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ABSTRACT

The skin is the only tissue yet known in which the complete
ultraviolet-B (UV-B)-induced pathway from 7-dehydrocholes-
terol to hormonally active calcitriol (1a,25-dihydroxyvitamin
Dj3) occurs under physiological conditions. Epidermal synthesis
of calcitriol could be of fundamental relevance because
calcitriol regulates important cellular functions in keratino-
cytes and immunocompetent cells. Because of their antipro-
liferative and prodifferentiating effects, calcitriol and other
vitamin D analogs are highly efficient in the treatment of
psoriasis vulgaris. The known antipsoriatic effect of UV-B light
could, at least in part, be mediated via UV-B-induced synthesis
of calcitriol. In addition, mounting evidence indicates that
cutaneous vitamin D5 synthesis is of high importance for the
prevention of a broad variety of diseases, including various
malignancies. New but controversially discussed sun-protection
guidelines were established for the prevention of internal
cancers. A better understanding of the metabolism of vitamin D
in the skin opens new perspectives for therapeutic applications
of vitamin D analogs.

THE VITAMIN D; PATHWAY IN HUMAN SKIN

A photochemical reaction with maximum spectral effectiveness at
about 297 nm results in the generation of previtamin D; from 7-
dehydrocholesterol (provitamin D3, or 7-DHC) in basal and su-
prabasal layers of the skin (1). Dependent on temperature and time,
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previtamin Dj is then isomerized to vitamin Dj. After binding to
carrier proteins, in particular vitamin D-binding protein (DBP),
vitamin Dj is transported to the liver where it is enzymatically
hydroxylated by the cytochrome P450 isoform CYP27A1 at the C25
position, generating 25-hydroxyvitamin D5 (calcidiol, or 250HD3).
More recently, it has been found that in all six cytochrome P450
isoforms (CYP27A1, CYP2R1, CYP2C11, CYP3A4, CYP2D25
and CYP2J3) exhibit vitamin D5 25-hydroxylation activities (2,3).
25-Hydroxyvitamin D3, bound to DBP, is then transported to the
kidney, and is finally hydroxylated by CYP27B1 at the Cla position
to hormonally active calcitriol (1o,25-dihydroxyvitamin D3 or
10,25[OH],D3). Calcitriol acts in the kidney but is also transported
by DBP to vitamin D-receptor (VDR) positive target tissues (mainly
bone, intestine and parathyroid gland) to act in a genomic or non-
genomic manner. There is substantial evidence for additional
extrarenal sites of calcitriol synthesis. /n vitro, many nonrenal cells,
including bone, placenta, prostate, keratinocytes, macrophages, T-
lymphocytes and several cancer cells (e.g. from lung, prostate and
skin) can enzymatically convert 250HDj; to 10,,25(OH),D5. A 5-
step inactivation pathway from calcitriol to calcitroic acid is
attributed to a single multifunctional CYP, CYP24A1, which is
transcriptionally induced by the action of calcitriol in a very sen-
sitive manner. The physiological importance of a second catabolic
pathway which encloses the conversion of 10,25(OH),D; to
10,,25(0OH),D-3epi-Dj is less clear.

Skin cells (keratinocytes, fibroblasts and other cells) express
VDR, an absolute prerequisite for regulation of genomic effects of
calcitriol and other synthetic vitamin D analogs. Experimental and
clinical findings have shown that the serum concentration of
calcitriol (107" to 1071 M) is too low to induce VDR-mediated
hormonal effects in the skin (4,5). It should be noted that more than
99% of the total circulating 10,25(OH),D5 is bound to carriers such
as DBP and albumin. In the normal human only 0.4% of the
circulating 10,,25(OH),D; is free (6). According to the ‘free
hormone hypothesis’ (7), it is commonly accepted that only the
free, and not total, 10,,25(OH),D; regulates genomic processes
within keratinocytes. This suggests that free plasma calcitriol
approximates around 6 X 107" M. It has been shown in several
studies that calcitriol, at concentrations higher than 107° M
(equivalent to a highly unphysiological concentration of approx-
imately 2.5 X 107° M total calcitriol in the circulating blood), is
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Figure 1. Functional vitamin D; pathway in keratinocytes (7-DHC, 7-
dehydrocholesterol; pre-Ds, previtamin D3; D3, vitamin D;, DBP, vitamin
D-binding protein; CYP27A1, [27]25-hydroxylase; CYP27B1, 1a-hydrox-
ylase; CYP24A1, 24-hydroxylase; 250HDj3, 25-hydroxyvitamin D3; VDR,
vitamin D receptor; mVDR, membrane-bound vitamin D-receptor; C,
calcitriol; RXR, retinoid X receptor; VDRE, vitamin D response element).

