatoid Arthritis and Systemic Sclerosis. Front. Immunol. 2021, 12, 683665. [Google Scholar] [CrossRef]

	



Sirbe, C.; Rednic, S.; Grama, A.; Pop, T.L. An Update on the Effects of Vitamin D on the Immune System and Autoimmune Diseases. Int. J. Mol. Sci. 2022, 23, 9784. [Google Scholar] [CrossRef]

	



Mazur, A.; Fraczek, P.; Tabarkiewicz, J. Vitamin D as a Nutri-Epigenetic Factor in Autoimmunity-A Review of Current Research and Reports on Vitamin D Deficiency in Autoimmune Diseases. Nutrients 2022, 14, 4286. [Google Scholar] [CrossRef]

	



Valvano, M.; Magistroni, M.; Cesaro, N.; Carlino, G.; Monaco, S.; Fabiani, S.; Vinci, A.; Vernia, F.; Viscido, A.; Latella, G. Effectiveness of Vitamin D Supplementation on Disease Course in Inflammatory Bowel Disease Patients: Systematic Review with Meta-Analysis. Inflamm. Bowel. Dis. 2022. [Google Scholar] [CrossRef]

	



El-Heis, S.; D’Angelo, S.; Curtis, E.M.; Healy, E.; Moon, R.J.; Crozier, S.R.; Inskip, H.; Cooper, C.; Harvey, N.C.; Godfrey, K.M.; et al. Maternal antenatal vitamin D supplementation and offspring risk of atopic eczema in the first 4 years of life: Evidence from a randomized controlled trial. Br. J. Dermatol. 2022, 187, 659–666. [Google Scholar] [CrossRef]

	



Godfrey, K.M.; Costello, P.M.; Lillycrop, K.A. Development, Epigenetics and Metabolic Programming. Nestle Nutr. Inst. Workshop Ser. 2016, 85, 71–80. [Google Scholar] [CrossRef] [PubMed]

	



Pilz, S.; Zittermann, A.; Obeid, R.; Hahn, A.; Pludowski, P.; Trummer, C.; Lerchbaum, E.; Perez-Lopez, F.R.; Karras, S.N.; Marz, W. The Role of Vitamin D in Fertility and during Pregnancy and Lactation: A Review of Clinical Data. Int. J. Environ. Res. Public. Health 2018, 15, 2241. [Google Scholar] [CrossRef] [PubMed]

	



Kiely, M.E.; Wagner, C.L.; Roth, D.E. Vitamin D in pregnancy: Where we are and where we should go. J. Steroid. Biochem. Mol. Biol. 2020, 201, 105669. [Google Scholar] [CrossRef] [PubMed]

	



Pilz, S.; Trummer, C.; Theiler-Schwetz, V.; Grubler, M.R.; Verheyen, N.D.; Odler, B.; Karras, S.N.; Zittermann, A.; Marz, W. Critical Appraisal of Large Vitamin D Randomized Controlled Trials. Nutrients 2022, 14, 303. [Google Scholar] [CrossRef]

	



de Angelis, C.; Galdiero, M.; Pivonello, C.; Garifalos, F.; Menafra, D.; Cariati, F.; Salzano, C.; Galdiero, G.; Piscopo, M.; Vece, A.; et al. The role of vitamin D in male fertility: A focus on the testis. Rev. Endocr. Metab. Disord. 2017, 18, 285–305. [Google Scholar] [CrossRef]

	



Jukic, A.M.Z.; Baird, D.D.; Weinberg, C.R.; Wilcox, A.J.; McConnaughey, D.R.; Steiner, A.Z. Pre-conception 25-hydroxyvitamin D (25(OH)D) and fecundability. Hum. Reprod. 2019, 34, 2163–2172. [Google Scholar] [CrossRef]

	



Larque, E.; Morales, E.; Leis, R.; Blanco-Carnero, J.E. Maternal and Foetal Health Implications of Vitamin D Status during Pregnancy. Ann. Nutr. Metab. 2018, 72, 179–192. [Google Scholar] [CrossRef]

	



Sampathkumar, A.; Tan, K.M.; Chen, L.; Chong, M.F.F.; Yap, F.; Godfrey, K.M.; Chong, Y.S.; Gluckman, P.D.; Ramasamy, A.; Karnani, N. Genetic Link Determining the Maternal-Fetal Circulation of Vitamin D. Front. Genet. 2021, 12, 721488. [Google Scholar] [CrossRef]

	



Wagner, C.L.; Hollis, B.W. The Implications of Vitamin D Status During Pregnancy on Mother and her Developing Child. Front. Endocrinol. 2018, 9, 500. [Google Scholar] [CrossRef]

	



Suarez-Varela, M.M.; Ucar, N.; Peraita-Costa, I.; Huertas, M.F.; Soriano, J.M.; Llopis-Morales, A.; Grant, W.B. Vitamin D-Related Risk Factors for Maternal Morbidity during Pregnancy: A Systematic Review. Nutrients 2022, 14, 3166. [Google Scholar] [CrossRef]

