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Abstract 

 

Background 

While the current medical dogma warns against sun exposure due to an increased risk of skin 

cancer, innovative studies are revealing the crucial importance of sun exposure in producing 

vital levels of vitamin D (VD).  The problem comes in ascertaining a balance between the 

negative effects of ultraviolet (UV) exposure and the benefits of VD photoproduction.  UV 

exposure causes photoimmunosupression and DNA damage, leading to photoaging and 

photocarcinogensis, but also produces VD.  Despite the warning of dermatologists, 28 million 

Americans have begun using tanning beds of whom 2.3 million are teenagers, according to the 

American Academy of Dermatology (AAD).  This increased exposure, particularly at a young age 

and due to a culture that now considers tanning to be a sign of wealth, may be leading to the 

constantly increasing rates of skin cancer reported by the AAD over the last 30 years.  The 

detrimental effects of UV come largely from the UVA portion of solar radiation, while VD 

production is caused by the UVB component.  The benefits of VD are wide and varied; most 

notably, VD has been linked to bone health and the prevention of rickets.  However, the levels 

of VD estimated to maintain bone health, those used to create the current Recommended 

Dietary Allowance (RDA), are far exceeded by those found to be associated with prevention of 

other diseases such as numerous types of cancers.   If VD can lead to the prevention of non-

dermal cancer, it would follow that the concentrated endogenous VD in the skin could prevent 

skin cancer, especially if the UV radiation of the sun can be mitigated. 
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Hypothesis 

As current recommendations are based on overt clinical symptoms of a single disease, the first 

aspect to be tested is whether the current RDA for VD is in fact far too low, especially for 

susceptible populations.  Since the main source of VD in humans is photoproduction, the second 

component of the hypothesis is that UV exposure is vital to optimal dermal health in spite of the 

potential risk of skin cancer.  This is the sunshine paradox.  The third and final element is that 

the endogenous production of VD in the skin leads to concentrations sufficient to allow dermal 

immunity to surmount UV damage from sensible sun exposure. 

Approach 

The questions of whether the effects of VD in skin are generally indispensable and prevail over 

the risks of UV exposure or if there is a compromise that can be reached have been investigated 

through an extensive literature search and review. The areas of focus include the effects of 

exposure to UV radiation as well as VD on cells of the immune system, skin cells, and how these 

combine in vivo.  Autoimmune diseases of the skin and skin cancer are used to explore the role 

of VD in immune system disease, focusing on those in the skin.  Gender differences are also 

briefly addressed.  Then the questions of whether supplementation or UV exposure lead to 

prevention and/or treatment of VD deficiency and concomitant diseases.  Consequently, this 

manuscript has been designed to question the current dogma relating to dermal immune 

surveillance and the detrimental effects of sun exposure and to explore the role of VD in this. 

Conclusion 

As over 1 billion people worldwide have been estimated to be insufficient or deficient in VD 

even with the existing, conservative recommended serum levels, inadequate VD is a genuine 
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public health crisis.  While UV exposure does show a detrimental effect on immune surveillance, 

VD signaling has been shown to activate several tumor suppressive elements and moves the 

immune response to an anti-inflammatory state.  Furthermore, it would be difficult to generate 

concentrations similar to endogenous levels of VD synthesized in the skin through diet alone, 

creating a unique need for sensible sun exposure.  The dangers associated with chronic UV 

radiation can be circumvented by creating a sun screen that blocks the hazardous UVA 

component but allows sufficient levels of UVB to enter the skin and cause optimal VD 

production.  Most importantly, the RDA is critically insufficient and must be redesigned to 

maintain overall health using current and future quantitative studies. 
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Introduction 

Dermatologists recommend sun avoidance to prevent melanoma through the American 

Academy of Dermatology’s (AAD’s) Be Sun Smart program as well as via one-on-one patient 

consultation 1.  This program states that: “Sun exposure is the most preventable risk factor for 

all skin cancers, including melanoma,” 1 citing the 2008 Cancer Facts and Figures from the 

American Cancer Society 2 and a 2005 study by Robinson 3.  The ADA goes farther and asserts 

that an individual is able to obtain sufficient vitamin D (VD) from a “healthy diet that may 

include vitamin supplements.  Don’t seek the sun,” 1 citing a 2000 study by Hemminki and Dong 

4.  However, the level of VD needed according to the Recommended Dietary Allowance (RDA) is 

designed simply to prevent bone softening or Rickets in 97 to 98% of healthy individuals 5, not to 

optimize overall wellbeing or even the fitness of the skin.  

Effects of ultraviolet radiation 

Acute effects 

The acute effects of exposure to ultraviolet (UV) radiation include deoxyribonucleic acid 

(DNA) damage, redness or sunburn (erythema), tanning, inhibition of the local immune system 

(photoimmunosupression) and the production of VD, if the exposure does not produce redness 

(suberythemal UV dose) 6-9.  Many of these effects of UV exposure are detrimental to the 

individual, but they only occur after prolonged exposure—longer than the suberythemal dose 

required to produce VD in the skin.  Therefore, VD can be rapidly produced without causing the 

negative effects of acute UV exposure. 
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Nonvisible effects 

There are also nonvisible effects of acute UV radiation exposure.  In a 2004 study to 

ascertain the motivations for people to tan, beyond the esthetically pleasing darkening of the 

skin, Feldman et al. found that 95% of participants choose to partake in UV radiation over sham 

UV radiation due to the “relaxing and reinforcing effects” they experienced previously  6, 10.  This 

ability of UV to operate as a “‘relaxing’ reinforcing stimulus” 6 is because it causes the skin to 

produce “beta-endorphin, an opioid best known to be released from the pituitary gland and to 

be responsible for the sense of well-being after vigorous exercise, the so-called ‘runner’s high” 6, 

10.  Hence, sun seeking behavior is being rewarded by the body with pleasure.  Could this be an 

evolutionary adaptation similar to the reward associated with eating or sexual intercourse?  If 

so, does this mean that the body needs the UV radiation of the sun to function? 

Long-term effects 

Long-term effects of UV exposure are mainly associated with overexposure as opposed 

to exposure to suberythemal doses.  The two main effects of long-term UV are photoaging and 

photocarcinogenesis 6.  Photoaging is premature aging of the skin due to UV radiation.  The AAD 

describes photoaging as “nearly universal among middle-aged and elderly whites” 6.  The AAD 

also maintains that “expenditures for medical and surgical treatment of photoaging far exceed 

those for skin cancer” 6.  Therefore, photoaging is much more common and more costly than 

skin cancer; however, it is more of an esthetic issue as opposed to a serious health problem.  

When calculating the cost of photoaging, one should also consider the risks that individuals 

undertake with each elective surgical procedure, which comprise a large portion of the costs 

associated with photoaging. 
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Photocarcinogenesis, the process by which skin cancer forms due to UV radiation, is the 

other main outcome of long-term UV exposure 6.  According to the AAD, skin cancer makes up 

“one-half of all cancers in humans” 6 and leads to an expenditure of “more than $800 million per 

year in the United States alone” 6.  Skin cancer is a very serious public health problem.  

Unfortunately, the idea of decreasing skin cancer risk by avoiding UV radiation may be at odds 

with what is necessary to circumvent many other diseases, including non-dermal cancers, if 

dietary VD is insufficient to reach optimal levels.  Epidemiologic evidence has shown that VD is 

strongly associated with disease prevention in all of the following areas: overall muscle health 11, 

12, colon cancer 13, 14, multiple sclerosis 15, insulin resistance 16, 17, breast cancer 14, 18,  prostate 

cancer 14, 19, osteoarthritis 20, 21, hypertension 22-24, as well as periodontal disease 25.  Are the risks 

associated with long-term UV exposure great enough to dismiss the benefits related to all non-

dermal cancers and numerous other diseases?  It should be possible to minimize the risk of 

dermal cancer by limiting sun exposure to suberythemal doses; however, limiting the risk will be 

a moot point if dietary VD intake can be made satisfactory for disease prevention. 

Response to ultraviolet radiation & skin pigment 

How skin responds to UV exposure is mainly determined by the skin phototype—the 

gold standard of which is the Fitzpatrick Skin Phototype Classification 26.  This system categorizes 

the skin of an individual into one of six groups by how readily it burns and/or tans, often using 

the overall coloring of the individual as a marker for ability to tan and/or burn.  The first two 

groups (I and II) consist of those with light colored hair and eyes and fair skin.  These individuals 

often have freckles, particularly during childhood.  The AAD describes this group as being at the 

greatest risk for photoaging and photocarcinogensis, “given sufficient lifelong UV exposure” 6.  

On the other extreme, group VI consists of black individuals and group V of Hispanics, Indians, 
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and Asians.  These are the darkest complexions seen and therefore have “relatively low risk of 

chronic UV damage” 6.  Groups III and IV are in between these two ends of the spectrum both in 

coloring and risk of detrimental effects from UV radiation. 

Classification is based on coloring, which comes in large part from melanin, due to the 

ability of melanin to absorb UV radiation and therefore protect the skin 6, 27.  This means that 

those individuals with the lightest skin absorb more radiation, incur more damage, but also 

produce more VD. Therefore, groups V and VI produce the least VD and have the greatest risk of 

VD deficiency 6, 27.  Moreover, upregulation of genes following UV exposure, including those 

involved in skin damage, is markedly reduced and limited in breadth in groups V and VI 

compared to I and II even when the UV dose administered is scaled according to skin 

pigmentation (greatest dose to darkest pigmentation and vice versa) 28. 

Response to ultraviolet radiation & aging 

The other key factor to how an individual will respond to a given UV dose is age.  As an 

individual ages, the body becomes less able to produce VD3, most likely due to the thinning of 

the epidermis, so the elderly have lower serum levels of circulating VD, 25(OH)D (See section 

entitled Vitamin D synthesis in the skin and Figure 3) 6, 29.  Importantly, aging also decreases the 

efficiency of DNA repair mechanisms, so UV radiation becomes more damaging as it also 

becomes less beneficial 6, 29-31.  The compounded effect of age may mean that it is more 

important for the elderly to supplement their VD levels through dietary means instead of from 

increased UV exposure.  Further research will be needed to directly establish the degree to 

which aging limits VD production in the skin and the progression of this decline throughout the 

lifespan. 
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Vitamin D requirements   

Current recommended intake 

In 1997, the Standing Committee on the Scientific Evaluation of Dietary Reference 

Intake set the RDA for VD for young adults at 200 International Units (IU)/day 5.  For those 51 to 

70 years the RDA was set at 400 IU/day, and for those over 70 years it was set at 600 IU/day 5.  

The safe upper limit on VD intake was set at 2000 IU/day 5.  As previously mentioned, the RDA is 

not the amount needed for optimal general health, but to prevent disease in healthy individuals.  

Keeping this in mind, the RDA “may fail to bring most of the population up to desirable serum 

vitamin D levels,” the 80 nmol/L proposed to be requisite for “optimal bone health” 6, 32, 33.  

Furthermore, using the current concept of bone health as the outcome of VD sufficiency, serum 

“threshold level cited in textbooks vary widely from 20 to 110 nmol/L” 6.  If the current RDA is 

insufficient for most of the population with the goal of 80 nmol/L, imagine the severity of 

deficiency if the target is shifted upwards to counteract other diseases related to VD deficiency 

or even just raised to the upper limit estimated for bone health, 110 nmol/L.  Discussion has 

begun in preparation to raise the current RDA, but, as will be explicated in this manuscript, there 

is much to take into account and not yet enough unshakable data to make a definitive 

threshold. 

Vitamin D from dietary sources 

Part of the reason dietary VD intake is thought to be insufficient is because sources are 

limited and vary greatly in composition over time and place 6, 34, 35.  VD2 (ergocalciferol) comes 

from plant sources and VD3 (cholecalciferol) from animal sources 36.  While, as Birlea et al. 

commented, “little evidence that the two…active forms of vitamin D *D2 and D3] differ in their 
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mode of action *exists+…most of the current knowledge is on the synthesis and actions of 1,25-

(OH)2D3 [biologically active VD3]” 37, so this may be more due to a dearth of research rather than 

a lack of difference (See section entitled Vitamin D synthesis in the skin and Figure 3). 