I Translation

a potent growth inhibitor of normal human keratinocytes in vitro.
In addition, it has been suggested that cutaneous metabolism of
circulating 250HD; to 10,25(0OH),D5 does not play a significant
role in vivo because the amount of free 250HD5 that penetrates the
cell membrane of epidermal keratinocytes is too small to induce
formation of sufficient amounts of 102,25(0OH),D5 (5). 250HDs is
very tightly bound to DBP (K4 = 107'° to 1072 M) in circulating
blood. Due to this tight binding and the high plasma concentration
of DBP (0.3 to 0.5 mg/mL), virtually all 250HD; molecules in the
circulation are present in a complex with DBP. Only approximately
0.03% of the metabolite is found in free form (8). Furthermore, the
deeper layers of the epidermis are not vascularized, which addi-
tionally impairs the passage of the 250HD; X DBP complex from
blood to epidermal keratinocytes. Accordingly, no therapeutic
effects were observed in UV-protected involved psoriatic skin after
whole-body ultraviolet-B (UV-B) irradiation, in spite of increased
250HD; level in circulating blood (5). On the other hand, has been
known for a long time that cultured keratinocytes can metabolize
exogenously added (free) 250HD; to substantial amounts of
10,25(0OH),D5 which is subsequently catabolized in these cells (9).
It was found a few years ago in vitro (10-12) and in vivo (13) that
human keratinocytes have an autonomous vitamin D5 pathway.
This pathway encloses not only the well known UV-B—induced
synthesis of vitamin D3 but also its further enzymatically regulated
metabolism, which results in generation of hormonally active
calcitriol (Fig. 1). Thus, keratinocytes are the only cells in the body
with the whole pathway from 7-DHC to 10,,25(OH),D5. Cutaneous
production of calcitriol may exert intracrine and/or autocrine
effects on keratinocytes and paracrine effects on neighboring cells.
This hormone may regulate growth, differentiation, apoptosis and
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Table 1. Vitamin D regulated genes in keratinocytes

Effect of 10,25(OH),D3 on mRNA Protein VDRE

Proliferation associated genes
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- oo
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other biological processes. There are a number of genes in
keratinocytes (Table 1) that are regulated by calcitriol (12).
Regulation of genes associated with growth and differentiation of
keratinocytes argues in particular for a link of therapeutic effect of
UV-B radiation in the treatment of psoriasis with the cutaneous
vitamin Dj pathway. Interestingly, Su er al. (14) have previously
demonstrated that free concentrations of calcitriol as low as 107"
M (equivalent to approximately 2.5 X 107'° M total calcitriol in
circulating blood) increased involucrin and transglutaminase
mRNA levels in keratinocytes in vitro. These sensitive effects of
calcitriol might primarily contribute to differentiation of keratino-
cytes in vitro and in vivo. Thus, it becomes clear that the epidermal
keratinocyte is both the site of calcitriol synthesis and target of
this hormone.

Recently, in vitro investigations have shown that dermal fi-
broblasts express one of the potential 25-hydroxylases (CYP27A1),
but not the la-hydroxylase (CYP27B1). Therefore, fibroblasts
might play an important role in supply of calcitriol precursors
(vitamin D53 and 250HD;) for keratinocytes and possibly for
circulating blood (15). It is commonly assumed that most of
calcitriol formed by extrarenal cells serves an intracrine, autocrine or
paracrine regulation within the cells in which it is produced.
However, it remains to be shown whether and to what extent
extrarenal synthesis of calcitriol, in particular in the skin, modu-
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Figure 2. Structural formulas of vitamin D analogs (calcitriol, calcipotriol, tacalcitol and maxacalcitol).

lates cellular proliferation, differentiation, apoptosis and immuno-
logical processes.

