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The prevalence of chronic diseases increases with age, especially in those with co-morbidities. The two most common

denominators are the high prevalence of vitamin D deficiency and low concentrations of angiotensin-converting enzyme

receptor-2 (ACE2). Whether vitamin D deficiency initiates or aggravates chronic diseases is unclear: the likelihood is both.

Hypovitaminosis D negatively affects all body systems, especially the musculoskeletal and immune systems. Many

chronic conditions and infections can be minimized using the right dose of vitamin D supplements administered at the

right frequency (daily or once weekly) or direct sun exposure to one-third of the skin between 10:30 AM and 1:30 PM, in

summer like sunlight, for 20 to 60 minutes depending on the skin tone. It is advisable to wear sunglasses and a brimmed

hat to protect one’s eyes and face. Maintaining the population serum 25(OH)D concentration above 40 ng/mL (i.e.,

sufficiency) ensures a better immune system, minimizing symptomatic diseases and reducing infections and chronic

diseases. The best clinical outcome and longevity are expected from maintaining the serum 25-hydroxyvitamin D

concentrations between 50 and 80 ng/mL.
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1. Introduction

Vitamin D is essential for humans. The sun-avoiding behavior (being afraid of skin cancer and darkening the skin),

overusing sunscreens, living far away from the equator, and the aging process all contribute to the pandemic of

hypovitaminosis. Darker-skinned people need longer sun exposure, as higher melanin filters ultraviolet-B (UVB) rays from

reaching the dermis . Draker shin was an evolutionary natural sunscreen to protect from excessive sun exposure in

central Africa, which continues. Dark skin was a disadvantage when they migrated to the north; hence, it gradually faded.

Because of lifestyle changes (e.g., predominant indoor work), despite the lighter skin color, in the absence of vitamin D

supplements, people experience vitamin D deficiency and associated illnesses that intensify during winter .

The prevalence of chronic diseases increases with age, especially with co-morbidities. The two most common

denominators are the high prevalence of vitamin D deficiency and low concentrations of angiotensin-converting enzyme

receptor-2 (ACE2). Whether vitamin D deficiency initiates or aggravates chronic diseases is unclear: the likelihood is both.

Hypovitaminosis D negatively affects the body, especially the musculoskeletal and immune systems. Despite lifestyle

changes (e.g., predominant indoor work) over the past two centuries, despite lighter skin color, people increasingly

experienced vitamin D deficiency and associated illnesses in the absence of vitamin D supplements. Unless they eat fatty

fish, like salmon and mackerel, as with Scandinavians, most become vitamin D deficient, especially in winter and

springtime.

Many chronic conditions and infections can be minimized using the right dose/frequency of vitamin D supplements or

direct sun exposure to one-third of the skin between 10:30 AM and 1:30 PM—the shadow is shorter than height—for 30 to

60 minutes . However, wearing sunglasses and a brimmed hat is advisable to protect one’s face and eyes. This is not

feasible for many because of their geographic location, indoor work, less leisure time for sun exposure, and insufficient

UVB rays reaching the surface in higher and lower latitudes. The best clinical outcome is maintaining the serum 25-

hydroxyvitamin D [25(OH)Dl calcifediol] concentrations between 50 and 80 ng/mL.

Chronic hypovitaminosis D increases the risk of infections and developing complications and reduces the life span .

Further, in the north, people migrated and lived, and their skin pigment became—a survival mechanism. Fatty fish

consumption provides essential fatty acids and fat-soluble vitamins, especially vitamin D. Over the past few centuries,

people developed vitamin D deficiency without vitamin D supplements because of lifestyle changes—predominant indoor

work—despite having lighter skin color, especially during the winter . Coincidence with the troughs of severe

hypovitaminosis D deficiency during winters, a high prevalence of respiratory viral diseases appears.
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Parent vitamin D (D), 25-hydroxyvitamin D, and 1,25-dihydroxyvitamin D [1,25(OH) D: calcitriol] have specific roles to play

in human biology and physiology. The parent vitamin D and 25(OH)D are essential for the peripheral target cells to

generate calcitriol . They are vital for the synthesis of calcitriol intracellularly in proximal renal tubular cells (the hormonal

form) and peripheral target cells (the non-hormonal form) for their genomic and non-genomic physiological functions .