One of the major dietary sources of VD3 is sea food.  Wild-caught salmon contains 500 

to 1000 IU of VD3 per 3.5 oz serving while farm raised salmon, which is more common in the US 

diet 35, has  just 100 to 250 IU of VD3 per 3.5 oz serving.  Tables 1 and 2 provide more 

information about VD3 in various sea foods and the negative effects of various cooking means 

on these levels.  Note that wild salmon is the best source of VD3 while squid is the least 

sufficient source.  Also, even when farmed salmon is fried, the most destructive method of 

cooking for VD3 according to Table 2, it contains more VD3 than half of the sea foods listed in 

Table 1.  Vegetarian sources of VD (commonly VD2) typically come from fortified foods such as 

milk, cereal, orange juice, bread, and etcetera.  This is a weak form of supplementation, as these 

fortified foods contain a mere 100 IU of VD per 8 oz serving of milk or juice, which increases 

serum VD, 25(OH)D, by just 2.5 nmol/L or about 3% of the 80 nmol/L minimum goal for bone 

health 38, 39.  The other main source of VD in the diet is multivitamin supplements, which “usually 

contain 400 IU…but there are also separate vitamin D supplements…*which+ are inexpensive, 

well tolerated, safe, and do not rely on season or age” 6.  Again the question is whether this 

supplementation is adequate?
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Table 1 Vitamin D Content in Sea Food, Adapted from 

35
 

.

. 

 

 

Table 2 Modification of Vitamin D in Fish by Cooking, 
Adapted from 

35
 

 

Vitamin D synthesis in the skin 

While dietary sources are important, particularly in coastal regions where sea food is 

plentiful and affordable, photoproduction of VD is the main source of VD in most populations 34, 

40, 41.  This endogenous production has also been shown to be more effective at maintaining 

serum levels of VD, 25(OH)D, than dietary VD or even VD supplementation, particularly in those 

with lower Fitzpatrick phototype scores 35, 42,43.  In a study by Holick et al. this remained true 

even when supplementation was in excess of the RDA (See Figure 2) 43. 
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Figure 1 Serum 25(OH)D following ultraviolet exposure vs. supplementation  
43

 

“Comparison of the percentage increase in serum 25(OH)D levels of healthy adults who were in bathing suits and 

exposed to suberythemal doses (0.5 MED) of ultraviolet B radiation once a week for 3 mo with healthy adults who 

received either 1000 IU of vitamin D2 or 1000 IU of vitamin D3 daily during the winter and early spring for a period of 

11 wk.  Fifty percent increase represented approximately 10 ng/ml from baseline 18 ± 3 to 28 ± 4 ng/ml.  Skin type is 

based on the Fitzparick scale: Type II always burns, sometimes tans; type III always burns, always tans; type IV 

sometimes burns, always tans; type V never burns, always tans.  Data are means ± SEM.” 43
 

 

The requirement of sun exposure for this process of VD3 photoproduction is typically 

described using “5% of the uncovered body surface twice a week” 5.   During the summer 

months, it has been estimated that such exposure yields similar serum levels as 430 IU of VD per 

day or the amount in just over 4 servings of fortified milk or juice 6, 32, 44.  Each individual region 

of the skin will reach a plateau in production, through such exposure, after just 20 minutes on 

average 6, 32, 44.  Thus, alternating areas of exposure or exposing a greater surface area would be 

more beneficial for VD3 photoproduction.  Exposing a larger surface area is typically restricted 

during winter months due to cooler temperatures, which is part of the reason summertime is a 

more efficient time for photoproduction 6, 32, 44.    The other main reasons endogenous 

production of VD3 is limited during the winter months is due to the angle of the sun and 

consequently shortened daylight hours  6, 32, 44.  Not surprisingly, the recommended biweekly 
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exposure of 5% of the skin is “reported to be insufficient, during the winter months, to reach 

optimal requirements in both younger and older adults”  6, 32, 44.   During these periods of 

insufficient photoproduction, dietary sources of VD, especially supplements, become 

increasingly important to maintaining optimum health. 

Mechanisms of endogenous vitamin D synthesis 

Photoproduction of VD is essentially an alteration of cutaneous 7-dehydrocholesterol 

(DHC) by exposure to the UVB element of UV radiation 37, 45.  An outline of this process is 

illustrated in Figure 3.  This process will be discussed in ensuing sections with Figure 3 serving as 

a means to maintain clarity and order in the complex scheme that is VD3 photoproduction and 

utilization. 
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Figure 2 Synthesis and metabolism of vitamin D 
34

 

During exposure to solar ultraviolet B (UVB) radiation, 7-dehydrocholesterol in the skin is converted to previtamin D3, 
which is immediately converted to vitamin D3 in a heat-dependent process. Excessive exposure to sunlight degrades 
previtamin D3 and vitamin D3 into inactive photoproducts. Vitamin D2 and vitamin D3 from dietary sources are 
incorporated into chylomicrons and transported by the lymphatic system into the venous circulation. Vitamin D 
(hereafter “D” represents D2 or D3) made in the skin or ingested in the diet can be stored in and then released from 
fat cells. Vitamin D in the circulation is bound to the vitamin D–binding protein, which transports it to the liver, where 
vitamin D is converted by vitamin D-25-hydroxylase to 25-hydroxyvitamin D [25(OH)D]. This is the major circulating 
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form of vitamin D that is used by clinicians to determine vitamin D status. (Although most laboratories report the 
normal range to be 20 to 100 ng per milliliter [50 to 250 nmol per liter], the preferred range is 30 to 60 ng per 
milliliter [75 to 150 nmol per liter].) This form of vitamin D is biologically inactive and must be converted in the 
kidneys by 25-hydroxyvitamin D-1α- hydroxylase (1-OHase) to the biologically active form — 1,25-dihydroxyvitamin D 
[1,25(OH)2D]. Serum phosphorus, calcium, fibroblast growth factor 23 (FGF-23), and other factors can either increase 
(+) or decrease (–) the renal production of 1,25(OH)2D. 1,25(OH)2D decreases its own synthesis through negative 
feedback and decreases the synthesis and secretion of parathyroid hormone by the parathyroid glands. 1,25(OH)2D 
increases the expression of 25-hydroxyvitamin D-24-hydroxylase (24-OHase) to catabolize 1,25(OH)2D to the water-
soluble, biologically inactive calcitroic acid, which is excreted in the bile. 1,25(OH)2D enhances intestinal calcium 
absorption in the small intestine by interacting with the vitamin D receptor–retinoic acid x-receptor complex (VDR-
RXR) to enhance the expression of the epithelial calcium channel (transient receptor potential cation channel, 
subfamily V, member 6 [TRPV6]) and calbindin 9K, a calcium-binding protein (CaBP). 1,25(OH)2D is recognized by its 
receptor in osteoblasts, causing an increase in the expression of the receptor activator of nuclear factor-κB ligand 
(RANKL). RANK, the receptor for RANKL on preosteoclasts, binds RANKL, which induces preosteoclasts to become 
mature osteoclasts. Mature osteoclasts remove calcium and phosphorus from the bone, maintaining calcium and 
phosphorus levels in the blood. Adequate calcium (Ca

2+
) and phosphorus (HPO4

 2−
) levels promote the mineralization 

of the skeleton.” 
34

 

 

7-DHC also known as ProVD3, the starting point of the VD3 photoproduction reaction, is 

located in the basal and suprabasal layers of the epidermis.  In the skin, 7-DHC, a derivative of 

cholesterol 37,  is involved in homeostasis by maintaining the barrier to the environment as well 

as communication with the immune and neuroendocrine systems 45, 46.  As depicted in Figure 3, 

during photoproduction of VD3, 7-DHC is photolyzed by UV light to PreVD3, which spontaneously 

isomerizes to VD3 
34,37, 45.  VD3 is also called cholecalciferol, a nod to its cholesterol origins and its 

role in calcification of bone 34,37, 45.  If UV exposure continues beyond the plateau of VD3 

production, 20 minutes of continuous exposure, then VD3 is inactivated in the skin to lumisterol 

or tachysterol. 

Transport of endogenous vitamin D 

Once VD3 has been produced in the epidermis, it is secreted into the extracellular space 

where it binds to VDBP for transport to the liver via the circulatory system, joining dietary VD 

34,37, 45.  Once in the liver, VD is hydroxylated by 25-hydroxylase (25OHase) 34,37, 45.  25OHase, also 

known as CYP27A1, is produced by and stored in hepatocytes, so it is rapidly available.  The 

hydroxylated product is 25-hydroxycholecalciferol, which is also known as calcidiol or 25(OH)D 

for short.  25(OH)D is transported to the proximal tubules of the kidneys where another 
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hydroxylation reaction occurs by one of two possible enzymes 34,37, 45.  24-hydroxylase 

(24OHase) inactivates 25(OH)D by hydroxylating the C24 atom.  The product of this inactivation 

is excreted in the bile and removed with the feces.  The other enzyme, 1α-hydroxylase (1OHase) 

otherwise known as CYP27B1, forms 1,25-dihydroxycholecalciferol, active VD.  The biologically 

active form of VD is also known as 1,25(OH)2D (1,25D) or calcitriol.  Refer to Figure 3 for a visual 

representation of this process. 

Public health perspective on vitamin D 

Prevalence of vitamin D deficiency 

The prevalence of VD deficiency is difficult to ascertain at least in part due to the lack of 

an agreed-upon definition.  As previously discussed,  the commonly used definition of 

deficiency—50 nmol/L of 25(OH)D in the serum—is too low and, in fact, less than the 80 nmol/L 

now suggested for optimal bone health 47, 48.  Worldwide, about 1 billion people are insufficient 

(52 to 72 nmol/L) or deficient (<52 nmol/L) in VD 34, 48-50.  In a study by Tangpricha et al. in 2002, 

36% of employees of a hospital in Boston were found to be VD deficient during the winter 

months when photoproduction is negligible.  Interestingly, this same group consumed a 

multivitamin and more than one serving of milk daily 32.  Deficiency in VD is particularly 

prevalent in populations that avoid the sun such as those who veil themselves for religious 

reasons 51 and those who work the night shift 52 or in darkly pigmented individuals 27. 

Somewhat surprisingly, pregnant women taking prenatal vitamins, which typically 

include the RDA of VD, are also at risk of VD deficiency.  Alteration of maternal metabolism, 

including a slowing of digestion, allows for greater nutrient absorption and retention 

during pregnancy to compensate for the greater needs associated with fetal 

development.  While this is the case with VD as well, the mechanisms by which serum 
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VD is maintained at an elevated level largely remain a mystery, though the placenta may 

produce some of this additional VD 53.  To get an idea of the amount of increased need, 

it is easier to look to the related micronutrient calcium, as this is an easily measured 

mineral 53, 54.  Fetal need for calcium and thus VD is greatest during the third trimester, 

when most bone mineralization occurs.  This peak need could be as high as 250 mg of 

calcium per day 55 or roughly the amount in a serving of yogurt or fortified juice in 

addition to the basal need of the mother.  Seki et al. has shown that VD need is great 

from the beginning of gestation and increases throughout pregnancy 53. 

In 2007, Lee et al. saw no significant correlation with multivitamin use and serum VD 

levels in 40 “healthy, mostly black” women 56.  Using the even more conservative definition of 

deficiency as < 30 nmol/L, this study found that 50% of the mothers were deficient postpartum, 

leading to 65% of their infants also being VD deficient 56.   Another study of Canadian women 

found 46% of mothers and 36% of their otherwise healthy infants were VD deficient (< 37.5 

nmol/L) 57.  While pregnant women tend to be subject to microvitamin deficiencies in general, 

such deficiencies in the developed world while undergoing supplementation are astounding.  

This is further evidence of the public health impact of inadequate sun exposure. 

Prevalence of vitamin D toxicity 

Toxicity must be considered when considering any supplementation or fortification 

program.  With VD, however, toxicity is really only likely in those with VD hypersensitivity 

syndrome 58.  Toxicity in this syndrome is thought to be due to high levels of serum 25(OH)D 

rather than 1,25(OH)2D 59.  In normal individuals, toxicity is rare due to the numerous safety 

mechanisms of the body (see Transport of endogenous vitamin D).  First of all, most serum VD is 

bound by VDBP as well as by albumin and, therefore, cannot interact with receptors 60, 61.  Once 
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released from binding proteins, VD is exposed to the enzymes 1OHase and 24OHase, which are 

constitutively produced and convert 25(OH)D to 1,25(OH)2D or inactivate it, respectively 59, 62.  