	



Morales-Suarez-Varela, M.; Ucar, N.; Soriano, J.M.; Llopis-Morales, A.; Sanford, B.S.; Grant, W.B. Vitamin D-Related Risk Factors for Maternal Morbidity and Mortality during Pregnancy: Systematic Review and Meta-Analysis. Nutrients 2022, 14, 4124. [Google Scholar] [CrossRef]

	



Milajerdi, A.; Abbasi, F.; Mousavi, S.M.; Esmaillzadeh, A. Maternal vitamin D status and risk of gestational diabetes mellitus: A systematic review and meta-analysis of prospective cohort studies. Clin. Nutr. 2021, 40, 2576–2586. [Google Scholar] [CrossRef]

	



Hollis, B.W.; Wagner, C.L.; Howard, C.R.; Ebeling, M.; Shary, J.R.; Smith, P.G.; Taylor, S.N.; Morella, K.; Lawrence, R.A.; Hulsey, T.C. Maternal Versus Infant Vitamin D Supplementation During Lactation: A Randomized Controlled Trial. Pediatrics 2015, 136, 625–634. [Google Scholar] [CrossRef] [PubMed]

	



Teaema, F.H.; Al Ansari, K. Nineteen cases of symptomatic neonatal hypocalcemia secondary to vitamin D deficiency: A 2-year study. J. Trop. Pediatr. 2010, 56, 108–110. [Google Scholar] [CrossRef]

	



Maiya, S.; Sullivan, I.; Allgrove, J.; Yates, R.; Malone, M.; Brain, C.; Archer, N.; Mok, Q.; Daubeney, P.; Tulloh, R.; et al. Hypocalcaemia and vitamin D deficiency: An important, but preventable, cause of life-threatening infant heart failure. Heart 2008, 94, 581–584. [Google Scholar] [CrossRef]

	



Fouda, M.A.; Turkestani, I.Z.; Almusharraf, S.; Al-Ajlan, A.; Angkaya-Bagayawa, F.F.; Sabico, S.; Mohammed, A.G.; Hassanato, R.; Al-Serehi, A.; Alshingetti, N.M.; et al. Extremely High Prevalence of Maternal and Neonatal Vitamin D Deficiency in the Arab Population. Neonatology 2017, 112, 225–230. [Google Scholar] [CrossRef]

	



Al-Ajlan, A.; Al-Musharaf, S.; Fouda, M.A.; Krishnaswamy, S.; Wani, K.; Aljohani, N.J.; Al-Serehi, A.; Sheshah, E.; Alshingetti, N.M.; Turkistani, I.Z.; et al. Lower vitamin D levels in Saudi pregnant women are associated with higher risk of developing GDM. BMC Pregnancy Childbirth 2018, 18, 86. [Google Scholar] [CrossRef]

	



Rostami, M.; Tehrani, F.R.; Simbar, M.; Bidhendi Yarandi, R.; Minooee, S.; Hollis, B.W.; Hosseinpanah, F. Effectiveness of Prenatal Vitamin D Deficiency Screening and Treatment Program: A Stratified Randomized Field Trial. J. Clin. Endocrinol. Metab. 2018, 103, 2936–2948. [Google Scholar] [CrossRef]

	



Rostami, M.; Simbar, M.; Amiri, M.; Bidhendi-Yarandi, R.; Hosseinpanah, F.; Ramezani Tehrani, F. The optimal cut-off point of vitamin D for pregnancy outcomes using a generalized additive model. Clin. Nutr. 2021, 40, 2145–2153. [Google Scholar] [CrossRef]

	



Merewood, A.; Mehta, S.D.; Chen, T.C.; Bauchner, H.; Holick, M.F. Association between vitamin D deficiency and primary cesarean section. J. Clin. Endocrinol. Metab. 2009, 94, 940–945. [Google Scholar] [CrossRef]

	



Saha, S.; Saha, S. A comparison of the risk of cesarean section in gestational diabetes mellitus patients supplemented antenatally with vitamin D containing supplements versus placebo: A systematic review and meta-analysis of double-blinded randomized controlled trials. J. Turk. Ger. Gynecol. Assoc. 2020, 21, 201–212. [Google Scholar] [CrossRef]

	



McDonnell, S.L.; Baggerly, K.A.; Baggerly, C.A.; Aliano, J.L.; French, C.B.; Baggerly, L.L.; Ebeling, M.D.; Rittenberg, C.S.; Goodier, C.G.; Mateus Nino, J.F.; et al. Maternal 25(OH)D concentrations >/=40 ng/mL associated with 60% lower preterm birth risk among general obstetrical patients at an urban medical center. PLoS ONE 2017, 12, e0180483. [Google Scholar] [CrossRef]

	



Cannell, J.J.; Hollis, B.W.; Sorenson, M.B.; Taft, T.N.; Anderson, J.J. Athletic performance and vitamin D. Med. Sci. Sports Exerc. 2009, 41, 1102–1110. [Google Scholar] [CrossRef]