The genomic effects occur when calcitriol binds to its receptor—calcitriol(vitamin D) receptor (VDR), migrates to the

nucleus, binds to upstream elements, and up- or down-regulate over 1,200 genes . Besides that, calcitriol has several

crucial non-genomic functions , as discussed below.

2. Generation of Vitamin D and Transportation in the Circulation

Vitamin D is a secosteroid molecule: fully activated vitamin D, calcitriol has broad physiological functions . These

include immune modulation with anti-inflammatory and anti-oxidant actions , membrane stability , metabolic and

mitochondrial respiratory functions , and reproductive biology. Genomic functions include the favorable transcription of

over 1200 genes .

There is little vitamin D in food—e.g., D  in sun-exposed mushrooms and D  in fatty fish. With sufficient sun exposure, 7-

dehydrocholesterol in the skin gets converted to pre-vitamin D , which isomerizes to form vitamin D . It binds to VDBP

and diffuses via capillaries into the circulation . In the small intestine, vitamin D is incorporated into VDBP and

absorbed as lipoproteins/chylomicrons into the bloodstream through the thoracic duct . These reach hepatocytes,

where 25(OH)D is generated and released into the circulation, mostly bound to VDBP . In addition to hepatocytes, 25-

hydroxylase (CYP2R1 gene) is present in lesser concentrations in all peripheral target cells than in the proximal renal

tubular cells . Consequently, vitamin D can be converted to 25(OH)D in these cells, like immune cells 

(Figure 1).

Figure 1. The basic steps involved generating and catabolizing vitamin D and 25- and 1α-hydroxylase activation steps.

Synthesis of D  in the skin—activation of vitamin D and 25(OH)D in liver and peripheral target cells by respective

cytochrome, P450-hydroxylase enzymes, and 24-hydroxylase enzyme adds an OH group at 24  position of the steroid

molecule, which inactivates all vitamin D products as illustrated.

The circulating half-lives of these three compounds are inversely associated with the dissociation constants . The

half-life of 25(OH)D is between two to three weeks (as it is tightly bound to VDBP), depending on the vitamin D status in

the body. It is one day for vitamin D and 1,25(OH)2D for only a few hours . Accordingly, the free circulating proportions

are proportionately highest for 1,25(OH) D, then D, and lowest for 25(OH)D.

After exposure to sunlight, a white-skinned person could generate up to 10,000 IU of International Units (IU) of vitamin D

in the skin—it takes about 24 hours to materialize in circulation . Ingested vitamin D  appears in circulation between 14

and 20 h after intestinal absorption . It takes about three days for the circulatory, mostly bound to VDBP 25(OH)D,

to increase. Because of this short half-life, even higher doses of vitamin D (e.g., bolus doses), unless 25-hydroxylated, will

be eliminated from the body in a few days . Therefore, the best way to maintain a steady state of vitamin D and

25(OH)D in circulation is through sun exposure and/or daily supplementation .

3. Consequences of Vitamin D Deficiency

Since all tissues in the body need vitamin D metabolites, vitamin D deficiency negatively affects all body systems.

Hypovitaminosis D increases generalized inflammation and oxidative stress, vulnerability to infections, risks for several

vital diseases, and worsens all chronic conditions . Besides, vitamin D has pleiotropic effects, especially on the
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immune, musculoskeletal, cardiovascular, pulmonary, neurological, gastrointestinal, and renal systems. Vitamin D

deficiency increases the susceptibility to infections, the severity , complications, and deaths . Figure 2
illustrates the expected consequences of chronic vitamin D deficiency.

Figure 2. Summary of major adverse effects of vitamin D deficiency.

Persons with chronic kidney disease (CKD) have ineffective handling of vitamin D, 25(OH)D, and 1,25(OH) D. This is

partly due to gastrointestinal malabsorption, increased catabolism, and a significant decrease in renal 1α-hydroxylation

transcribed from the CYP27B1 gene. The low circulatory D and 25(OH)D led to less formation of calcitriol, which causes

hypocalcemia, secondary hyperparathyroidism), hyperphosphatemia, and elevated fibroblast growth factor-23 (FGF-23)

. This scenario initiates the CKD of mineral and bone disorder (CKD-MBD) . The treatment modality of CKD-MBD

has shifted from using calcitriol to providing both calcitriol and vitamin D, partly to control parathyroid hormone (PTH) and

improve health and longevity . This prevents secondary hyperparathyroidism and CKD-MBD .