Therefore, most excess VD is excreted by the liver in bile and removed from the body with the 

feces 63. 

When toxicity has been seen, the intakes were estimated to be upwards of 50,000 IU 

per day, leading to serum 25(OH)D of 374 nmol/L 40, 64-66.  This is extraordinarily high when 

compared to the preferred range of serum 25(OH)D, which is presently capped at 150 nmol/L 34.  

Intake at this level, approximately 80 to 250 times the RDA, is nearly impossible to obtain even 

in pale-skinned individuals who enjoy sensible sun exposure, diets rich in wild seafood, and take 

multivitamins.  Therefore, toxicity is not a significant public health concern. 

Vitamin D deficiency cause and effect 

Figure 1 lists the causes (Left) and effects (Right) of VD deficiency.  A sampling of the 

causes and outcomes related to VD deficiency in Figure 1 will be discussed in the following 

sections at great length.  Figure 1 should give the reader an idea of the complexity of the risk 

factors for VD deficiency, such as certain medications or diseases, and the vast numbers of 

potential negative outcomes that can ensue from VD deficiency, including an increased 

susceptibility to infection, autoimmunity, cancer, chronic disease, and even mental disorder. 
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Figure 3 Causes and Consequences of Vitamin D Deficiency, Adapted from 
47

 

 

Inadequate sun exposure 

Lack of sensible sun exposure and therefore VD deficiency has been linked to non-

dermal cancers, multiple sclerosis (MS), osteoporosis and fracture, muscle weakness, insulin 

resistance, osteoarthritis, hypertension, periodontal disease, depression, and infectious 

diseases, such as tuberculosis 67.  In an animal model of colon cancer, VD sufficient mice have 

been shown to exhibit 40% slower growth of colon cancer than their VD deficient counterparts 

68.  In a pilot study in humans, prostate cancer patients were given 2000 IU per day of VD and 

displayed up to a 50% decrease in their PSA (prostate-specific antigen) tests with no reported 

side effects 69.  Further proof of the importance of VD in protection from cancer lies in the fact 

that some cancers have developed the capability of undermining the effects of VD through 

novel defense mechanisms such as inactivating VD by producing 24OHase or by generating 
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SNAIL, a zinc finger protein that blocks VDR signaling 43, 70.  In addition VDR polymorphisms have 

been correlated with cancer prognosis 71-75. 

The public health burden of inadequate sun exposure can, therefore, be estimated using 

these diseases.  In 2005, Grant et al. focused on non-dermal cancers, MS and osteoporotic bone 

fractures to estimate the socioeconomic burden of too little VD, which could have been easily 

prevented by prudent exposure to UV radiation 76.  This study estimated that VD deficiency 

related to these diseases cost the United States $40-56 billion in 2004 76.  Previously, in 2002, 

Grant used only non-dermal cancers to estimate the number of preventable deaths from this 

same cause 77.  Grant found that 23,600 deaths occurred in America each year between 1970 

and 1994 that could have been prevented by sensible sun exposure 77. 

Excessive sun exposure 

While UV radiation is requisite for photoproduction of VD, excessive sun exposure 

causes the degradation of dermal VD and UV damage.  The main effects of excessive sun 

exposure that cause a socioeconomic burden are cataracts and skin cancer76, 77.  In the 2005 

paper discussed in the previous section, Grant et al. also explored the public health burden of 

too much UV exposure.  In this aspect, this group used actinic keratosis, cataracts, cutaneous 

malignant melanoma and non-melanomal skin cancer to approximate the socioeconomic 

burden of over exposure to UV radiation.  The estimate for this was found to be $5-7 billion in 

2004 76.  While this number is still far too large and is probably quite a bit larger if one includes 

the cost of elective procedures due to photoaging, it is nearly 10 times less than the estimate for 

VD deficiency. 
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Hypothesis 

The current RDA for VD is insufficient because it is based on flawed assumptions.  The 

insufficiency of the current VD RDA is especially true in populations that are more susceptible to 

VD deficiency such as individuals with darkly pigmented skin and those at northern latitudes 

during the winter months or individuals that work primarily at night.  Additionally, UV exposure 

is vital to optimal dermal health in spite of the potential risk of skin cancer—the sunshine 

paradox.  This paradox exists due to the fact that photoproduction is the main source of VD in 

humans as well as that endogenous production of VD in the skin leads to concentrations 

sufficient to allow the dermal immune system to surmount UV damage from sensible sun 

exposure. 

Vitamin D receptor regulation 

The VD receptor (VDR) is in the nuclear receptor family of the steroid/thyroid hormone 

receptor superfamily, a logical classification due to the origin of both VD and hormones in 

cholesterol  36, 37.  Accordingly, VDR is a transcription factor whose ligand is VD.  VDR interacts 

with VD via hydrophobic and electrostatic forces in a very specific manner, which has made 

synthesis of agonists difficult 36.  When ligand binding in the cytoplasm does occur, it causes 

translocation of the complex into the nucleus where it binds to several other complexes 37, 78-83.  

First, the VD-VDR complex binds to retinoid X receptor (RXR) with 9-cis retinoic acid (See Figure 

3).  Then, the RXR-VDR complex binds to VD responsive elements (VDREs) of VD responsive 

genes (VDRGs).  The binding of VDR to VD produces a higher affinity for proteins termed “co-

factors (co-activators and co-repressors), that act as a bridge between the RXR-VDR heterodimer 

and the transcription machinery” 37.  VD has been found to act in this manner with numerous 

VDRGs, some of which are shown in Figure 4 and will be discussed further in the next sections.  
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This is just a sampling of VDRGs as Wang et al. has identified 157 genes in the human genome 

that have VDREs 84. 

 

 

Figure 4 Vitamin D receptor regulates gene expression, altered from 
80

 

A schematic representation of VDR-mediated regulation of gene expression is presented.  All the genes with known 
VDREs are shown as positively (+) regulated genes.  Genes that are negatively (-) regulated by vitamin D because of 
the presence of negative VDRE in their promoter regions as well as genes that are negatively regulated by 
mechanisms involving transcription factor antagonism (anti-NF-AT and anti-NF-κB activities) are also shown.” 

80
 

 

Transcription factors antagonized by vitamin D receptor 

Once formed, the VDR complex regulates gene expression by binding to promoter 

regions in VDRGs and causing upregulation 80,81, 85, binding to repressor regions in VDRGs to 

produce downregulation 80,86, 87, and antagonizing other transcription factors 88-92 (See Figure 4).  
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One such transcription factor is the Nuclear Factor of Activated T-cells (NF-AT).  NF-AT is 

activated by Ca2+ in the cytosol through the following mechanism: calmodulin binds Ca2+ and 

activates calcineurin, calcineurin dephosphorylates NF-AT, exposing the nuclear localization 

sequence, and then NF-AT translocates to the nucleus 88-92.  Calcineurin inhibition is 

immunosuppressive, a characteristic which is utilized to prevent rejection of transplants through 

cyclosporin A, tacrolimus, and rapamycin 88-92.  The mechanism of action of calcineurin inhibition 

relies heavily on the fact that T cells have little calcineurin and are therefore more responsive to 

its suppression, leading to the inhibition of T cell proliferation 88-92.  Inhibition of calcineurin also 

leads to decreases in B cell proliferation, granulocyte degranulation and cytokine production, 

particularly IL-2, which is a T cell growth factor 88-92. 

Another transcription factor antagonized by the VDR complex is Nuclear Factor κ-light-

chain-enhancer of activated B cells (NF-κB).  NF-κB is bound to an inhibitor in the cytoplasm (IκB) 

88-92.  It is activated by protein kinase C (PKC) and translocates to the nucleus upon release 88-92.  

NF-κB works with NF-AT and AP-1 to express IL-2 and promote T cell proliferation 88-92.  Another 

important component of VDR regulation is that VDR acts as a repressor for 1OHase, the 

activating enzyme in the liver, and a promoter for the corresponding inactivating enzyme, 

24OHase 36,93.  Thus, VDR signaling has a negative feedback loop through upregulation of 

24OHase and downregulation of 1OHase, which ensures that the VD complex cannot stimulate 

or inhibit expression of VDRGs to excess. 

Genes upregulated by vitamin D receptor signaling 

Receptor activator of NF-κB ligand (RANKL) 

The classic role of VD, as in extracellular bone matrix formation / remodeling 85, 94-99, is 

due to upregulation of osteocalcin 94, osteopontin 96, carbonic anhydrase II 97, and receptor 
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activator of NF-κB ligand (RANKL)98, 99.  RANKL is in the tumor necrosis factor (TNF)-receptor 

family, which also has a role in regulating dermal immunity.  It is also a VDRG with a VDRE 100.  It 

is produced by keratinocytes exposed to inflammation, causing immunosuppression by reducing 

costimulatory molecules on Langerhans cells (LCs) and stimulating proliferation of T regulatory 

cells (Tregs) 100.  RANKL, therefore, is important in winding down the immune response once 

activated to prevent systemic inflammation, shock, and potentially death.  If sufficient VD is not 

present, VDR signaling will not be able to upregulate RANKL, and the immune response could 

escalate out of control. 

β3 integrin, p21, CYP3A4, and involucrin 

VD also upregulates β3 integrin, a cell adhesion protein 101; tumor suppressor p21, 

which halts the cell cycle 102; CYP3A4, important for oxidation in the liver and other tissues 103; 

and involucrin, which is needed to produce intermolecular cross-bridges in keratinocytes 93.  

These elements may be involved in maintenance of skin barrier function before, during, and 

after inflammation as well as in immunosuppression similar to RANKL. 

Insulin-like growth factor binding protein 

Insulin-like Growth Factor (IGF) binding protein (BP)-3, which transports and extends 

IGF-1, is also upregulated by VDR signaling 104.  IGF-1 is stimulated by human growth hormone 

(HGH), which is anabolic, especially before adulthood 104.  IGF-1 inhibits apoptosis through the 

Akt pathway and, hence, is termed a survival factor 104.  It is unclear if the action of IGFBP-3 

actually promotes survival in the long term or, more likely, decreases the bioavailability of IGF-1 

to a minimum basal level, promoting immune surveillance and controlled cell killing and 

avoiding uncontrolled survival and proliferation.  
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Phospholipase C-γ1 

Phospholipase (PL)C-γ1 is another target upregulated by the VD complex 91, 93, 105.  PLC-

γ1 regulates cell signaling through phosphatidylinositol biphosphate (PIP2), which yields 

diacylglycerol (DAG) and inositol triphosphate ( IP3) 
91, 93.  DAG and IP3 upregulate NF-AT, NF-κB, 

and AP-1 transcription factors, leading to an increased ability to signal for an increased cellular 

immune response 91, 93.  Von Essen et al. has shown that naïve T cells express very little PLC-γ1 

and that these cells must first undergo non-classical activation before they express VDRs 105.  

Only at this point can T cell receptor (TCR) signaling proceed through the classical pathway 

following exposure to VD to stimulate VDR signaling, which then upregulates PLC-γ1 105.  

Therefore, VD is requisite for immune activation via TCR signaling, but only after an initial 

activation of T cells by antigen stimulation through the non-classical p38 pathway 105.  This 

process produces a 48 to 72 hour lag, which von Essen et al. states “may diminish the risk of 

unwanted immunopathology” 105. 

Genes downregulated by vitamin D receptor signaling 

Interleukin-2 

Interaction between the VD complex and the VDRE of the IL-2 gene has an anti-

proliferative, immunosuppressive effect 91, 106.  IL-2 inhibition by VDR signaling has been 

demonstrated in T cell lines 104 and in peripheral blood mononuclear cells (PBMNCs) 107.  IL-2 is 

produced by activated naïve T cells and causes differentiation and proliferation of T cells—hence 

it is called a T cell growth factor 91, 106.  IL-2 activates the JAK3/STAT5 pathway, which will be 

discussed in relation to IFN-γ 108.  The downregulation of IL-2 by VDR signaling may also be 

compounded through transcription factor antagonism, as IL-2 expression requires NF-AT and 

NF-κB 91, 106. 
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Interleukin-12 

IL-12, a pro-inflammatory cytokine, has been established as a VDRG in myelomonocytes 

since 1998 106, 109,110.  To do this, D’Ambrosia et al. showed that VD halted messenger ribonucleic 

acid (mRNA) expression of the p35 and p40 subunits of IL-12 38.  VD also inhibits IL-12 at the 

transcriptional level through transcription factor antagonism, as IL-12 subunits require the 

binding of NF-κB 38.  DCs produce IL-12 and require it to differentiate  106, 109,110.  IL-12 also steers 

the type of immune response, leading to the formation of IFN-γ-producing TH1 helper CD4 T cells  

106, 109,110.  IL-12 is also regulated by IFN-γ production.  During innate immune responses, the  first 

IFN-γ comes from Natural Killer (NK) cells, which acts on DCs, and macrophages to produce IL-12 

106, 109,110.   These CD4 T cells will also produce IL-2, leading to CD8 T cell proliferation 106, 109,110.  