BIOLOGIC EFFECTS OF CALCITRIOL
IN THE SKIN

Inhibition of proliferation and induction of
differentiation in keratinocytes

Numerous in vitro and in vivo studies demonstrate dose-dependent
effects of vitamin D analogs on cell proliferation and differentiation.
At low concentrations, calcitriol promotes proliferation of keratino-
cytes in vitro, at higher pharmacological doses (>10"% M)
keratinocyte proliferation is inhibited (16). Several vitamin D
analogs (e.g. calcitriol, calcipotriol, tacalcitol and maxacalcitol)
have been synthesized for topical psoriasis therapy. These agents
(Fig. 2) show antiproliferative and prodifferentiating effects on
human keratinocytes in vitro and in vivo. Both the hydroxyl groups in
the Cla position and in the side chain are essential for the biological
effects of vitamin D analogs. It has been demonstrated that the
immunohistochemical staining pattern for various markers of
epidermal proliferation (e.g. proliferating cell nuclear antigen
[PCNA], Ki-67-antigen) and differentiation (e.g. involucrin, trans-
glutaminase K, filaggrin, cytokeratin 10) changes in lesional
psoriatic skin along with topical treatment with vitamin D analogs
almost completely to the staining pattern characteristic for non-
lesional psoriatic or normal skin (17,18). Although the mechanisms
underlying the antiproliferative and prodifferentiative effects of
vitamin D analogs on keratinocytes are not completely understood, it
is well known that these effects are at least in part genomic and
mediated via VDR. Consequently, it has been shown that keratino-
cytes from VDR-deficient mice do not respond to the antiprolifer-
ative effects of vitamin D analogs. In lesional psoriatic skin, the
clinical improvement correlates with an increase of VDR mRNA in
vitamin D-treated skin areas (19). However, not all patients with
psoriasis respond to treatment with vitamin D analogs. It has been
demonstrated that a responder can be discriminated from a non-
responder by the increase in VDR mRNA in treated skin areas (19).
Results from immunohistochemical and molecular biology studies
indicate that the antiproliferative effects of topical calcitriol on
epidermal keratinocytes are more pronounced compared to the
effects on dermal inflammation. One reason for this observation may
be that the bioavailability of this potent hormone in the dermal
compartment may be markedly reduced compared to the epidermal
compartment. The target genes of topical calcitriol responsible for its

therapeutic efficacy in psoriasis are still unknown. Principal can-
didates for calcitriol target genes responsible for growth inhibition
and differentiation of keratinocytes are listed in Table 1. Data ana-
lyzing VDR genotype in psoriasis is conflicting; some studies report
a correlation between individual VDR genotypes (Bsml, Fokl or
Apal restriction fragment length polymorphism) and skin eruptions
of psoriasis or efficacy of treatment with vitamin D analogs (19).

Immunomodulatory effects in the skin

Over the past decade, new and important immunomodulatory
effects of vitamin D analogs have been characterized (20). Under
experimental conditions systemic administration of calcitriol is
strongly immunosuppressive and improves various T-helper (Th)1-
triggered diseases including autoimmune encephalomyelitis and
autoimmune diabetes in mice and psoriasis in humans; calcitriol
may even prevent rejection of allografts. Calcitriol also seems to
directly promote cell 2 (Th2) differentiation leading to a Th2
phenotype with augmented production of interleukin (IL)-4, IL-5
and IL-10 and reduced synthesis of interferon-y (INF-y) in antigen-
stimulated and CD3/CD28-stimulated CD44- lymphocytes. Lym-
phocytes treated with calcitriol express enhanced levels of the
transcription factors c-maf and GATA-3, which explains the strong
Th2-driving effect (21). Calcitriol also abolishes the pathogenicity
of autoreactive Thl cells; injection of activated lymphocytes
treated with calcitriol has a significantly impaired potential to
induce psoriasis in a skin xenograft model of psoriasis (22). These
observations show that calcitriol and its analogs may be effective in
the therapy of Thl-mediated diseases like psoriasis by promoting
IL-4 production and Th2 development (23). Psoriasis is considered
by many experts to be an autoimmune disease. However, the
antigen or specific endogenous factors responsible for activation of
T-cells have not yet been identified. Also, agents such as vitamin D
analogs and retinoids, which affect the growth and differentiation
of keratinocytes, are very effective in the treatment of psoriasis,
whereas they are ineffective in other T-cell-mediated skin diseases,
such as atopic dermatitis or contact dermatitis (24). On the other
hand, an association between vitamin D3 and pathogenesis
of atopic dermatitis is currently being discussed. Epidemiologic
studies have demonstrated that patients with atopic dermatitis have
a lower intake of vitamin D3 as compared to controls (25). Addi-
tionally, it has been demonstrated that vitamin D analogs suppress
immunoglobulin E (IgE) production in vitro and IgE-mediated
cutaneous reactions in vivo (26,27). Various cell types involved
in immunologic reactions (e.g. monocytes, activated T- and B-