Many studies have shown better survival in all types of CKD, with concomitant administration of vitamin D with calcitriol

. In CKD, FGF-23 increases, enhancing the expression of the CYP24A1 gene; thus, the catabolic enzyme 24-

hydroxylase increases inactivation of vitamin D and its two active metabolites. This increasing serum 24-hydroxyvitamin

D, 24,25-dihydroxyvitamin D, and 1,24,25-trihydroxyvitamin D to the 25(OH)D ratio in the circulation (Figure 1)—known

as vitamin D catabolic (metabolic) ratio .

4. Muscular–Skeletal Benefits of Vitamin D

The well-known classical actions of vitamin D involve musculoskeletal functions and mineral metabolism—calcium

absorption and skeletal calcification . Skeletal functions—bone formation/ resorption and mineralization—calcitriol

derived from proximal renal tubular cells (the hormonal form) work in conjunction with the parathyroid hormone (PTH) .

Delivering vitamin D and 25(OH)D into proximal renal tubular cells (and parathyroid cells, and storage tissues—fat and

muscle) is mainly based on the active tissue transport mechanism present used by steroids and other larger molecules—

megalin–cubilin endocytosis system . The musculoskeletal system and PTH-driven calcitriol activities, like calcium

homeostasis, are considered a part of the endocrine functions of vitamin D . In contrast, the intracrine/autocrine and

paracrine signaling and the biological processes of calcitriol present in peripheral target cells, like immune cells, have non-

hormonal, genomic and non-genomic mechanisms. In contrast to renal tubular cells, the generation of calcitriol within

immune cells by 1α-hydroxylase (CYP27B1), is dependent on the ability to diffuse enough vitamin D and/or 25(OH)D from

the circulation . This signaling mechanism is crucial for all immune cell activity.

5. Hypovitaminosis D and Recurrent Viral Respiratory Infections

During winter, respiratory tract illnesses, such as colds, influenza, and COVID-19, escalate. The countries located far

north of the equator (and southern) experience higher incidences of winter-associated viral respiratory infections

associated with less UVB rays in sunlight . Cold and dry climate allows viruses to survive longer, and insufficient

UVB rays reduce circulating D and 25(OH)D concentrations . The latter significantly weakens the immune

system, increasing vulnerability to infections.

Vitamin D deficiency markedly impairs overall immunity and thus increases risks of illness, like infections and metabolic

disorders. This makes individuals more vulnerable to microbes , primarily intracellular bacteria like mycobacterium

tuberculosis, and respiratory viral diseases , including coronaviruses . Vitamin D adequacy—

having blood levels greater than 30 ng/mL (older definition)  but preferably greater than 50 ng/mL during winter and

viral epidemics—significantly reduces the risk of respiratory viral infections .
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Children have more robust innate immune systems than older people; thus, they have better innate immunity.

Consequently, unsurprisingly, they had fewer complications and deaths from SARS-CoV-2, except for those with severe

hypovitaminosis D . When children with severe vitamin D deficiency (i.e., serum 25(OH)D concentrations of less than

12 ng/mL) are exposed to a high viral load, they could experience severe hyperimmune reactions . They are at

increased risk for developing fatal immunological disorders, like Kawasaki-like disease and multi-system inflammatory

syndrome .

6. Calcitriol-Mediated Intracrine/Autocrine signaling

Sufficient calcitriol synthesis within immune cells prevents inflammation, oxidative stress, infections, and autoimmune

diseases . Calcitriol suppresses the expression of inflammatory cytokines and increases the expression of anti-

inflammatory cytokines and anti-oxidants . Most chronic diseases are accompanied by chronic inflammation, which

maintains the condition . In addition, calcitriol enhances the production and release of antimicrobial peptides,

cathelicidin, and beta-defensin via its autocrine and paracrine signaling. These antimicrobial peptides and proteins are

crucial in intrinsic defense against intracellular microorganisms . Intracellular signaling is also involved in adaptive

immunity—the generation of neutralizing antibodies by plasma cells (Figure 1).