	



Hamilton, B. Vitamin D and human skeletal muscle. Scand J. Med. Sci. Sport. 2010, 20, 182–190. [Google Scholar] [CrossRef]

	



Simpson, R.U.; Thomas, G.A.; Arnold, A.J. Identification of 1,25-dihydroxyvitamin D3 receptors and activities in muscle. J. Biol. Chem. 1985, 260, 8882–8891. [Google Scholar] [CrossRef]

	



Berchtold, M.W.; Brinkmeier, H.; Muntener, M. Calcium ion in skeletal muscle: Its crucial role for muscle function, plasticity, and disease. Physiol. Rev. 2000, 80, 1215–1265. [Google Scholar] [CrossRef]

	



Liao, L.; Chen, X.; Wang, S.; Parlow, A.F.; Xu, J. Steroid receptor coactivator 3 maintains circulating insulin-like growth factor I (IGF-I) by controlling IGF-binding protein 3 expression. Mol. Cell Biol. 2008, 28, 2460–2469. [Google Scholar] [CrossRef]

	



Goldspink, G. Mechanical signals, IGF-I gene splicing, and muscle adaptation. Physiology 2005, 20, 232–238. [Google Scholar] [CrossRef]

	



Jastrzebska, J.; Skalska, M.; Radziminski, L.; Lopez-Sanchez, G.F.; Weiss, K.; Hill, L.; Knechtle, B. Changes of 25(OH)D Concentration, Bone Resorption Markers and Physical Performance as an Effect of Sun Exposure, Supplementation of Vitamin D and Lockdown among Young Soccer Players during a One-Year Training Season. Nutrients 2022, 14, 521. [Google Scholar] [CrossRef]

	



Lee, C.G.; Boyko, E.J.; Strotmeyer, E.S.; Lewis, C.E.; Cawthon, P.M.; Hoffman, A.R.; Everson-Rose, S.A.; Barrett-Connor, E.; Orwoll, E.S.; Osteoporotic Fractures in Men Study Research, G. Association between insulin resistance and lean mass loss and fat mass gain in older men without diabetes mellitus. J. Am. Geriatr. Soc. 2011, 59, 1217–1224. [Google Scholar] [CrossRef]

	



Bischoff-Ferrari, H.A. Relevance of vitamin D in muscle health. Rev. Endocr. Metab. Disord. 2012, 13, 71–77. [Google Scholar] [CrossRef]

	



Bischoff-Ferrari, H.A.; Dawson-Hughes, B.; Staehelin, H.B.; Orav, J.E.; Stuck, A.E.; Theiler, R.; Wong, J.B.; Egli, A.; Kiel, D.P.; Henschkowski, J. Fall prevention with supplemental and active forms of vitamin D: A meta-analysis of randomised controlled trials. BMJ 2009, 339, b3692. [Google Scholar] [CrossRef]

	



Bischoff-Ferrari, H.A.; Dawson-Hughes, B.; Willett, W.C.; Staehelin, H.B.; Bazemore, M.G.; Zee, R.Y.; Wong, J.B. Effect of Vitamin D on falls: A meta-analysis. JAMA 2004, 291, 1999–2006. [Google Scholar] [CrossRef]

	



Garcia, M.; Seelaender, M.; Sotiropoulos, A.; Coletti, D.; Lancha, A.H., Jr. Vitamin D, muscle recovery, sarcopenia, cachexia, and muscle atrophy. Nutrition 2019, 60, 66–69. [Google Scholar] [CrossRef]

	



Lancha, A.H., Jr.; Zanella, R., Jr.; Tanabe, S.G.; Andriamihaja, M.; Blachier, F. Dietary protein supplementation in the elderly for limiting muscle mass loss. Amino Acids 2017, 49, 33–47. [Google Scholar] [CrossRef]

	



Wagatsuma, A.; Sakuma, K. Vitamin D signaling in myogenesis: Potential for treatment of sarcopenia. Biomed. Res. Int. 2014, 2014, 121254. [Google Scholar] [CrossRef]

	



Remelli, F.; Vitali, A.; Zurlo, A.; Volpato, S. Vitamin D Deficiency and Sarcopenia in Older Persons. Nutrients 2019, 11, 2861. [Google Scholar] [CrossRef]

	



Evans, W.J.; Morley, J.E.; Argiles, J.; Bales, C.; Baracos, V.; Guttridge, D.; Jatoi, A.; Kalantar-Zadeh, K.; Lochs, H.; Mantovani, G.; et al. Cachexia: A new definition. Clin. Nutr. 2008, 27, 793–799. [Google Scholar] [CrossRef]

	



Dzik, K.P.; Kaczor, J.J. Mechanisms of vitamin D on skeletal muscle function: Oxidative stress, energy metabolism and anabolic state. Eur. J. Appl. Physiol. 2019, 119, 825–839. [Google Scholar] [CrossRef]

	