lymphocytes, Langerhans cells) do not only express VDR, but
moreover possess enzymatic activity of CYP27B1 for the local
synthesis of 10,,25(OH),D3 from 250HDj; (20). The local synthesis
of calcitriol in immune cells may contribute to regulation and
control of immune responses. It is evident that calcitriol inhibits
activation of T-cells and induces the generation of CD25+/CD4+-
regulatory T-cells. Calcitriol inhibits maturation of dendritic cells
and induces a phenotype that promotes tolerance and suppresses
immunity after stimulation with antigen (20). Furthermore, in
dendritic cells, calcitriol abolishes expression of major histocom-
patibility complex Class II molecules and costimulatory molecules
including CD40, CD80 and CD86; increases the production of
IL-10; and inhibits formation of IL-12, leading to suppression
of T-cell activation.

These immunomodulatory effects identify calcitriol and vitamin
D analogs, in particular new vitamin D analogs with selective
immunomodulatory activity, as promising new drugs for the
prevention and therapy of inflammatory skin diseases including
psoriasis and perhaps atopic dermatitis as well as allergic contact
dermatitis (28).

Regulation of apoptosis in keratinocytes

Calcitriol has been shown to induce the neutral Mg>™-dependent
sphingomyelinase which converts sphingomyelin to ceramide (29).
Interestingly, ceramide simulates the prodifferentiating effect of
calcitriol on keratinocytes (30). In addition, this agent plays a crucial
role in the induction of apoptosis in a number of cells including
keratinocytes (31). It has been demonstrated that physiological
concentrations of calcitriol do not initiate apoptosis in cultured
keratinocytes but rather cause resistance against proapoptotic
ceramides, ultraviolet radiation and tumor necrosis factor-o (32).
The cytoprotective or antiapoptotic effect of calcitriol is obviously
linked with generation of sphingosine-1-phosphate. Accordingly,
the antiapoptotic effect of calcitriol is completely suppressed after
exogenous addition of N,N-dimethylsphingosine, which is an
inhibitor of the sphingosine kinase (32). In contrast, pharmacological
concentrations of calcitriol (> 0~® M) exert a proapoptotic effect on
keratinocytes. Similar effects were observed in the regulation of
growth of keratinocytes, where low calcitriol concentrations of
about 10" M stimulate and higher concentrations dose-dependently
decrease the proliferation of these cells (16).

Antioxidative effects of calcitriol

Interestingly, calcitriol seems to exert a photoprotective effect on
keratinocytes in vitro. In keratinocytes calcitriol induces the syn-
thesis of the protein metallothionein, which is a well known anti-
oxidant (33,34). Possibly, this is a mechanism of protection directed
against UV-B-induced synthesis of harmful oxygen radicals.

VITAMIN D; SYNTHESIS IN THE SKIN AND
SUN PROTECTION—HOW MUCH
SUNLIGHT DO WE NEED?