Cathelicidin also acts as a secondary messenger, augmenting vitamin D-mediated reduction in inflammation during

infection . As a non-genomic action, calcitriol stabilizes tight (gap) junctions of epithelial cells of the respiratory tract and

cardiovascular system, protecting them from fluid leakage and viral dissemination into soft tissues . Figure 3
illustrates the generation of calcitriol and the critical difference between the hormonal form and the non-hormonal form of

calcitriol.

Figure 3. Humans should predominantly generate vitamin D via exposure to ultraviolet-B rays. A little vitamin D is derived

from diet. Figure exemplifies the main differences between the circulatory hormonal form of calcitriol (generated via renal

tubular cells) vs. the intracellularly generated calcitriol in peripheral target cells (like all immune cells).

7. Importance of Circulatory Vitamin D and 25(OH)D for Target Cell
Calcitriol

Many vitamin D-related advances were made during the past decade in understanding the role of vitamin D metabolites in

human biology and clinical immunology, and the physiology of calcifediol and calcitriol delineated how and when to use

these agents appropriately . While the musculoskeletal system functions could be maintained with smaller doses,

between 800 and 1,000 IU/day, higher amounts, like 5,000 to 10,000 IU per day (or 50,000 IU once a week (once in ten

days), are necessary for a non-obese 70 kg adult to maintain serum 25(OH)D concentrations above 50 ng/mL, which are

needed to overcome infections .

Those who are obese, taking medications that increase vitamin D catabolism (e.g., anti-epileptic and retroviral agents), or

have significant fat malabsorption require three to sixfold higher doses than those mentioned above . Even with daily

recommended amounts, vitamin D-deficient persons would take several months to increase their serum 25(OH)D above

minimum therapeutic levels of 50 ng/mL . With the mentioned vitamin D doses, even a person with serum 25(OH)D

between 30 and 40 ng/mL would take a few weeks to raise above 50 ng/mL . Therefore, such doses are insufficient to

achieve the desired target serum 25(OH)D concentration in emergencies.
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Chronic diseases are universally associated with low serum 25(OH)D concentrations. Examples include metabolic

disorders, obesity, cancer, and infection . Less frequent administration (i.e., intervals of less than once a month

—or intermittent bolus dosing), like 300,000 every four months, does not generate the intended clinical outcomes. This is

because the half-life of vitamin D is about one day, and 25(OH)D is between two to three weeks (depending on vitamin D

status). Consequently, no matter the doses, the serum 25(OH)D concentration will not be maintained for over three

months . In addition, infrequent high-dose administration leads to unphysiological fluctuation of D metabolites,

which could be harmful.

8. Vitamin D Intake Should be based on Body Weight/Fat to Achieve the
Desired Serum 25(OH)D Concentration

Daily and once-a-week doses of vitamin D maintain stable circulating 25(OH)D concentrations . In contrast, ingesting

vitamin D for longer than monthly intervals result in significant fluctuations of circulatory 25(OH)D concentration, which is

unphysiological . Steady-state serum 25(OH)D concentrations, primarily depend on body weight (BW) and fat

mass. The following is a simplified version of calculating the vitamin D dose needed for an individual based on BMI (body

weight and fat mass) for all body weight groups .

Not obese (average wt.: BMI, <29): 70-90 IU/kg BW

Moderately obese (BMI, 30-39): 100-130 IU/kg BW

Morbid obesity (BMI, over 40): 140-180 IU/kg BW

Vitamin D supplementation and sufficient UV exposure increase circulating 25(OH)D concentration in maternal blood and

breast milk . Infants who are entirely breastfed develop vitamin D deficiency . This is easily corrected with vitamin

D drops given to nursing infants . For each 1000 IU/d of vitamin D -supplemented to a lactating mother, vitamin D

concentration in her breast milk increased by about 80 IU/L. The recommended average dose of vitamin D  for pregnant

and lactating mothers is 6000 IU/d; this provides the infants with 400–500 IU of vitamin D per day .