Parikh, S.J.; Edelman, M.; Uwaifo, G.I.; Freedman, R.J.; Semega-Janneh, M.; Reynolds, J.; Yanovski, J.A. The relationship between obesity and serum 1,25-dihydroxy vitamin D concentrations in healthy adults. J. Clin. Endocrinol. Metab. 2004, 89, 1196–1199. [Google Scholar] [CrossRef]

	



Cheng, S.; Massaro, J.M.; Fox, C.S.; Larson, M.G.; Keyes, M.J.; McCabe, E.L.; Robins, S.J.; O’Donnell, C.J.; Hoffmann, U.; Jacques, P.F.; et al. Adiposity, cardiometabolic risk, and vitamin D status: The Framingham Heart Study. Diabetes 2010, 59, 242–248. [Google Scholar] [CrossRef]

	



Looker, A.C. Body fat and vitamin D status in black versus white women. J. Clin. Endocrinol. Metab. 2005, 90, 635–640. [Google Scholar] [CrossRef]

	



Wortsman, J.; Matsuoka, L.Y.; Chen, T.C.; Lu, Z.; Holick, M.F. Decreased bioavailability of vitamin D in obesity. Am. J. Clin. Nutr. 2000, 72, 690–693. [Google Scholar] [CrossRef] [PubMed]

	



Walsh, J.S.; Bowles, S.; Evans, A.L. Vitamin D in obesity. Curr. Opin. Endocrinol. Diabetes Obes. 2017, 24, 389–394. [Google Scholar] [CrossRef]

	



Drincic, A.T.; Armas, L.A.; Van Diest, E.E.; Heaney, R.P. Volumetric dilution, rather than sequestration best explains the low vitamin D status of obesity. Obesity 2012, 20, 1444–1448. [Google Scholar] [CrossRef]

	



Wamberg, L.; Christiansen, T.; Paulsen, S.K.; Fisker, S.; Rask, P.; Rejnmark, L.; Richelsen, B.; Pedersen, S.B. Expression of vitamin D-metabolizing enzymes in human adipose tissue—The effect of obesity and diet-induced weight loss. Int. J. Obes. 2013, 37, 651–657. [Google Scholar] [CrossRef]

	



Reinehr, T.; de Sousa, G.; Alexy, U.; Kersting, M.; Andler, W. Vitamin D status and parathyroid hormone in obese children before and after weight loss. Eur. J. Endocrinol. 2007, 157, 225–232. [Google Scholar] [CrossRef] [PubMed]

	



Cordeiro, A.; Santos, A.; Bernardes, M.; Ramalho, A.; Martins, M.J. Vitamin D metabolism in human adipose tissue: Could it explain low vitamin D status in obesity? Horm. Mol. Biol. Clin. Investig. 2017, 33, 20170003. [Google Scholar] [CrossRef] [PubMed]

	



Ekwaru, J.P.; Zwicker, J.D.; Holick, M.F.; Giovannucci, E.; Veugelers, P.J. The importance of body weight for the dose response relationship of oral vitamin D supplementation and serum 25-hydroxyvitamin D in healthy volunteers. PLoS ONE 2014, 9, e111265. [Google Scholar] [CrossRef] [PubMed]

	



Veugelers, P.J.; Ekwaru, J.P. A statistical error in the estimation of the recommended dietary allowance for vitamin D. Nutrients 2014, 6, 4472–4475. [Google Scholar] [CrossRef] [PubMed]

	



Nimitphong, H.; Park, E.; Lee, M.J. Vitamin D regulation of adipogenesis and adipose tissue functions. Nutr. Res. Pract. 2020, 14, 553–567. [Google Scholar] [CrossRef]

	



Szymczak-Pajor, I.; Miazek, K.; Selmi, A.; Balcerczyk, A.; Sliwinska, A. The Action of Vitamin D in Adipose Tissue: Is There the Link between Vitamin D Deficiency and Adipose Tissue-Related Metabolic Disorders? Int. J. Mol. Sci. 2022, 23, 956. [Google Scholar] [CrossRef]

	



Pannu, P.K.; Zhao, Y.; Soares, M.J. Reductions in body weight and percent fat mass increase the vitamin D status of obese subjects: A systematic review and metaregression analysis. Nutr. Res. 2016, 36, 201–213. [Google Scholar] [CrossRef]

	



Mason, C.; Xiao, L.; Imayama, I.; Duggan, C.R.; Bain, C.; Foster-Schubert, K.E.; Kong, A.; Campbell, K.L.; Wang, C.Y.; Neuhouser, M.L.; et al. Effects of weight loss on serum vitamin D in postmenopausal women. Am. J. Clin. Nutr. 2011, 94, 95–103. [Google Scholar] [CrossRef]

	



Golzarand, M.; Hollis, B.W.; Mirmiran, P.; Wagner, C.L.; Shab-Bidar, S. Vitamin D supplementation and body fat mass: A systematic review and meta-analysis. Eur. J. Clin. Nutr. 2018, 72, 1345–1357. [Google Scholar] [CrossRef]