Quality and quantity of UV radiation are of critical importance for
the biologic effects of sunlight in the skin. It is well known that UV
radiation provokes not only biopositive effects (e.g. vitamin Dj
synthesis and healing effects) but also bionegative effects (e.g.
development of skin cancer and skin aging). At most Central
European latitudes a very short (about 7 min for skin-type—2 adult)
and unprotected exposure to solar radiation is enough to achieve
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sufficient vitamin Dj levels (35). Exposure of the body in a bathing
suit to one minimal erythemal dose (MED) of sunlight is equivalent
to ingesting about 10000 international units (IU) of vitamin Dj
(250 pg). It has also been reported that exposure of less than 18%
of the body surface (hands, arms and face) 2 to 3 times a week to
a third to a half of an MED in the spring, summer and autumn is
more than sufficient for adequate synthesis of vitamin Ds3. On the
other hand, caution is recommended even with relatively short UV
exposures because UV-B radiation represents the main trigger
factor for development of nonmelanoma skin cancer. Recently, it
has been postulated that cancer mortality could be reduced by
moderate unprotected UV exposure and/or oral substitution with
vitamin D5 (35,36). UV-B radiation causes an increase of serum
250HD3, which is converted to calcitriol in several internal organs.
It is assumed that local production of calcitriol regulates cell
growth, which may ultimately decrease risk of developing cancers
in these tissues (36,37). Several independent epidemiological
studies have surprisingly shown that sunlight may reduce the risk
of non-Hodgkin lymphoma (38,39) and may be associated with
increased survival rates in patients with early stage melanoma
(40,41). It is speculated that the apparently beneficial relationship
between sun exposure and reduced risk of non-Hodgkin lymphoma
as well as survival from melanoma could be mediated by vitamin
D;. Epidermal keratinocytes can convert vitamin D3 to its
hormonal form, calcitriol, which in turn particularly stimulates
the differentiation of keratinocytes (14), raising the hope that
calcitriol may prevent the development of cancer in these cells
(42). As matters stand, a compromise has to be found between pro-
tected and unprotected sun exposure to obtain sufficient amounts
of vitamin Dj. In each case, no more than approximately 0.5
MED of sunlight should arrive on unprotected skin. Applica-
tion of higher radiation doses can result in more or less harmful
effects in the skin, and the use of sun protection (shade, sunscreens
and clothing) is strongly recommended.

What does vitamin D5 insufficiency mean? The serum level
of 250HDj describes the nutritional vitamin D status. Population-
based reference values for 250HDj vary by season (43), latitude
(43), age (44) and skin pigmentation (45). Health-based reference
values for serum 250HDj; have been proposed to replace population-
based reference values with a cutoff at 20 ng/mL serum defining
vitamin D insufficiency (46,47). This cutoff protects from secondary
hyperparathyroidism but is still considered too low by many
specialists (37,48-50). A consensus has to be reached in this
question. More recently, vitamin Dj deficiency has been defined
based on data from various biomarkers (PTH [parathormone],
calcium absorption, bone-mineral density, insulin resistance and
beta-cell function) as circulating levels of 250HDj that are less than
32 ng/mL or 80 nmol/L (50).

It has to be emphasized that in populations with high risk of
developing vitamin Dj deficiency (e.g. nursing-home residents,
patients with skin type I or patients under immunosuppressive
therapy who must be protected from sun exposure), vitamin D status
should be determined by analytical methods (37). It seems clear that
the current food supply, supplementation practices and dietary
patterns of most countries cannot adequately compensate for the
existing cautionary guidelines to limit solar exposure to prevent skin
cancer (51). Vitamin D5 deficiency should be redressed by giving
vitamin Dj orally as recommended; a dose of 2000 IU vitamin D3
per day (52) or a single dose of 50000 IU vitamin D5 once a week
for 8 weeks (37) are efficient and safe ways to treat vitamin D3
deficiency. Another means of guaranteeing vitamin Dj suffi-
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ciency, especially in nursing-home residents, is to give 50 000 IU of
vitamin D3 once a month (37). Of note, orally administered vitamin
D5 increases the serum vitamin D status (250HD;,) more
efficiently (factor = 1.7) than do equimolar amounts of vitamin D,
(53). The assumption that vitamins D, and D5 have equal nutritional
value is probably wrong and should be reconsidered. Care should
be taken to specify the type of vitamin D used for nutritional
studies (53). Vitamin Dj intoxication is usually seen only when
daily doses in excess of 10000 IU are ingested (37,54). It should
be mentioned, however, that effects and consequences of long-
term vitamin D5 supplementation on humans are poorly understood
so far. It has been reported that long-term vitamin Dj; sup-
plementation may have adverse effects on serum lipids (55). Alto-
gether, it is difficult to create a “‘golden rule’’ for vitamin D5 intake.