The CD8 T cell response will be in the form of cytotoxic T lymphocytes (CTLs), as IL-12 leads to 

differentiation into CTLs 106, 109,110.  IL-12 promotes a TH1 response via stimulation of the JAK-

STAT pathway, particularly STAT1 106, 109,110.  Therefore, VDR, acting as a repressor of IL-12 

through the IL-12 VDRE, limits the activation of this TH1 response.  As VDR signaling shifts the 

immune response away from TH1, it can be considered anti-inflammatory. 

Tumor necrosis factor- α  

Another important cytokine that the VD complex has been shown to downregulate is 

TNF-α.  The ability of VDR signaling to act on the VDRE of TNF-α  has been determined, like IL-2, 

in PBMNCs 107.  This has also been shown in CD4+CD45RO+ T cells 111.  In the skin, TNF-α is 

produced by keratinocytes 107.  TNF-α is also contained in the granules of granulocytes, along 

with many other substances, where it waits to be released to instigate a local inflammatory 

response 112.  In innate immunity, TNF-α is a “macrophage cytokine” due to the following two 

actions 113.  First, TNF-α causes endothial cell activation, leading to greater blood flow, increased 

vascular permeability, and increased leukocyte infiltration.  Second, it stimulates exocytosis of 
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granules called Weibel-Palade bodies containing P-selectin, which stimulates production of E-

selectin and facilitates neutrophil and monocyte homing via sulfated sialyl-Lewisx 113 (See Figure 

7 and 8).  Locally, this contains infection through clotting, but systemically can cause shock. 

TNF-α also plays a crucial role in adaptive immunity.  The main source of TNF-α is 

macrophages  106, which are a major target of the anti-inflammatory actions of VD 107.  VD acts 

on macrophages post-transcriptionally by causing the mRNA of TNF-α to degrade more rapidly 

107.  TNF-α  signaling through the TNF Receptor (TNFR)-1 either produces apoptosis or in this 

case a pro-inflammatory response and favors CTL response 106,91.  In fact, TNF-α is given 

concomitantly with antiretroviral therapy (HAART) to increase its efficiency by stimulating this 

CTL response 114.  The effects of downregulation of TNF-α by VD are thus similar to those of Il-12 

and can be deemed anti-inflammatory. 

Interferon-γ  

IFN-γ has also been validated as a VDRG in PBMNCs where VD again acts at the level of 

the transcript by decreasing mRNA survival 107.  VDR signaling has also been strongly correlated 

with extent of IFN-γ inhibition in vitro in T cells 115.  In innate immunity, IFN- γ instigates a 

response after intracellular receptors stimulate IFN-α and -β and is crucial in elimination of 

double stranded RNA viral infections 113.  IFN- γ plays a larger role in adaptive immunity, 

however.  It is the primary macrophage activating cytokine 109, 116.  IFN-γ upregulates major 

histocompatibility complex (MHC) I and II by causing the expression of MHC II on cells where it is 

not constitutively expressed and increasing antigen presentation by MHC I 109, 116.  It has also 

been shown to be involved in granuloma development 114. 

 Like IL-12, IFN-γ is produced by TH1 CD4 T cells and stimulates the JAK-STAT pathway via 

STAT1 109, 116 as well as STAT5 117, which makes it somewhat dependent on IL-2 for activation.  In 
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fact, STAT5 null cells have been shown to be unresponsive to IL-2 stimulation and exhibit 

decreased IFN-γ production 118.  Additionally, the IFN-γ gene requires NF-κB and NF-AT as 

transcription factors 119, so the action of VD may also be due to antagonism of these factors.  

IFN-γ is also the principal cytokine produced by CD8 effector T cells where it halts viral 

replication and may purge viruses without the need for cell killing in some instances.  

Furthermore, plasmacytoid DCs are stimulated by IFN-γ in lymphoid tissue, and its presence 

shifts their action to an intracellular response 106.  When naïve CD4 T cells are exposed to VD, 

they instead shift to a TH2 response and produce IL-10, IL-5, and IL-4 120. 

In addition, IFN-γ is produced by activated NK cells and inhibits class switching to IgE in B 

cells stimulated by IL-4 109.  IgE is the antibody isotype associated with allergy and the 

hypersensitivity reaction.  In immune privileged sites like the gut and the skin, the desirable 

isotype is IgA, as this produces an anti-inflammatory immune response in stark contrast to that 

of IgE.  There are alternative pathways for maintaining an anti-inflammatory antibody response, 

however.   

Granulocyte-macrophage colony-stimulating factor 

The final cytokine downregulated by the VD complex is granulocyte-macrophage colony-

stimulating factor (GM-CSF).  Tobler et al. showed GM-CSF protein and mRNA inhibition by VD 

to be IL-2 independent in PBMNCs 121.  Then in 1999, Towers et al. showed the VDRE of GM-CSF 

is “directly bound…in a unique tertiary complex” by the VD-VDR complex without RXR 122.  By 

binding to the GM-CSF promoter, VDR is replacing NF-AT and therefore acting as a competitive 

antagonist to this transcription factor 122.  VDR also inhibits the actions of AP-1 as a transcription 

factor for GM-CSF 122.  GM-CSF in innate immunity induces monocytes to differentiate into DCs 

with IL-4 113, and this function has been shown to be suppressed by VD in numerous in vitro 123-
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126 as well as in vivo 127 studies .  The importance of suppression of differentiation of DCs in skin 

will be discussed at length in the section Professional antigen presenting cells under Vitamin D 

receptor locations & physiological effects.  In adaptive immunity, GM-CSF is released mainly by 

TH1 cells 106.  It is also secreted be TH2 cells and CTLs and induces macrophage, granulocyte, and 

DC formation in bone marrow 106.  GM-CSF downregulation is another example of how VDR 

signaling leads to the quiescence of the immune system. 

Overview of vitamin D gene regulation 

When VD binds to VDR to form the VD complex, it alters the expression of immune 

regulatory genes through VDREs and, therefore, alters the function of the immune system.   

Essentially, VDR signaling limits activation of an inflammatory response and subsequent 

pathology by antagonizing NF-AT and NF-κB; upregulating RANKL, PLC-γ1, and etcetera; as well 

as downregulating IL-2, IL-12, TNF-α, IFN-γ, and GM-CSF.  Limiting activation sets the immune 

system in steady state conditions, the importance of which will be discussed below as it relates 

to dermal immunity. 

Vitamin D receptor locations & physiological affects 

Skin 

Skin is the largest of all organs, a component in the immune system, as well as an 

important structural element of the body.  Without skin, fluids would be lost and the body 

would be left open to attack by radiation, pathogens, and chemicals.  This barrier function is 

evident in the structure of skin: a constantly renewing stratum of many cells with tight junctions 

and stringent regulation.  The main structure of mammalian skin can be broken down into three 
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layers:  the outermost epidermis, the dermis, and the innermost hypodermis.  The epidermis is 

the site of VD photoproduction, so this layer will be the focus of this manuscript. 

The epidermis can be further subdivided into stratum as illustrated in Figure 5.  The 

epidermis consists mainly of keratinocytes, which gradually differentiate with fluctuating gene 

expression over the 14 days required to travel from the basal layer to the surface of the skin 128-

130.  The state of differentiation delineates the different epidermal layers, and thus the different 

functions associated with each layer 128-130.  The top layer of corneocytes, the stratum corneum 

(SC), is the site of keratin filaments and the cornified envelope, which are cross-linked by 

transglutaminases to form a structural framework 128-131.  Once ceramides are bound to the 

cornified envelope, this is the lipid envelope 128, 129, 131.  The lipid envelope is the main 

contributor to fluid retention and protection from radiation and other potential intruders 128, 129, 

131. 
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Figure 5 Schematic of the epidermis 
128

 

“The epidermis consists mainly of keratinocytes organized in different layers or strata. The stratum basale (SB) 
consists of undifferentiated, mitotic keratinocytes attached to the basement membrane or lamina basalis. In the 
stratum spinosum (SS), the keratinocytes cease proliferation and begin to differentiate. The cells flatten and the cell-
surface extensions or spines end in desmosomes. The stratum granulosum (SG) is characterized by the presence of 
keratohyalin granules. The keratin filament network is cross-linked, DNA is degraded, organelles are destroyed, and 
the plasma membrane is replaced by the cornified envelope and lipid depositions from the lamellar bodies. The 
stratum corneum (SC) consists of dead cells (corneocytes) that are finally shed into the environment during 
desquamation. The extracellular pH of the epidermis remains neutral until the transition between the stratum 
granulosum and stratum corneum, where it becomes more acidic towards the surface of the skin. The concentration 
of Ca2+ increases towards the stratum granulosum and declines again in the stratum corneum. The expression profile 
of serine proteases discussed in this review is shown.” 

128
 

 

The organization and graduated differentiation of skin is closely regulated through a 

complicated system, frequently by serine protease cascades (See Figure 6) 128, 130, 132. 
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Figure 6 Dermal proteases 
128

 

“Various proteases contribute to the protease/protease inhibitor balance in the skin. Proteases can be expressed 
endogenously in the skin, they can come from infiltrating cells such as neutrophils, or they might be of exogenous 
origin, as from microorganisms, allergens and others. Various cutaneous protease inhibitors protect the skin from 
these proteases.” 

128
 

 

Serine proteases were previously accepted as playing a role in coagulation, complement 

activation, digestion, and etcetera 128.  It is only recently that they have been linked to the 

somewhat delicate balance of the epidermis 128, 131.  The main element in this attribution is 

profilaggrin, the biologically inactive form of filaggrin, found in the stratum granulosum (SG) in 

the keratohyalin granules 128-131, 133.  Profilaggrin  is a polymer of filaggrin that is processed  in the 

transitional area of the SG and SC (See Figure 16 in Appendix) 128, 130, 131, 134, 135.  The product of 

this processing is then broken down into amino acids, altered, and then joined with ions to 

create the natural moisturizing factors (NMFs) 128, 130, 136, 137.  It may be obvious from the name 

that NMFs are crucial to keep the SC properly hydrated and thus functional.  In addition, 

filaggrin monomers are important for fluid retention, as they aid in keratin cross-linking and 
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bundling 128, 130-132.  All of the structural components of the skin like fillaggrin and collagen are 

susceptible to reactive oxygen species (ROS) and reactive nitrogen species (RNS) caused by UV 

radiation.  Such damage due to ROS and RNS, oxidative damage, is the main cause of photoaging 

and one of the central risk factors for photocarcinogensis 28. 

In addition, the calcium gradient shown in Figure 5 is one of the main regulators of the 

graduated differentiation of the epidermis 128, 132, 138.   Mice that have been genetically modified 

to lack the ability to produce 1,25(OH)2D3 exogenously have been found to lack this calcium 

gradient and therefore the correct differentiation gradient it controls 139, 140.  These same mice 

have fewer epidermal differentiation markers and delayed healing following mechanical 

disruption of the epidermis, most likely due to the improper differentiation of their 

keratinocytes 139, 140.  Thus, VD plays a crucial role in the health and function of skin even before 

dermal immune surveillance requires it to fend off infection and cancer. 

Overview of dermal immunity 

Figures 7 and 8 depict the innate and adaptive arms of dermal immunity, respectively, 

and incorporate many previously discussed topics.  Topics not previously mention will be 

discussed at length in later sections.