	



Evans, A.L.; Paggiosi, M.A.; Eastell, R.; Walsh, J.S. Bone density, microstructure and strength in obese and normal weight men and women in younger and older adulthood. J. Bone Miner. Res. 2015, 30, 920–928. [Google Scholar] [CrossRef]

	



Dimitri, P.; Bishop, N.; Walsh, J.S.; Eastell, R. Obesity is a risk factor for fracture in children but is protective against fracture in adults: A paradox. Bone 2012, 50, 457–466. [Google Scholar] [CrossRef]

	



Lopez-Gomez, J.J.; Perez-Castrillon, J.L.; Garcia de Santos, I.; Perez-Alonso, M.; Izaola-Jauregui, O.; Primo-Martin, D.; De Luis-Roman, D.A. Influence of Obesity on Bone Turnover Markers and Fracture Risk in Postmenopausal Women. Nutrients 2022, 14, 1617. [Google Scholar] [CrossRef]

	



Pinar-Gutierrez, A.; Garcia-Fontana, C.; Garcia-Fontana, B.; Munoz-Torres, M. Obesity and Bone Health: A Complex Relationship. Int. J. Mol. Sci. 2022, 23, 8303. [Google Scholar] [CrossRef]

	



Pludowski, P.; Holick, M.F.; Pilz, S.; Wagner, C.L.; Hollis, B.W.; Grant, W.B.; Shoenfeld, Y.; Lerchbaum, E.; Llewellyn, D.J.; Kienreich, K.; et al. Vitamin D effects on musculoskeletal health, immunity, autoimmunity, cardiovascular disease, cancer, fertility, pregnancy, dementia and mortality-a review of recent evidence. Autoimmun. Rev. 2013, 12, 976–989. [Google Scholar] [CrossRef]

	



Mousa, A.; Naderpoor, N.; de Courten, M.P.J.; de Courten, B. Vitamin D and symptoms of depression in overweight or obese adults: A cross-sectional study and randomized placebo-controlled trial. J. Steroid. Biochem. Mol. Biol. 2018, 177, 200–208. [Google Scholar] [CrossRef]

	



Moukayed, M.; Grant, W.B. Linking the metabolic syndrome and obesity with vitamin D status: Risks and opportunities for improving cardiometabolic health and well-being. Diabetes Metab. Syndr. Obes. 2019, 12, 1437–1447. [Google Scholar] [CrossRef]

	



Grant, W.B.; Al Anouti, F.; Moukayed, M. Targeted 25-hydroxyvitamin D concentration measurements and vitamin D(3) supplementation can have important patient and public health benefits. Eur. J. Clin. Nutr. 2020, 74, 366–376. [Google Scholar] [CrossRef]

	



Ardawi, M.S.; Qari, M.H.; Rouzi, A.A.; Maimani, A.A.; Raddadi, R.M. Vitamin D status in relation to obesity, bone mineral density, bone turnover markers and vitamin D receptor genotypes in healthy Saudi pre- and postmenopausal women. Osteoporos. Int. 2011, 22, 463–475. [Google Scholar] [CrossRef]

	



Ardawi, M.S.; Sibiany, A.M.; Bakhsh, T.M.; Qari, M.H.; Maimani, A.A. High prevalence of vitamin D deficiency among healthy Saudi Arabian men: Relationship to bone mineral density, parathyroid hormone, bone turnover markers, and lifestyle factors. Osteoporos. Int. 2012, 23, 675–686. [Google Scholar] [CrossRef]

	



Sadiya, A.; Ahmed, S.M.; Carlsson, M.; Tesfa, Y.; George, M.; Ali, S.H.; Siddieg, H.H.; Abusnana, S. Vitamin D3 supplementation and body composition in persons with obesity and type 2 diabetes in the UAE: A randomized controlled double-blinded clinical trial. Clin. Nutr. 2016, 35, 77–82. [Google Scholar] [CrossRef]

	



Al Zarooni, A.A.R.; Al Marzouqi, F.I.; Al Darmaki, S.H.; Prinsloo, E.A.M.; Nagelkerke, N. Prevalence of vitamin D deficiency and associated comorbidities among Abu Dhabi Emirates population. BMC Res. Notes 2019, 12, 503. [Google Scholar] [CrossRef]

	



Razzak, H.A.; Harbi, A.; Ahli, S. Depression: Prevalence and Associated Risk Factors in the United Arab Emirates. Oman. Med. J. 2019, 34, 274–282. [Google Scholar] [CrossRef]

	



Althumiri, N.A.; Basyouni, M.H.; AlMousa, N.; AlJuwaysim, M.F.; Alhamdan, A.A.; Al-Qahtani, F.S.; BinDhim, N.F.; Alqahtani, S.A. Exploring Weight Stigma in Saudi Arabia: A Nationwide Cross-Sectional Study. Int. J. Environ. Res. Public Health 2021, 18, 9141. [Google Scholar] [CrossRef]