Outlook

The physiological function of UV-B—induced cutaneous calcitriol
synthesis needs to be clarified in the near future. Exactly how
calcitriol and other vitamin D analogs act to produce effects on
cellular differentiation, proliferation, apoptosis and the immune
system in the skin is not known. The elucidation of the mechanisms
involved will be an active area of further research. Calcitriol may
mediate these effects by genomic and nongenomic mechanisms
(Fig. 1). New target genes and details of signaling pathways will be
identified which should expand our understanding of the sequences
involved in vitamin D-mediated mechanisms. New insights may
also be obtained concerning different transcription factors that are
involved in mediating these diverse biological responses.

REFERENCES

1. Holick M. F., J. A. MacLaughlin, M. B. Clark, S. A. Holick and J. T.
Potts (1980) Photosynthesis of previtamin D in human skin and the
physiologic consequences. Science 210, 203-205.

2. Prosser, D. E. and G. Jones (2004) Enzymes involved in the activation
and inactivation of vitamin D. Trends Biochem. Sci. 29, 664—673.

3. Ohyama, Y. and T. Yamasaki (2005) Eight cytochrome P450S catalyze
vitamin D metabolism. Front Biosci. 10, 608—619.

4. Matsumoto, K., Y. Azuma, M. Kiyoki, H. Okumura, K. Hashimoto and
K. Yoshikawa (1991) Involvement of endogenously produced 1,25-
dihydroxyvitamin D-3 in the growth and differentiation of human
keratinocytes. Biochim. Biophys. Acta 1092, 311-318.

5. Prystowsky, J. H., P. J. Muzio, S. Sevran and T. L. Clemens (1996)
Effect of UV-B phototherapy and oral calcitriol (1,25-dihydroxyvita-
min D3) on vitamin D photosynthesis in patients with psoriasis. J. Am.
Acad. Dermatol. 35, 690-695.

6. Bikle, D. D. and E. Gee (1989) Free, and not total 1,25-
dihydroxyvitamin D regulates 25-hydroxyvitamin D metabolism by
keratinocytes. Endocrinology 124, 649—654.

7. Mendel, C. M. (1989) The free hormone hypothesis: a physiologically
based mathematical model. Endocr. Rev. 10, 232-274.

8. Bikle, D. D., B. P. Halloran, E. Gee, E. Ryzen and J. G. Haddad (1986)
Free 25-hydroxyvitamin D levels are normal in subjects with liver
diseases and reduced total 25-hydroxyvitamin D levels. J. Clin. Invest.
78, 748-752.

9. Bikle, D. D., M. K. Nemanic, E. Gee and P. Elias (1986) 1,25-
Dihydroxyvitamin D; production by human keratinocytes. J. Clin.
Invest. 78, 557-566.

10. Lehmann, B., T. Genehr, P. Knuschke, J. Pietzsch and M. Meurer
(2001). UV-B-induced conversion of 7-dehydrocholesterol to 1a,25-
dihydroxyvitamin D5 in an in vitro human skin equivalent model.
J. Invest. Dermatol. 117, 1179-1185.

11. Schuessler, M., N. Astecker, G. Herzig, G. Vorisek and I. Schuster
(2001) Skin is an autonomous organ in synthesis, two-step activation
and degradation of vitamin D;: CYP27 in epidermis completes the set
of essential vitamin D;-hydroxylases. Steroids 66, 399—408.

13.

14.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

. Segaert, S. and R. Bouillon (2000) Epidermal keratinocytes as source

and target cells for vitamin D. In: Vitamin D Endocrine System:
Structural, Biological, Genetic and Clinical Aspects. (Edited by A. W.
Norman, R. Bouillon and M. Thomasset), pp. 583-590. Proceedings of
the Eleventh Workshop on Vitamin D, Nashville, TN 27 May-1 June
2000. Printing and Reprographics University of California, Riverside.
Lehmann, B, W. Sauter, P. Knuschke, S. DreBler and M. Meurer
(2003) Demonstration of UV-B-induced synthesis of 1a,25-dihydroxy-
vitamin Dj3 (calcitriol) in human skin by microdialysis. Arch. Dermatol.
Res. 295, 24-28.