 
31 

 

 

Figure 7 Innate dermal immunity 
141

 

 “Epithelial-cell injury or pathogen invasion leads to the 
release of primary cytokines and the activation of both 
skin cells (keratinocytes and fibroblasts) and resident 
innate immune cells (Langerhans cells (LCs), dermal 
dendritic cells (DCs) and mast cells), stimulating 
downstream activation cascades. Activated Langerhans 
cells and dermal DCs are stimulated to mature and 
emigrate from the tissue to the draining lymph node, 
carrying antigen for presentation to naive and memory T 
cells. The cytokines and chemokines produced in 
response to this activation cascade act on the local 
endothelia through nuclear factor-κB (NFκB)-mediated 
pathways to upregulate the expression of adhesion 
molecules, including E-selectin, P-selectin and 
intercellular adhesion molecule 1 (ICAM1), and direct the 
recruitment of additional innate immune components 
according to the specific signals that are generated — for 
example, neutrophils, eosinophils and natural killer (NK) 
cells. CCL17, CC-chemokine ligand 17.” 

141

 

Figure 8 Adaptive dermal immunity 
141

 

“Circulating cutaneous lymphocyte antigen (CLA)-positive 
T cells represent a library of memory T cells with T-cell 
receptors (TCRs) specific for antigens previously 
encountered in the skin. Cytokines released by 
keratinocytes, fibroblasts and resident antigen-presenting 
cells stimulate the upregulation of expression of E-
selectin and intercellular adhesion molecule 1 (ICAM1) 
through nuclear factor-κB (NF-κB)-mediated activation 
pathways. Production and presentation of T-cell-specific 
chemokines, such as CC-chemokine ligand 17 (CCL17), 
CCL22 and CCL27, on the local endothelium results in the 
recruitment of CLA+ T cells in an antigen non-specific 
manner. T cells entering the tissue that encounter their 
specific antigen presented by local macrophages or 
dendritic cells will be activated to proliferate and carry 
out their specific functions. Those that do not…which 
might be most of the cells that are recruited, will enter 
the lymphatics and return to the general circulation. LC, 
Langerhans cell.” 

141
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As is evident from Figures 7 and 8 as well as Figure 16 in the Appendix, the skin is more 

than just a mechanical barrier.  Indeed, it is given a special designation in the immune system as 

Skin-Associated Lymphoid Tissue (SALT), meaning it is an important immunological component 

like the gut (GALT) or mucosa (MALT).  For example, the skin has resident leukocytes, which are 

not just a fleeting population in times of alarm 142.  There are numerous other cell types that 

also play a role in the immune function of the skin.  Melanocytes, for instance, produce melanin 

to absorb UVB radiation, protecting the skin from UV damage.  They also have VDRs 37, and VDR 

signaling causes differentiation and decreased proliferation of melanocytes 140.  This will be 

discussed at length under the Vitiligo section. 

Keratinocytes 

Keratinocytes are one of the main cell types of skin, and they have VDRs 37.  Structurally, 

keratinocytes allow the epidermis to perform its barrier-function 132.  They are also macrophage-

like phagocytes of the skin 143.  Keratinocytes do not just receive signals from VDRs; however, 

they are also involved in the photoproduction of VD.  In 2005, Bikle et al. stated that “the 

keratinocyte is the most prodigious producer of 1,25D3 [1,25(OH)2D3+that we have ever studied” 

and that they have more than adequate stores of 7-DHC to use during photoproduction of VD 

132.  Kerationocytes also release cytokines, such as IL-1 and TNF, and antibacterial peptides, like 

defensins, when stimulated by tissue damage and/or damage signals 144, 145 (See Figures 7 and 

8). 

Signaling through the VDRs present on epidermal and follicular keratinocytes stimulate 

differentiation of keratinocytes and reduce proliferation in high doses 46, 132, 140, 146, 147.  The 

reduction in proliferation is accomplished by halting the cells at the transition between G0/1 and 

S phases via the upregulation of p21 and p27, tumor suppressors that act as inhibitors of the cell 

cycle and contain VDREs 147-150.  Additionally, 1,25(OH)2D3  stimulated keratinocytes exhibit an 
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increased production of transforming growth factor (TGF)-β and could also contribute indirectly 

to the anti-proliferative effect of 1,25(OH)2D3 
151, 152.  Lower doses, on the other hand, actually 

stimulate proliferation 153, 154.  This has been demonstrated using topical application of a VD 

analog to obtain these lower doses, which has been shown to induce proliferation in the 

epidermis of mice 155.  This illustrates how key VD concentration is on local immune function and 

speaks to the fact the endogenous production of VD in the skin is most likely unique and 

important for dermal immunity in a way that cannot be replicated from dietary sources alone. 

Professional antigen presenting cells 

Langerhans cells 

Professional antigen presenting cells (APCs) are a key component of the primary 

immune surveillance of skin 37, 141.  The most important APCs of the skin are the LCs, the DCs of 

the epidermis 106, 156.  In terms of their key role in cellular immunity 157, LCs are the only cells 

with MHC II in the epidermis, which is often used as a marker for LCs 158.  LCs have Toll-Like 

Receptor (TLR) 3, 7, 8, and 9, and thus are part of the innate immune response 159 (See Figure 7).  

They also potently cross-present to CD8 T cells 160, 161, 161-164, particularly to purge viruses 159, so 

they play a role in adaptive immunity as well (See Figure 8).  More importantly, since the skin is 

a site with great numbers of commensal bacteria like the gastrointestinal (GI) tract, LCs are 

somewhat tolerant to bacteria (Gram-negative and positive), as they express TLR 2, 4, and 5 

feebly at best 159. 
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Figure 9 The Langerhans cell paradigm, adapted from 
106

 using information from 
163, 164

 

 

As depicted in Figure 9, LCs migrate from the skin to draining lymph nodes when 

exposed to allergens 165, irritants 166, or UV radiation 167 due to the release of the cytokines TNF-

α and IL-1β 168-172.  Once in the lymph nodes, they activate the secondary immune surveillance of 

the skin, antigen-specific effector T cells with skin-homing receptors called cutaneous 

lymphocyte antigens (CLAs) 141 (Figure 8).  Some of these effector T cells will go on to become 

memory T cells and form the tertiary immune surveillance, which will be effective in the skin as 

well as the rest of the body 141.  When inflammation is not triggering this response, LCs deliver 

self-antigens to induce peripheral tolerance via Tregs (Left side of Figure 9) 155, 173-175.  This dual 

function as inhibitor of self-reactivity during steady-state conditions and instigator of an 

inflammatory response to invaders is one of the many important and highly regulated elements 

of dermal immunity. 

VD must play a role in the regulation of LC function if it is truly important to dermal 

immunity.  In fact, topical VD3 analog applied over a short period (4 to 7 days) decreased the 

number present and the number of dendrites per LC, limiting T cell activation, in a dose-

dependent fashion 156, 176.  Another study established that skin depleted of LCs does not display 
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a normal contact hypersensitivity response 177.  Correspondingly, patients using topical 

corticosteroids for an extended period have been observed to develop susceptibility to contact 

sensitization most likely because the LCs are not present to execute their inhibitory functions 178-

181.  Depletion of LCs is also characteristic of aging and may be related to decreased 

immunosurveillance and increased skin cancer risk associated with aging, especially in dermal 

regions chronically exposed to UV radiation 182-185. 

VD may affect LCs in a less direct mechanism as well.  IL-10, which is present in higher 

concentrations in quiescent regions such as those exposed to VD, has been shown to inhibit 

migration of LCs 186 and polymorphisms leading to decreased production are associated with an 

increased risk of severe melanoma and vice versa 187-190.  This could be thought of as a model of 

what would happen if VD was in high concentrations in the skin, preventing severe melanoma, 

or if the beneficial effect of VD immunosuppression were eliminated, leading to severe 

melanoma, respectively. 

TGF-β1, the importance of which has been shown in studies including a number in 

human cell lines 173, 191-194, may have similar actions on LCs via the VDR complex 195.  As shown in 

Figure 10, TGF-β1 acts on VDR to increase signaling and cause differentiation of precursor cells 

into LCs while IL-4 and GATA-1, which acts as a repressor, cause downregulation of VDR and 

differentiation into inflammatory DCs  195.  Therefore, decreased VDR signaling leads to the 

inflammatory phenotype associated with immune dysregulation and severe melanoma risk 

while increased VDR signaling leads to immune quiescence associated with low risk of severe 

melanoma. 
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Figure 10 Vitamin D stimulates steady state conditions 
195

 

“VDR is induced downstream of TGF-β1 during LC differentiation.  In contrast, DC derived from monocytes in 
response to IL-4 down-regulate VDR.  IL-4 induces GATA-1, which in turn represses VDR.  Our study showed that VDR 
and GATA-1 are functionally involved in myeloid DC subset differentiation.”  

195
 

 

Dermal dendritic cells 

Dermal DCs (DDCs) are the other APCs of the skin.  They were discovered much later 

than LCs, so they are less well understood.  DDCs reside in the more intricate dermis, proximal 

to the lymphatic vessels (See Figures 7 and 8).  It has been established that they are involved in 

humoral immunity 157; stimulate follicular T-helper cells, which facilitate B cells 109, 161; initiate 

class-switching in B cells 161; and eliminate bacteria and viruses using all TLRs 159.  Since the 

dermis is more distal to endogenous VD production and the ability to apply topical VD analogs 

for experimentation is thusly limited, the potential role of VD in regulating DDCs currently has 

little scientific heft. 

Fibroblasts 

Fibroblasts (FBs) are another dermal cell type with VDRs 37.  FBs can stimulate an 

immune response by releasing cytokines and chemokines (Figures 7 and 8).  They also produce 

pro-collagen, the precursor to collagen fibers, which are covalently cross-linked triple helixes of 

collagen microfibrils 196.  The number of collagen fibers present in a given area of skin decreases 
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with UV exposure 28, which is compounded by the fact that damaged collagen downregulates 

pro-collagen synthesis by FBs 197.  This collagen degradation leads to decreased structural 

integrity and photoaging via AP-1-mediated production of MMPs (Figure 11) as well as ROS 28, 

197.  The role of VD in this process has not yet been elucidated, but most likely will at least play 

the role of transcription factor antagonist to AP-1. 

 

 

Figure 11 Role of AP-1 & MMPs in skin damage from UV radiation 
28

 

“Ultraviolet irradiation (jagged arrows) activates growth factor and cytokine receptors on the surface of keratinocytes 
(KC) and fibroblasts (FB). Activated receptors stimulate signal transduction cascades that induce transcription factor 
AP-1, which stimulates transcription of matrix metalloproteinase (MMP) genes. In fibroblasts, AP-1 also inhibits 
procollagen gene expression. Matrix metalloproteinases are secreted from keratinocytes and fibroblasts and break 
down collagen and other proteins that comprise the dermal extracellular matrix. Imperfect repair of the dermal 
damage impairs the functional and structural integrity of the extracellular matrix. Repeated sun exposure causes 
accumulation of dermal damage that eventually results in characteristic wrinkling of photodamaged skin.” 

28
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Cells of the immune system 

Chronic UV exposure activates the innate and adaptive elements of immunity and 

changes how the cells of the immune system, id est LCs and other APCs, function 6, 198. The result 

is an alteration of the “microanatomic environment such that cellular function of both 

constitutive and newly arriving cells are altered” 6, 199, 200.  VD also plays a significant role in 

modulation of the immune system.  All recognized immune cells have been shown to possess 

VDRs.  The direct effects of VDR signaling on these cells in vivo is not well established, like the 

indirect effects discussed with VDR gene regulation.  Studies using topical applications have 

been conducted and have shown that 1,25(OH)2D3 inhibits lymphocyte proliferation 37.  The 

mechanism has yet to be established, however.  In macrophages, 1,25(OH)2D3 may act as a 

negative feedback for cytokine production.  Activated macrophages produce 1,25(OH)2D3 

concomitantly with pro-inflammatory cytokines, which are inhibited by 1,25(OH)2D3, thereby 

creating a negative feedback loop 37.  The decrease in cytokine production in turn inhibits 

further macrophage activation.  1,25(OH)2D3 also stimulates the antibacterial properties of 

macrophages, IL-1 and cathelicidin, a bactericidal peptide  34, 201.  Again the exact mechanisms 

are unknown.  As previously discussed, VDR downregulation of IL-12 decreases proliferation and 

differentiation of DCs 37.  DCs have not been studied much more than other immune cells, but 

the results of these studies are consistent with those for LCs and thus hold more clout.   As with 

LCs, immature DCs are tolerogenic, promoting Tregs instead of effector T cells 202-204.   