	



Pludowski, P.; Kos-Kudła, B.; Walczak, M.; Fal, A.; Zozuli´nska-Ziółkiewicz, D.; Sieroszewski, P.; Peregud-Pogorzelski, J.; Lauterbach, R.; Targowski, T.; Lewi´nski, A.; et al. Guidelines for Preventing and Treating Vitamin D Deficiency: A 2023 Update in Poland. Nutrients 2023, 15, 695. [Google Scholar] [CrossRef]

	



Pilz, S.; Marz, W.; Cashman, K.D.; Kiely, M.E.; Whiting, S.J.; Holick, M.F.; Grant, W.B.; Pludowski, P.; Hiligsmann, M.; Trummer, C.; et al. Rationale and Plan for Vitamin D Food Fortification: A Review and Guidance Paper. Front. Endocrinol. 2018, 9, 373. [Google Scholar] [CrossRef] [PubMed]

	



Lips, P.; de Jongh, R.T.; van Schoor, N.M. Trends in Vitamin D Status around the World. JBMR Plus 2021, 5, e10585. [Google Scholar] [CrossRef] [PubMed]

	



Ames, B.N.; Grant, W.B.; Willett, W.C. Does the High Prevalence of Vitamin D Deficiency in African Americans Contribute to Health Disparities? Nutrients 2021, 13, 499. [Google Scholar] [CrossRef] [PubMed]

	



Crowe, F.L.; Steur, M.; Allen, N.E.; Appleby, P.N.; Travis, R.C.; Key, T.J. Plasma concentrations of 25-hydroxyvitamin D in meat eaters, fish eaters, vegetarians and vegans: Results from the EPIC-Oxford study. Public Health Nutr. 2011, 14, 340–346. [Google Scholar] [CrossRef]

	



Leal, A.; Correa, M.P.; Holick, M.F.; Melo, E.V.; Lazaretti-Castro, M. Sun-induced production of vitamin D3 throughout 1 year in tropical and subtropical regions: Relationship with latitude, cloudiness, UV-B exposure and solar zenith angle. Photochem. Photobiol. Sci. 2021, 20, 265–274. [Google Scholar] [CrossRef]

	



Bikle, D.; Christakos, S. New aspects of vitamin D metabolism and action—Addressing the skin as source and target. Nat. Rev. Endocrinol. 2020, 16, 234–252. [Google Scholar] [CrossRef] [PubMed]

	



Minisola, S.; Colangelo, L.; Cipriani, C.; Pepe, J.; Cook, D.P.; Mathieu, C. Screening for hypovitaminosis D: Cost-effective or not? Eur. J. Endocrinol. 2019, 180, D1–D7. [Google Scholar] [CrossRef]

	



Jaaskelainen, T.; Itkonen, S.T.; Lundqvist, A.; Erkkola, M.; Koskela, T.; Lakkala, K.; Dowling, K.G.; Hull, G.L.; Kroger, H.; Karppinen, J.; et al. The positive impact of general vitamin D food fortification policy on vitamin D status in a representative adult Finnish population: Evidence from an 11-y follow-up based on standardized 25-hydroxyvitamin D data. Am. J. Clin. Nutr. 2017, 105, 1512–1520. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Mortality rates in 2016 for KSA and the UAE [41].






Table 1. Mortality rates in 2016 for KSA and the UAE [41].





	Outcome
	KSA M *
	KSA, F *
	UAE, M *
	UAE, F *





	All-cause
	777
	608
	604
	511



	IHD
	219
	154
	182
	144



	Stroke
	86
	76
	74
	67



	Cancer
	64
	57
	55
	62



	Kidney disease
	50
	41
	34
	27



	Alzheimer’s disease
	46
	44
	34
	40



	Respiratory
	46
	42
	24
	18



	Diabetes
	30
	25
	39
	40







(*) deaths/100,000/year; F, female; IHD, ischaemic heart disease; M, male.
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Table 2. Estimate of reduction in MI incidence rate in the UAE by raising minimum 25(OH)D concentration to 30 ng/mL using 25(OH)D data from UAE [85] and results from a U.S. veterans study [80].






Table 2. Estimate of reduction in MI incidence rate in the UAE by raising minimum 25(OH)D concentration to 30 ng/mL using 25(OH)D data from UAE [85] and results from a U.S. veterans study [80].













	Lower 25(OH)D (ng/mL)
	Upper 25(OH)D (ng/mL)
	% in Lower Range in UAE
	HR Lower (95% CI)
	Reduction for 25(OH)D = 30–40 ng/mL (95% CI)
	MI Reduction in the UAE (95% CI)





	<20
	>30
	64
	0.73 (0.55 to 0.96)
	−0.27 (−0.45 to −0.04)
	−0.17 (−0.29 to −0.03)



	20–30
	>30
	22
	0.65 (0.49 to 0.85)
	−0.35 (−0.51 to −0.15)
	−0.08 (−0.11 to −0.03)



	
	
	
	
	
	−0.25 (−0.40 to −0.06)
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Table 3. Estimate of reduction in MI incidence rate in the KSA by raising minimum 25(OH)D concentration to 30 ng/mL using 25(OH)D data from [86] and results from a U.S. veterans study [80].