The circulating concentration of 25(OH)D in the fetus is approximately 70% of that of the mother; thus, a diffusion of

25(OH)D occurs across the placenta . However, since vitamin D concentrations are slightly below the maternal

concentrations, relatively lower amounts are diffused via the placenta . The same phenomenon has been reported in

transferring vitamin D and 25(OH)D to breast milk . The diffusion gradient can be increased by raising the maternal

serum 25(OHD to 50 ng/mL .

9. Discussions

Those with co-morbidities and chronic diseases have hypovitaminosis D and, thus, are at a higher risk for developing

complications from infections like SARS-CoV-2 . During epidemics and pandemics, there should be an established

national protocol and a mechanism for the nationwide distribution of vitamin D supplements. This is the most cost-effective

way to reduce morbidity, mortality, and healthcare costs. Besides, vitamin D sufficiency would reduce the incidence and

severity of chronic diseases, such as metabolic disorders (e.g., diabetes, obesity, insulin resistance), cancer, autoimmune

disorders, and infections .

With emerging new mutant Omicron viruses (EG.5, FL.1.5.1 and BA.2.86, and Eire), the efficacy of COVID-19 vaccines

and bivalent booster doses had waded and is no better than placebos . Consequently, breakthrough SARS-CoV-2

infections occur in fully vaccinated and unvaccinated individuals . It is a matter of time before the next dominant

mutant manifests. However, the effectiveness of vitamin D and ivermectin has not changed . Community vitamin D

sufficiency is the key to protecting vulnerable populations, especially older people, ethnic minorities with darker skin color,

and institutionalized persons .

A balanced diet with adequate micronutrients, such as vitamins D, B , K , and C, magnesium, trace minerals (zinc and

selenium), resveratrol, essential fatty acids, such as omega-3, and anti-oxidants, will support a more robust immune

system and good health . In most countries, many communities have one or more prevailing micronutrient

deficiencies that increase vulnerability to various disorders, such as metabolic, infectious, and non-communicable

diseases. These communities should be supported with nutrient supplements—fortifying foods with vitamin D and other

essential micronutrients , enabling them to develop a robust immune system.
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Severe vitamin D deficiency and a weaker immune system is the primary cause of developing complications and deaths

from sepsis and infections like SARS-CoV-2 . Maintaining serum 25(OH)D concentrations above 40 ng/mL (100

nmol/L) significantly reduces microbial infections, including COVID-19 . The mentioned targeted food fortification

program is an economical and practical approach for alleviating micronutrient malnutrition in ethnic populations or even for

an entire country, as has been done with iodine.

Sustained vitamin D deficiency negatively affects all body systems and increases risks for viral infections, outbreaks, and

hospitalization. Thus, government and health administrators should consider nationwide educational campaigns for safe

sun exposure, vitamin D supplementation, and targeted food fortification programs to strengthen the population’s

immunity and keep them healthy. These acts cost less than 0.01% of one day’s hospitalization and significantly reduce

healthcare costs.

10. Conclusions

Vitamin D sufficiency minimizes viral infections, outbreaks, hospitalization, deaths, and healthcare costs. Maintaining

population serum 25(OH)D concentrations above 40 ng/mL (preferably above 50 ng/mL) ensures a robust immune

system, curtailing the spread of infections, minimizing diseases, and reducing chronic diseases. Thus, governments,

health insurance companies, and health administrators should work together and consider nationwide educational

campaigns for safe sun exposure, vitamin D supplementation, and targeted food fortification programs to strengthen the

population’s immunity and keep them healthy. While the efficacy of vaccines and bivalent boosters has waded due to

immune evasion by Omicron mutants, the effectiveness of vitamin D sufficiency (and ivermectin) remains strong.

However, vitamin D is not a panacea. Apart from preventative use, vitamin D should be used as adjunctive therapy with

other established primary pharmaceuticals and the best practices, such as using antibiotics in bacterial infections. The key

to protecting the vulnerable and reducing chronic disease burden in a country is not expanding hospitals and health

centers and recruiting more healthcare professionals but educating the public on health preservation and maintaining a

higher circulatory vitamin D concentration, especially in vulnerable communities.
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