The most convincing evidence for the role of VD in maintaining proper immune function 

comes from a study just published on March 10th, 2010.  Urashima et al. conducted a 

randomized, double-blinded, placebo-controlled trial of 600 IU of VD3 twice per day (1200 

IU/day total) in school-aged children during influenza A (FluA) season, which occurs during the 

winter months 205.  FluA was diagnosed via antigen testing of swabs taken from the 
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nasopharygeal regions of each child 205.  If analysis was restricted to the time period following 30 

days of supplementation, only 9.6% of the experimental group compared to 16.2% of the 

control group contracted FluA 205.  Logically, those already taking VD showed less of a decline in 

the relative risk of contracting FluA 205.  While this is systemic immunity and VD delivery, the 

results may speak to what would occur in the skin.  In fact, the effects of VD administration may 

be more pronounced in the skin due to the high local concentrations that can be retained there. 

Other cell types 

Pancreatic islet cells have also been found to express VDR, as have synoviocytes 

(synovial intimal cells) 37, 206.  Synoviocytes are macrophagic cells that have two distinct types 37.  

Type A cells are derived from mononuclear cells just like macrophages and thus are local 

macrophages 37.  They also express MHC II, just like LCs 37.  Type A synoviocytes produce many 

enzymes including cathepsin, which leads to tissue damage during an inflammatory response 206, 

207.  The other cell type is fibroblast-like cells or type B cells, which are non-immunoreactive 37.  

The role of VDR signaling in these cell types requires further research but emphasizes the 

importance of VD in immunity and overall wellbeing. 

Overview of non-skeletal functions 

As has been discussed in this manuscript, VD has many non-skeletal functions.  Figure 12 

is a visual representation of those that have been well established at this time.  Those that have 

not been discussed previously include the increase in insulin production in the pancreas leading 

to better blood sugar control and decreased production of rennin in the kidneys leading to 

lower blood pressure.  Both of these effects are particularly relevant in developed countries 

where type 2 diabetes mellitus and hypertension run rampant in conjunction with the obesity 

epidemic. 
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Figure 12 Non-skeletal roles of vitamin D 
34

 

“When a macrophage or monocyte is stimulated through its toll-like receptor 2/1 (TLR2/1) by an infectious agent such 
as Mycobacterium tuberculosis or its lipopolysaccharide, the signal up-regulates the expression of vitamin D receptor 
(VDR) and 25-hydroxyvitamin D-1α-hydroxylase (1-OHase). A 25-hydroxyvitamin D [25(OH)D] level of 30 ng per 
milliliter (75 nmol per liter) or higher provides adequate substrate for 1-OHase to convert 25(OH)D to its active form, 
1,25 dihydroxyvitamin D [1,25(OH)2D]. 1,25(OH)2D travels to the nucleus, where it increases the expression of 
cathelicidin, a peptide capable of promoting innate immunity and inducing the destruction of infectious agents such 
as M. tuberculosis. It is also likely that the 1,25(OH)2D produced in monocytes or macrophages is released to act 
locally on activated T lymphocytes, which regulate cytokine synthesis, and activated B lymphocytes, which regulate 
immunoglobulin synthesis. When the 25(OH)D level is approximately 30 ng per milliliter, the risk of many common 
cancers is reduced. It is believed that the local production of 1,25(OH)2D in the breast, colon, prostate, and other 
tissues regulates a variety of genes that control proliferation, including p21 and p27, as well as genes that inhibit 
angiogenesis and induce differentiation and apoptosis. Once 1,25(OH)2D completes the task of maintaining normal 
cellular proliferation and differentiation, it induces expression of the enzyme 25-hydroxyvitamin D-24-hydroxylase 
(24-OHase), which enhances the catabolism of 1,25(OH)2D to the biologically inert calcitroic acid. Thus, locally 
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produced 1,25(OH)2D does not enter the circulation and has no influence on calcium metabolism. The parathyroid 
glands have 1-OHase activity, and the local production of 1,25(OH)2D inhibits the expression and synthesis of 
parathyroid hormone. The 1,25(OH)2D produced in the kidney enters the circulation and can down-regulate rennin 
production in the kidney and stimulate insulin secretion in the beta islet cells of the pancreas.” 

34
 

Sex differences relating to vitamin D & immunity 

Skin thickness 

Female skin is thinner overall than male skin; though, the epidermis, the site of VD 

photoproduction, and the hypodermis, the innermost layer, are actually thicker in females 208.  

Estrogen, specifically E2, which is more plentiful in pre-menopausal females, stimulates this 

epidermal thickening 208.  The general thinness of female skin is further exaggerated with age, 

especially in post-menopausal women 209 or women using oral contraceptives 210.  In female 

skin, wounds heal faster and infection is cleared more successfully, which could be due to 

selective pressure on women related to injury during childbirth 211-214. 

Male skin is thicker overall due to dihydrotestosterone and dehydroepiandrosterone, 

which are more abundant in males and promote dermal thickening 208.  This is also why the 

dermis is particularly thicker in males 208.  Could this make male skin less likely to be seriously 

breached and infected?  Males are more likely to be injured during aggressive behaviors or while 

hunting wild animals, so this could be the result of an evolutionary pressure.  On the other hand, 

males exhibit slower wound healing due to lower estrogen levels215, 216, but this is overcome in 

young males by decreased inflammatory damage due to an increased production of anti-

inflammatory mediators 217. 

Moreover, skin thickness is directly correlated with collagen content 208, 218.  This means 

that thicker skin has more collagen and therefore undergoes less photoaging.  Women would 

therefore undergo more photoaging, which is consistent with the extensive cosmetic industry 
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and how this industry targets women.  Conversely, the thicker epidermis in females should yield 

more VD3 production with less UV exposure required to attain maximal VD3 production.  This 

means that the elevated risk of photoaging may be able to be balanced, as the requirement for 

exposure is lessened.  However, as the epidermis thins with decreased estrogen, females will 

become less able to produce endogenous VD3.  With age, they will become more and more at 

risk of VD deficiency, which may add to the risk of related diseases like osteoporosis.  As has 

been discussed previously, the repair mechanism of the body also declines with age.  Thus, with 

age, women will require more UV exposure to reach vital levels of VD but will be less able to 

repair the damage caused by this UV exposure.  Elderly females may then need to obtain a 

larger portion of their VD from dietary sources than even elderly males. 

Immune response skewing 

Infectious diseases are more common and more challenging in males 219, which may 

render them more susceptible to immunosuppression from VD deficiency.  In addition, women 

reject skin grafts in less time 220 perhaps due to increased numbers of LCs, though this has not 

been adequately described as of yet.  This heightened immunity in females is due at least in part 

to the fact that higher estrogens levels yield a stronger immune response, often TH1 210.  For 

women, this dependence of the immune system on estrogen may result in waning immunity 

with menopause 210.  There is a downside to a keen ability to fight off invaders, however: 

women are more likely to develop an autoimmune disease 221.  Also, estrogen has been linked to 

basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) 222, 223 as well as melanoma 224.  

On the other hand, men have a higher risk of developing melanoma and have dimmer 

prognoses 225-227, and males may also have the same propensity for BCC 228 and therefore 
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possibly SCC as well.  These are not straight-forward relationships, but they are becoming 

clearer and will be the source of great advances in medicine. 

Vitamin D in disease 

As this manuscript has attempted to establish, Birlea et al. described, “The multiple 

effects of VDR on immune cells lead to the recognition of vitamin D as a potent 

immunomodulator” 229.  As VD is such as powerful element of the immune system, it is only 

reasonable that it would play a major role in disease as well.  Before delving into disease, Figure 

13 serves as a summary of the role of VD in the immune system, which will be pivotal to the 

examination of disease states. 

 

 

Figure 13 Summary of the action of 1,25(OH)2D3 in the immune response 
230

 

“1,25(OH)2D3 and its analogues (1,25(OH)2D3) can modulate the immune response via several mechanisms in 
secondary lymphoid organs and in target tissues. (a) In secondary lymphoid organs, 1,25(OH)2D3 inhibits interleukin 
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(IL)-12 and stimulates IL-10 production and Downregulates costimulatory molecule expression (CD40, CD80, CD86) 
expressed by dendritic cells (DC), thus inhibiting the development of T helper (Th) 1 cells along the Th1 pathway and 
favoring the induction of CD4+CD25+ regulatory T cells and of Th2 cells, both of them able to further inhibit Th1 cells. 
1,25(OH)2D3 also exerts direct effects on T cells by inhibiting IL-2 and interferon (IFN)-γ production. Macrophages 
(MΦ) can synthesize 1,25(OH)2D3 and this might also contribute to the regulation of the local immune response. (b) In 
target tissues, pathogenic Th1 cells, that can damage target cells via induction of cytotoxic T cells (CTL) and activated 
macrophages, are reduced in number and their activity is further inhibited by CD4+CD25+ regulatory T cells and by 
Th2 cells that are induced by 1,25(OH)2D3. Green arrows indicate stimulation, blunted red arrows inhibition, and 
broken arrows cytotoxicity.” 

230
 

 

Autoimmunity 

Autoimmunity is a condition in which the immune system of an individual attacks self-

cells and sometimes lead to disease.  This state of disease of the immune system stems from 

autoreactive T cells and B cells escaping the safe-guards of central and peripheral tolerance 231.  

Autoimmunity, but not autoimmune disease, becomes more common with increased age 

despite the reduced effectiveness of cellular immunity, such as reduced efficiency of TCR 

signaling 232, 233.  Humoral immunity is also effected by aging, as low-affinity and/or autoreactive 

antibodies become more ubiquitous 234-236.  A great many of these autoreactive antibodies are 

specific for “neoantigens,” self-antigens that have changed or become accessible over the 

course of a lifetime 233, 236.  For instance, cells damaged by chronic UV exposure could produce 

modified forms of self-antigen that are then recognized by the immune system as foreign.  Thus, 

a protein may no longer be recognized as self because it has changed, or it may not be 

recognized as self due to a lack of peripheral tolerance formation. 

Another alteration of the immune system that occurs with age is a shift towards a TH2 

response 233, 236, 237.  This is largely due to a gradual increase in production of cytokines 

stimulating a constant TH2 response over the lifetime of an individual.  A constant immune 

response leads to the failure of normal tolerance from an increased formation of autoreactive 

antibodies 238 and/or a decline in Tregs 239, 240.  This shifting towards a TH2 response would also 
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decrease effectiveness of a TH1 response, if needed.  As TH1 responses are more effective at 

eliminating intracellular pathogens and diseases, a decline in the ability to mount a TH1 response 

may help explain the increased risk of cancer associated with age.  Along a similar thread, the 

decreased number of LCs present in the skin associated with aging may lead to decreased self-

antigen presentation to stave off autoimmunity 184, 241, 242. 

In terms of autoimmunity, the role of TH1 cells has recently been trumped by TH17 cells, 

but not eliminated.  TH17 cells have many similarities to TH1 cells, which is why they were often 

confused for each other in past experiments.  Both cells are thought of as inflammatory and are 

present in autoimmunity, but TH17 cells require IL-23 as opposed to TH1 cells that require IL-12, 

which in fact is homologous to IL-23 243, 244.  The discovery of autoimmune disorders that are 

mediated by IL-23 instead of IL-12, such as rheumatoid arthritis 243 and type I diabetes mellitus 

244, has given TH17 cells new importance in the study of autoimmunity.  As this cell type is still 

very new, the role VD plays in this is only beginning to form.  DCs cultured with 1,25(OH)2D3 

have been found to secrete less IL-23 than controls 245, so VD may downregulate the TH17 

response in a similar manner as with TH1. 

The generalized loss of specificity and efficiency of immune response activation and 

termination associated with autoimmunity are part of what leads to persistent inflammation 

and what has been termed “inflamm-aging” 246.  The role of VD in the processes of 

autoimmunity and inflamm-aging has largely been explored through VDR agonists, such as those 

used to treat psoriasis.  VDR agonists have been shown to target DCs such as LCs to promote 

tolerance by stimulating Tregs instead of effector T cells 78, 247, 248.  VDR acts by inhibiting 

maturation of the DCs that typically occurs in response to antigen stimulation, leading to 

effector T cell activation, as well as by inducing apoptosis of already mature DCs 203, 249-252.  The 
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remaining immature DCs stay in more of a steady-state form (Left side of Figure 9) in which they 

are more effective at antigen processing than activation (Right side of Figure 9) and traffic self-

antigen to induce tolerance. 