Table 3. Estimate of reduction in MI incidence rate in the KSA by raising minimum 25(OH)D concentration to 30 ng/mL using 25(OH)D data from [86] and results from a U.S. veterans study [80].












	Lower 25(OH)D (ng/mL)
	Upper 25(OH)D (ng/mL)
	% in Lower Range in KSA
	HR Lower (95% CI)
	MI Reduction in the KSA (95% CI)





	<20
	>30
	76
	0.73 (0.55 to 0.96)
	−0.21 (−0.34 to −0.03)



	20–30
	>30
	20
	0.65 (0.49 to 0.85)
	−0.07 (−0.10 to −0.03)



	
	
	
	
	−0.28 (−0.44 to −0.06)
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Table 4. Estimate of reduction in stroke incidence rate in the UAE by raising minimum 25(OH)D concentration to 30 ng/mL using 25(OH)D data from [85] and results from a U.S. study [84].






Table 4. Estimate of reduction in stroke incidence rate in the UAE by raising minimum 25(OH)D concentration to 30 ng/mL using 25(OH)D data from [85] and results from a U.S. study [84].













	Lower 25(OH)D (ng/mL)
	Upper 25(OH)D (ng/mL)
	% in Lower Range in UAE
	HR (95% CI)
	1/HR (95% CI)
	Stoke Reduction in the UAE (95% CI)





	<20
	20–30
	64
	1.85 (1.17–2.93)
	0.54 (0.34 to 0.85)
	−0.29 (−0.42 to −0.10)



	<20
	>30
	22
	1.33 (0.89–1.96)
	0.75 (0.51 to 1.12)
	−0.06 (−0.11 to 0.03)



	
	
	
	
	
	−0.35 (−0.53 to −0.07)
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Table 5. Estimate of reduction in stroke incidence rate in the KSA by raising minimum 25(OH)D concentration to 30 ng/mL using 25(OH)D data from [86] and results from a U.S. study [84].






Table 5. Estimate of reduction in stroke incidence rate in the KSA by raising minimum 25(OH)D concentration to 30 ng/mL using 25(OH)D data from [86] and results from a U.S. study [84].













	Lower 25(OH)D (ng/mL)
	Upper 25(OH)D (ng/mL)
	% in Lower Range in KSA
	HR (95% CI)
	1/HR (95% CI)
	Stoke Reduction in the KSA (95% CI)





	<20
	20–30
	76
	1.85 (1.17–2.93)
	0.54 (0.34 to 0.85)
	−0.35 (−0.50 to −0.11)



	<20
	>30
	20
	1.33 (0.89–1.96)
	0.75 (0.51 to 1.12)
	−0.05 (−0.10 to 0.02)



	
	
	
	
	
	−0.40 (−0.60 to −0.09)
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Table 6. Estimate of reduction in CVD mortality rate in the UAE by raising minimum 25(OH)D concentration to 30 ng/mL using 25(OH)D data from [85] and results from northern Europe [78].






Table 6. Estimate of reduction in CVD mortality rate in the UAE by raising minimum 25(OH)D concentration to 30 ng/mL using 25(OH)D data from [85] and results from northern Europe [78].













	Lower 25(OH)D (ng/mL)
	% in Lower Range in UAE
	HR (95% CI)
	1/HR (95% CI)
	Reduction for 25(OH)D 30–40 ng/mL (95% CI)
	Reduction for 30–40 ng/mL (Fraction) (95% CI)





	<12
	31
	2.21 (1.50–3.26)
	0.45 (0.30–0.67)
	−0.55 (−0.70 to −0.33)
	−0.17 (−0.22 to −0.10)



	12–16
	14
	1.61 (1.46–1.77)
	0.62 (0.56–0.68)
	−0.38 (−0.44 to −0.32)
	−0.05 (−0.06 to −0.04)



	16–20
	12
	1.65 (1.39–1.97)
	0.61 (0.51–0.72)
	−0.39 (−0.49 to −0.28)
	−0.05 (−0.06 to −0.03)



	20–30
	20
	1.37 (1.12–1.67)
	0.73 (0.60–0.89)
	−0.27 (−0.40 to −0.11)
	−0.05 (−0.08 to −0.02)



	>30
	
	1.0
	1.00
	0
	



	
	
	
	
	sum
	−0.32 (−0.40 to −0.19)
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Table 7. Estimate of reduction in CVD mortality rate in the KSA by raising minimum 25(OH)D concentration to 30 ng/mL using 25(OH)D data from [86] and results from northern Europe [78].






Table 7. Estimate of reduction in CVD mortality rate in the KSA by raising minimum 25(OH)D concentration to 30 ng/mL using 25(OH)D data from [86] and results from northern Europe [78].