Another demonstration of the role of VD in the development of tolerance has been 

shown in graft-versus-host disease (GVHD).  VDR agonists have synergistic actions when 

combined with other immunosuppressors to curb graft rejection by calming the inflammatory 

GVHD in vitro and in murine models, including in skin grafts 204, 248, 253-262.  In humans, VDR 

polymorphisms are correlated with GVHD in bone marrow transplantation 263 and delivery of VD 

with renal transplants has increased post-transplant renal function 264.  The effects of this 

combination therapy are long-lasting, most likely by promoting tolerance via Tregs, and, perhaps 

most importantly, could allow the patient to avoid the risk of opportunistic infections  

associated with lifelong immunosuppression 204, 261, 265, 266. 

More direct demonstrations of the ability of VD to ameliorate autoimmunity have been 

shown in models of autoimmune diabetes (type I).  In this model of type I diabetes mellitus, 

mice have been rescued by VDR agonists reinstating tolerance, meaning the results are long 

lasting like in humans with GVHD 267-273.  Similar results have been found in models of 

autoimmune encephalomyelitis 81, systemic lupus erythematous 274, collagen-induced arthritis 

275, early rheumatoid arthritis 111, Heymann nephritis 276, and inflammatory bowel disease (IBD) 

277.  IBD occurs in the GALT, an immunologically restricted site very similar to the skin.  Not 

surprisingly, similar results have been seen in the skin in relation to psoriasis and vitiligo, which 

will be discussed below. 
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Psoriasis vulgaris 

As an autoimmune disease of the skin, psoriasis was long thought to involve a local TH1 

activation against dermal self-antigens 141, 278.  Psoriasis has now been shown to be a TH17 

mediated disease triggered by an increased production of the antimicrobial peptide cathelicidin, 

which binds to self-DNA and leads to an autoimmune response 279-283.  The TH17 response also 

involves cytokines, mainly IL-17, which induces cathelicidin, and IL-22, which increases 

production of other target genes in tandem with IL-17, and probably IL-20 279-283.  1,25(OH)2D3 

has been shown to inhibit IL-17 production by PBMNs during TH17 activation, exhibiting a dose-

dependent relationship 111.  On the other hand, IL-17 receptor signaling through MEK-ERK has 

been shown to be dependent on 1,25(OH)2D3 
279.  In this same study as well as in others, VD has 

been shown to downregulate IL-17 target genes, such as TNF-α, IL-1β, IL-6, and IL-8 
279, 283.  

Importantly, LL-37, the cathelicidin peptide that binds to self-DNA, was not induced following 

increased IL-17 production 279.  The low levels of cathelicidin found, while incongruous with the 

cascade, are consistent with findings in patients, particularly those with ectopic eczema 279.  

These findings along with the success of VD analogs in the treatment of such disorders indicate 

that there are major elements of this cascade that are not understood and further study is 

required. 

In addition to the local immune response in psoriasis, keratinocytes proliferate 

uncontrollably and form the hallmark erythematous plaques 141, 278.  Cases of psoriasis can 

develop spontaneously following any activation of the innate elements of immunity in the skin 

including unrelated tissue damage—the Koebner phenomenon 141, 284.  This impromptu 

development of autoimmunity following physical damage to the skin is also seen in vitiligo 141, 284 

and will be discussed in the ensuing section. 
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As previously mentioned, VD analogs are used topically as the main treatment for mild 

and moderate psoriasis.  Such topical applications of VD analogs work at sufficiently high doses 

in part by inhibiting the unchecked keratinocyte proliferation and, perhaps more importantly, 

quieting the inflammatory response285, 286.  In this therapy, the proximity of VD to the 

inflammation gives this remedy its efficacy.  The efficacy of topical VD analogs, in turn, shows 

how dietary VD intake might not be as effective at regulating dermal immunity in comparison to 

VD produced by the skin due to the immediate bioavailability and greater concentration.  

Therefore, photoproduction of VD may be a unique element of dermal immunity, without which 

immune dysregulation such as autoimmunity may result.  In fact, studies have begun to test the 

efficacy of UVB treatment in psoriasis.  Rácz et al. used narrow-band UVB to treat the 

erythematous plaques of patients with stable psoriasis and found decreased immune activation 

in the treated areas, including downregulation of TNF-α and IL-23 287. 

Vitiligo 

As vitiligo has been thought to be an autoimmune disease for quite some time, it has 

been treated very similarly to psoriasis.  In fact, 1,25(OH)2D has been successfully used to treat 

vitiligo and the effect of 1,25(OH)2D on melanogenesis in vitiligo is well established.  Vitiligo is a 

disorder in which the major symptom is progressive depigmentation due to melanocytopenia.  

The melanocytopenia of vitiligo has been confirmed in numerous studies using techniques such 

as histology with florescent antibodies 288, 289 and electron microscopy 290-292.    While the 

etiology of the melanocytopenia in vitiligo is unknown, there are two proposed mechanisms: 

necrosis and apoptosis  293.  Necrosis is not directly linked to vitiligo, but it is one of “two known 

mechanisms leading to the loss of melanocytes” 293.  Apoptosis, on the other hand, is a 

“characteristic histological feature” of vitiligo 293.  Furthermore, melanocytes at the 

hypopigmented edges of vitiliginous lesions exhibit damage characteristic of such programmed 
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cell death 293-296.  The effect of VD treatment on vitiligo is thought to slow this uncontrolled 

apoptosis 293. 

Further supporting the possible autoimmune component of vitiligo, anti-melanocyte 

antibodies have been isolated from vitiliginous lesions 297 as have TH1 T cells 298, 299.  This 

discovery led to additional investigation of the reputed association with autoimmunity through 

meta-analysis of numerous studies.  Birlea et al. found no association with single-nucleotide 

polymorphisms (SNPs) and vitiligo, but they did find an association with those vitiligo patients 

also having a concomitant autoimmune disorder.  These results are perplexing, but not 

unforeseen.  Vitiligo exhibits a low concordance, 23%, between monozygotic twins, which is 

consistent with the diversity seen even within an individual, meaning factors beyond genetics 

are key 293, 300. 

The roles of VD and VD analogs in autoimmunity have highlighted the role of VD as an 

immunomodulator, particularly in the skin.  VD may serve as a “reset button” on the dermis 

when applied topically to the hypopigmented regions of vitiligo via two key actions 37, 229.  First, 

VD may act to control “activation, proliferation, and migration of melanocytes and the 

pigmentation pathways” 229.  It is also possible that VD may operate by “modulating the T cell 

activation that is apparently correlated with the melanocyte disappearance in vitiligo” 229. 

In addition to the apparent role of VD in individual autoimmune diseases, VD deficiency 

tracks with autoimmunity in general.  In fact, VD nutritional status demonstrates a strong 

positive association with autoimmunity 301-305.  As VD deficiency is more prevalent in women and 

so too are autoimmune disorders, targeted prevention and treatment of VD deficiency in 

females may be crucial to the prevention of autoimmune disorders.  Perhaps VD sufficiency 

could help diminish autoimmunity in women or even alleviate all symptoms. 
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Skin cancer 

Cancer of the skin may be caused by UV exposure, but there may also be a link to VD 

deficiency and subsequent decreased immune surveillance.  Once cancerous cells have been 

established, abrogated VD signaling may again play a role in the progression of cancer.  VDRs 

have been shown to be present in the three most common malignancies: basal cell carcinoma 

(BCC) 306, 307, squamous cell carcinoma (SCC)306, 307, and melanoma 308.  These cancerous cells 

were also found to be similar to non-transformed keratinocytes in terms of VD production and 

VDR signaling capacity 146, 306.  The differences between cancerous and non-cancerous cells are 

significant, however.  BCC and SCC have increased VDR expression/signaling 307.  SCC also has 

increased expression of enzymes, 25OHase and 1OHase, required for VD synthesis 309.  

Therefore, SCC do not exhibit the same differentiation response of normal keratinocytes when 

stimulated with 1,25(OH)2D 146, 147, 306, as they are already exposed to a maximal level of VD.  

Constant signaling through the VDRs most likely renders normal VDR signaling anesthetized.   In 

humans, similar over stimulation of VDRs has been show to “cause immunosuppression in 

human skin” 6, 310, which would promote an environment in which cancer cells could avoid being 

killed by immune cells.  This suggests that “excessively high levels of serum 25-hydroxyvitamin D 

[25(OH)D+ may in fact add to the tissue’s burden of immunosuppressive events” 6, 310, leading to 

“further diminution of the tumor immune surveillance capacity of the skin’s immune system” 6, 

310.  Constant, excessive levels of VD are not beneficial to the immune system, so a balance must 

be met. 

Experiments have been performed in mice to further explore this phenomenon.  VDR 

null l (-/-) mice have no VDRs and therefore would not be able to respond to VD, similar to what 

BCC and SCC cells may be demonstrating in humans.  In 2002, Zinser et al. showed that 85% of 
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VDR -/- mice given an oral carcinogen “developed persistent skin tumors within 60 days of 

carcinogen exposure” 311.  This is in contrast to 0% of the controls even after 6 months of 

monitoring 311.  In 2001, Glotzman et al. proposed a mechanism of action that may explain the 

aforementioned study, which involves RXR, the transcriptional cofactor required for VDR to 

interact with VDREs in most cases.  RXR in transformed cells is phosphorylated in a manner that 

makes the bond between it and VDR less secure, decreasing activation of VDRGs 312.  Building 

upon this hypothesis , in 2003, Bikle et al. took into account the findings of Xie et al. (1998) that 

VDR does not, in fact, have a reduced binding affinity for VDREs in SCC while the DRIP complex is 

over-expressed 313, 314.  The DRIP complex associates with VDR early in epidermal differentiation 

and then is downregulated in favor of the SRC family of coactivators, which are ideal for 

complexing with VDR 313, 315.  The most recent schematic of the relationship between the VDR-

RXR complex and DRIP or SRC is shown in Figure 14. 
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Figure 14 Schematic of dual coactivation of the vitamin D receptor 
316

 

“Model showing selective utilization of two distinct VDR coactivators, DRIP/Mediator and SRC/p160, in transcriptional 
activation during keratinocyte differentiation.  Both DRIP/Mediator and SRC/p160 may be involved in Vitamin D 
regulated transcription of undifferentiated proliferating cells (upper).  At this stage, transcriptional activation may 
require primarily the linking of the VDR complex to the general transcription machinery including RNA Pol II.  After the 
cells are differentiated, DRIP 205 apparently is no longer required, and SRC/p160 family members take the dominant 
role in transcriptional control (lower).” 

316
 

 

Therefore, over-expression of DRIP leads to ineffectual VDR signaling similar to a VDR knockout 

and may contribute to carcinogenesis.  This revelation again highlights the importance of VD and 

VDR signaling in the dermis to prevent carcinogenesis by stimulating dermal immunity as well as 

how photoproduction of VD is uniquely important to this portion of the immune system. 

Similarly, immunocompromised patients, such as those with acquired immunodeficiency 

syndrome (AIDS) or patients taking immunosuppressors following transplantation, have a 

greater risk of developing skin cancers with dismal prognoses 317, 318.  However, no association 

has been shown between malignancy and dietary VD levels in any population 319-322.  Perhaps 
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this is due to the uniqueness of VD3 production in the skin versus transfer from dietary sources.  

Regardless, this relationship has proven to be difficult to tease out in humans due to concurrent 

exposure to UV radiation.  Animal models will be invaluable for future research. 

Prevention & treatment of deficiency 

Sensible sun exposure 

The best means of preventing and treating VD deficiency is sensible sun exposure 49, 51, 

323, 324.  This means about 5 to 30 minutes of exposure from 10 am until 3 pm twice per week in 

the summer on just the arms and legs or once per week in a bathing suit 6, 49, 51, 323, 324.  The 

problem with this recommendation is that the duration of UV exposure necessary has been 

shown to range greatly between different skin phototypes and geographical locations, 

specifically different latitudes and elevations, as well as within an individual with the time of 

year due to the angle of the sun  49, 51.  The most important guideline to sensible sun exposure is 

to maintain a suberythemal dose, ideally less than that required to tan. 