	Lower 25(OH)D (ng/mL)
	% in Lower Range in KSA
	HR (95% CI)
	1/HR (95% CI)
	Reduction for 25(OH)D 30–40 ng/mL (95% CI)
	Reduction for 30–40 ng/mL (Fraction) (95% CI)





	<12
	17
	2.21 (1.50–3.26)
	0.45 (0.30–0.67)
	−0.55 (−0.70 to −0.33)
	−0.09 (−0.12 to −0.06)



	12–16
	32?
	1.61 (1.46–1.77)
	0.62 (0.56–0.68)
	−0.38 (−0.44 to −0.32)
	−0.12 (−0.14 to −0.09)



	16–20
	27?
	1.65 (1.39–1.97)
	0.61 (0.51–0.72)
	−0.39 (−0.49 to −0.28)
	−0.11 (−0.13 to −0.08)



	20–30
	20
	1.37 (1.12–1.67)
	0.73 (0.60–0.89)
	−0.27 (−0.40 to −0.11)
	−0.05 (−0.08 to −0.02)



	>30
	
	1.0
	1.00
	0
	



	
	
	
	
	sum
	−0.37 (−0.47 to −0.25)










[image: Table] 





Table 8. Estimate of reduction in CVD mortality rate in the UAE by raising minimum 25(OH)D concentration to 30 ng/mL using 25(OH)D data from [85] and CVD results from the UK [79].






Table 8. Estimate of reduction in CVD mortality rate in the UAE by raising minimum 25(OH)D concentration to 30 ng/mL using 25(OH)D data from [85] and CVD results from the UK [79].














	Lower 25(OH)D (Median, IQR) (nmol/L)
	% Pop UAE
	HR (95% CI)
	HR/0.54 (95% CI)
	1/(HR/0.54) (95% CI)
	Reduction for 25(OH)D >76.6 nmol/L (95% CI)
	DeathFractionPrevented for 25(OH) >76.6 nmol/L (95% CI)





	10–22.7
	15
	1.0
	1.85
	0.54 (0.44–0.67)
	−0.45 (−0.56 to −0.33)
	−0.07 (−0.08 to −0.05)



	22.8–29.7
	15
	0.82 (0.68–0.98)
	1.52 (1.81–1.26)
	0.66 (0.79–0.55)
	−0.34 (−0.45 to −0.21)
	−0.05 (−0.07 to −0.03)



	29.8–53.0
	31
	0.65 (0.54–0.79)
	1.20 (1.46–1.00)
	0.83 (1.00–0.68)
	0.17 (−0.32 to 0)
	−0.05 (−0.10 to 0.0)



	53.1–76.6
	20
	0.54 (0.44–0.67)
	1.00
	0
	
	



	76.7–100+
	18
	0.54 (0.44–0.67)
	
	
	
	



	
	
	
	
	
	
	−0.17 (−0.25 to −0.08)
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Table 9. Estimate of reduction in CVD mortality rate in the KSA by raising minimum 25(OH)D concentration to 30 ng/mL using 25(OH)D data from [86] and CVD results from the UK [79].






Table 9. Estimate of reduction in CVD mortality rate in the KSA by raising minimum 25(OH)D concentration to 30 ng/mL using 25(OH)D data from [86] and CVD results from the UK [79].














	Lower 25(OH)D (Median, IQR) (nmol/L)
	% Pop KSA
	HR (95% CI)
	HR/0.54 (95% CI)
	1/(HR/0.54) (95% CI)
	Reduction for 25(OH)D >76.6 nmol/L (95% CI)
	Death Fraction Prevented for 25(OH) > 76.6 nmol/L (95% CI)





	10–22.7
	17
	1.0
	1.85
	0.54 (0.44–0.67)
	−0.45 (−0.56 to −0.33)
	−0.08 (−0.10 to −0.06)



	22.8–29.7
	32
	0.82 (0.68–0.98)
	1.52 (1.81–1.26)
	0.66 (0.79–0.55)
	−0.34 (−0.45 to −0.21)
	−0.11 (−0.14 to −0.07)



	29.8–53.0
	27
	0.65 (0.54–0.79)
	1.20 (1.46–1.00)
	0.83 (1.00–0.68)
	0.17 (−0.32 to 0)
	−0.05 (−0.09 to 0.0)



	53.1–76.6
	20
	0.54 (0.44–0.67)
	1.00
	0
	
	



	76.7–100+
	4
	0.54 (0.44–0.67)
	
	
	
	



	
	
	
	
	
	
	−0.24 (−0.33 to −0.24)
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Table 10. Mechanisms by which vitamin D deficiency increases the risk of AD.
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	Factor
	Reference
	Mechanisms





	Brain aging
	[124]
	[125]



	Cellular senescence
	[126]
	[127]



	Low HDL
	[57]
	[57]



	Mitochondrial dysfunction
	[124,128,129]
	[130]



	Oxidative stress
	[131]
	[130,132,133,134]







HDL, high-density lipoprotein.
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