A groundbreaking study has begun to challenge the current dogma about sun exposure 

and the RDA for VD with quantitative scientific data.  This year, Hall et al. published a study in 

which measurements were quantitatively obtained for skin phototype, sun exposure, dietary 

VD, and serum VD longitudinally in 72 college students during all four seasons, though not for 

each individual participant.  Hall et al. found that the UV exposure of these participants was 

similar to previous findings in the United States and Europe at 0.5 to 2.8% depending upon the 

season 41.  Interestingly, VD in the diet was not significantly related to serum VD, but both sun 

exposure and phototype were 41.  As with other studies, Hall et al. calculated that the dietary VD 

intake would need to be extraordinarily higher than current standards in order to overcome the 

inadequate sun exposure of the winter months (See Table 3). 
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Table 3 Estimation of Supplementary Vitamin D Requirements, Adapted from 
41

 

“Estimated vitamin D intake needed to achieve serum 25(OH)D ≥75 nmol/L in participants with median skin 
reflectance for [African and European ancestries (AA and EA)] with low (20

th
 percentile) and high (80

th
 percentile) 

sun exposure for each season
1
” 

41
 

 
 

As illustrated in Table 3, those of African ancestry were more likely to be VD deficient 

even in the summer months as compared to those of European ancestry.  Increased exposure to 

sun decreased the likelihood of VD deficiency in those of European ancestry, but only decreased 

the severity of deficiency in those of African ancestry.  Table 3 also highlights the main time 

periods of concern, with deficiency occurring in all groups during the winter months.  To put this 

into perspective, the range of deficiency during the winter months (1300 to 3100 IU) would 

require the consumption of an additional 13 to 31 servings of fortified milk or juice per day. 

 Examining the lowest calculated additional VD requirement by skin phototype in this 

cohort, 1300 IU (Table 3), Hall et al. noted that it appeared improbable that these individuals 

could become sufficient through diet alone.  This 1300 IU deficiency is the most sufficient level 

observed in this cohort, and it comes from the individuals with the highest ability to 

photoproduce VD and the greatest UV exposure.  Furthermore, 1300 IU is 6.5 times the RDA for 

this age cohort 41, giving these results significance.  While this study lacks a true longitudinal 

design and is too small to definitively set recommendations, it does show that deficiency is 
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highly prevalent even in young, healthy adults receiving UV exposure typical of North America 

and Europe. 

Furthermore, these results suggest that the RDA needs to be altered considerably. There 

is need for a recommendation for winter months and then for the rest of the year as well as a 

recommendation for individuals of African ancestry versus European ancestry.  There is a valid 

concern that this may complicate the RDA, which already takes into account age, and put it out 

of reach of the lay person.  Every effort should be made to make the RDA as simple as possible, 

but it cannot disregard scientific evidence, though more extensive studies would be greatly 

beneficial to determining the correct RDA for all ages, ethnicities, and seasons.  An excellent 

beginning would be to increase the overall RDA and include a separate, higher RDA indicated for 

those of African ancestry or for those experiencing the winter months.  A conservative RDA for 

this later grouping would be 1300 IU/day, the lowest amount needed in the young healthy 

group from Hall et al.  By choosing the lowest amount required for this group, which would be 

the least in need of supplementation of all adults, the risk of toxicity would be minimized.  

However, as discussed previously, the likelihood of toxicity is rare and should not be as much of 

a concern as with other substances. 

Protecting the immune system and the skin during ultraviolet exposure 

One means of protecting the skin from excessive UV radiation is the application of sun 

screens.  Testing of the immune protection factor (IPF) of sunscreens has “correlated well with 

protection against UVA, but did not correlate with sun protection factor (SPF), which is a 

reflection of protection against erythema, a biologic response predominantly caused by UVB” 6, 

325, 326.  Therefore, erythema is a marker of overexposure in the absence of SPF, but does not 

relay the UVA contribution.  Additionally, use of an SPF 8 decreases VD3 synthesis by 95% 327, so 

SPF use may be detrimental to dermal health in this sense even though it protects the skin from 
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reaching an erythemal dose and thus the skin damage associated with that dose.  It is also 

important to remember that sunscreens have only recently begun to include UVA protection, 

typically the chemical UVA screen mexoryl 328, even though more than 90% of UV exposure is 

UVA 329. 

Von Thaler and Berneburg attempted to determine the role of UVA in the development 

of melanoma (melanomagenesis) through analysis of the literature.  First, the mechanism of 

melanomagenesis and the role of UV radiation in this are unclear in large part because the link 

between UV exposure and melanoma is corollary and/or indirect.  Erythemal doses of UVB have 

been shown to cause non-melanomal skin cancers, but what role UVA plays is uncertain.  UVA 

goes deeper in the skin layers than UVB, so there is potential for damaging the dermis, which is 

why UVA is linked more to photoaging than UVB.  UVA has only been shown to damage DNA 

indirectly via ROS and RNS; however, it has also been shown to cause more mutations at 

methylation sites than UVB  329.  Thus, UVA may be more mutagenic than UVB, and this is more 

likely to lead to melanomagenesis due to a weaker activation of the p53 pathway to apoptosis 

as well as less effective stimulation of cell cycle arrest, though proliferation differences have not 

been observed in melanocytes 329.  Furthermore, the role of UVA in melanomagenesis is hinted 

at by the fact that dark skinned individuals have a higher risk of developing melanoma than 

those with less pigmented skin 329, meaning the UVB absorption of their melanin is not sufficient 

to prevent melanoma.  This is reiterated by the prevalence of melanoma on regions of the skin 

typically covered by clothing, which blocks almost all UVB but almost no UVA 329.  Moreover, it is 

possible that sun exposure and the photoproduction VD may be protective for some 

melanomas, such as vulvar melanoma 330, while use of UVA sunlamps significantly increases 

melanoma risk 331.  This does not give a definitive conclusion regarding UVA and UVB, but von 

Thaler and Berneburg have put forth a hypothesis in line with that of this manuscript, 
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summarized in Figure 15.  With present comprehension, blocking UVA completely and allowing 

a very low level of UVB to minimize the risk of obtaining an erythemal dose seems to be the best 

course of action. 

 

Figure 15     The different roles of UVA and UVB in photocarcinogensis 
329

 

 

In an epigrammatic journal article published on March 1st, 2010, Biggs et al. reports that 

the immune system already possesses its own means of protection from UV exposure.  When 

exposed to VD in vitro, mast cells taken from the bone marrow of mice expressed the anti-

inflammatory cytokine, IL-10, without causing them to degranulate and release their 

inflammatory contents 332.  Biggs et al. took this a step further to show that mice whose mast 

cells lack VDRs rapidly develop severe dermal pathology and a local inflammatory response 

when exposed to chronic low-dose UVB.  Consistent with human phototype research, mice with 
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darker pigment were less affected and white mice, which have virtually no melanin, were the 

most affected by the UVB exposure regardless of mast cell VDR phenotype 332.  The cytokines 

present in wild-type mice exposed to this same treatment are different than those whose mast 

cells lack VDRs.  Wild-type mice have higher levels of IL-10, IL-4, IL-6, as well as TNF, and all mice 

exposed to UVB had greater IL-10 levels than the controls, which were not exposed to any 

radiation 332.  All mice exposed to UVB radiation also exhibited an increase in 1,25(OH)2D3, but 

some were unable to capitalize on this increase due to a lack of VDRs on their mast cells 332.  An 

interesting future experiment would be to test VD deficient mice to see if they could mount a 

sufficient response to ward off the severe dermal pathology or if they would be more like the 

mice with mast cells lacking VDRs. 

The presence of innate UV protection in the skin is intimately linked with local 

exogenous VD, and, therefore, dermal health is also intimately linked to photoproduction of 

VD3.  While natural protection is beneficial, it could be synergized by topical applications 

designed to protect the dermal immune system from UVA and/or amplify the effects of 

endogenous VD.  Sunscreens must be developed that keep the principles of protecting the skin 

from UV radiation but also incorporate the need for VD photoproduction. 

Conclusion & future directions 

The current RDA for VD is insufficient because it is based on the concept that prevention 

of rickets, an overt clinical symptom of VD deficiency, is a marker of VD sufficiency.  The error in 

this logic adds to the risk of those who are more susceptible to VD deficiency.  Therefore, 

funding must be made available for quantitative scientific studies to determine more accurate 

RDAs.  These RDAs will need to have the various qualifiers to allow different subpopulations to 
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determine the correct RDA for their individual needs.  Once this has been accomplished, 

fortification may be altered to allow delivery of more reasonable amounts of VD.  Fortification is 

a crucial public health component to elimination of VD deficiency, as this may be the only means 

of obtaining sufficiency in poor communities, particularly if they have darkly pigmented skin 

and/or do not consume seafood or work the night shift. 

Despite a connection to skin cancer risk, UV exposure is vital to optimal dermal health.  

First, photoproduction is the main source of VD in humans.  Second, the endogenous 

photoproduction of VD in the skin leads to specific concentrations, which facilitate dermal 

immunity.  VD immunomodulation in the skin allows the small amount of UV damage from 

sensible sun exposure to be overcome and thus prevent skin cancer.  The amount of UV 

exposure needed to cause photoaging may be less and is also linked to the UVA component of 

the sun.  Hence, the next step is to develop sunscreens that block harmful UVA but allow the 

low level of UVB required for optimal VD3 production, a suberythemal dose.  It may also be 

beneficial to deliver VD or a VD analog through this lotion to get an immediate protective 

response from dermal immune cells, such as mast cells.  As with any topical solution for 

protection from UV damage, the user will be the largest variable determining success or failure.   

The proper methods of prevention, including repeated application of the appropriate protective 

sunscreens, will be needed to overcome the risk of skin cancer from UV exposure while still 

allowing the body to manufacture its own VD to support its health and well-being. Education of 

the risks associated with improper UV exposure has already begun and could be expanded to 

include the importance of sensible sun exposure. 

Perhaps a more important public health education campaign would be one aimed 

toward dermatologists, the health professionals who are most involved in educating individuals 
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about caring for their dermal health.  If dermatologists better understand the benefits and 

consequences of UV exposure and VD photoproduction, they will be better able to advise their 

patients.  Dermatologists will be able to explain the concept of sensible sun exposure and tailor 

the duration and frequency to the skin phototype and seasonality of each patient. 

Novel ideas and tools will also be essential to disseminating accurate information about 

prevention and treatment of VD deficiency.  For instance, it will be crucial to develop rapid VD 

serum tests that can be easily and cheaply administered by a physician even with just a 

suspicion of VD deficiency.  Tests for VD serum levels could eventually be available for purchase 

over-the-counter like A1C tests, the gold standard for diagnosis of diabetes.  Skin phototype 

classifications may also need to be made more accessible to the public, so each individual can 

determine if they are at risk of deficiency.  One suggestion posed by Dr. Alan Scott is to create 

an iPhone application to combine all the risk factors for VD deficiency and make 

recommendations for VD intake as well as UV exposure.  Such an application could obtain 

latitudinal information using the global positioning system of the phone and could be calibrated 

to use the camera portion of the phone to get a precise skin phototype, eliminating much of the 

error associated with current recommendations.  For those without iPhones, the small badges 

used to monitor UV exposure in studies like those by Hall et al. could be made more affordable 

and marketed to individuals to determine their sun exposure.  These badges could be made into 

a kit containing a phototype guide and an easy to use grid to determine sufficient UV exposure.  

Such a kit could also include a guide to obtaining appropriate intake of VD through diet, as well 

as supplementation if necessary, using the information collected through the badge and 

phototype guide. 
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Concisely, quantitative and developmental scientific research as well as grassroots 

education about sensible sun exposure are needed to reach the balance between VD 

photoproduction and photocarcinogensis.  Resolving the sunshine paradox will not be simple, 

but, as the factors that influence this paradox are elucidated, the ability to devise judicious 

recommendations for UV exposure, dietary intake of VD, as well as supplementation will be 

obtained.  Then the public health aspects of this can be adequately and safely addressed.
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Appendix 
 

 

Figure 16 Proteases and dermal immunity 
128

 

“Protease targets in the skin include structural proteins such as filaggrin, cytokines, and receptors. Proteolytic 
processing of these proteins contributes to the inflammatory response, which is often visible as redness and scaling of 
the skin.” 
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