Su, M. J., D. D. Bikle, M. L. Mancianti and S. Pillai (1994) 1,25-
Dihydroxyvitamin D5 potentiates the keratinocyte response to calcium.
J. Biol. Chem. 269, 14723-14729.

. Vantieghem, K., P. Dehaes, R. Bouillon and S. Segaert (2003) Cultured

fibroblasts produce non-active vitamin D metabolites that can be acti-
vated by cultured keratinocytes. In: Abstracts of the Twelfth Workshop
on Vitamin D, p. 27. Maastricht, The Netherlands, 6-10 July 2003.

. Gniadecki, R. (1996) Stimulation versus inhibition of keratinocyte

growth by 1,25-dihydroxyvitamin D3: dependence on cell culture
conditions. J. Invest. Dermatol. 106(3), 510-516.

. Reichrath, J., S. M. Miiller, A. Kerber, H. P. Baum and F. A. Bahmer

(1997) Biologic effects of topical calcipotriol (MC 903) treatment in
psoriatic skin. J. Am. Acad. Dermatol. 36, 19-28.

Reichrath, J., A. Perez, T. C. Chen, A. Kerber, F. A. Bahmer and
M. F. Holick (1997) The effectiveness of topical 1,25-dihydroxyvitamin
D3 (1,25(0OH),D3) application in the treatment of psoriasis: an
immunohistological evaluation. Acta Derm. Venereol. (Stockh.) 77,
268-272.

Holick, M. F., and J. Reichrath (1999) Clinical utility of 1,25-
dihydroxyvitamin D5 and its analogs for the treatment of psoriasis. In:
Vitamin D: Physiology, Molecular Biologic and Clinical Aspects.
(Edited by M. F. Holick), pp. 357-373. The Humana Press Inc.,
Totowa, NY.

Van Etten, E., B. Decallone, L. Verlinden, A. Verstuyf, R. Bouillon
and C. Mathieu (2003) Analogs of 1a,25-dihydroxyvitamin D3 as
pluripotent immunomodulators. J. Cell. Biochem. 88, 223-226.
Boonstra A., F. J. Barrat, C. Crain, V. L. Heath, H. F. Savelkoul and
A. O’Garra (2001) lalpha,25-Dihydroxyvitamin D3 has a direct effect
on naive CD4(+) T cells to enhance the development of Th2 cells.
J. Immunol. 167, 4974—4980.

Dam, T. N,, S. Kang, B. J. Nickoloff and J. J. Voorhees (1999) lalpha,
25-Dihydroxycholecalciferol and cyclosporin suppress induction and
promote resolution of psoriasis in human skin grafts transplanted on to
SCID mice. J. Invest. Dermatol. 113, 1082—1089.

Ghoreschi K., U. Mrowietz and M. Rocken (2003) A molecule solves
psoriasis? Systemic therapies for psoriasis inducing interleukin 4 and
Th2 responses. J. Mol. Med. 81, 471-480.

Nickoloff, B. J., P. von den Driesch, S. P. Raychaudhuri, W. H.
Boehncke, V. B. Morhenn, E. M. Farber, M. F. Holick and J. M.
Schroder (2000) Is psoriasis a T-cell disease? Exp. Dermatol. 9,
359-375.

Solvoll, K., E. Soyland, B. Sandstad and C. A. Drevon (2000). Dietary
habits among patients with atopic dermatitis. Eur. J. Clin. Nutr. 54(2),
93-97.

Heine, G., K. Anton, B. M. Henz and M. Worm (2002) 1a,25-
Dihydroxyvitamin D3 inhibits anti-CD40 plus IL-4-mediated IgE
production in vitro. Eur. J. Immunol. 32(12), 3395-3404.

Katayama, I., K. Minatohara, H. Yokozeki and K. Nishioka (1996)
Topical vitamin D3 downregulates IgE-mediated murine biphasic
cutaneous reactions. Int. Arch. Allergy Immunol. 111(1), 71-76.
Ziigel, U., A. Steinmeyer, C. Giesen and K. Asadullah (2002) A novel
immunosuppressive 1o,25-dihydroxyvitamin D3 analog with reduced
hypercalcemic activity. J. Invest. Dermatol. 119, 1434-1442.
Okasaki, T., R. M. Bell and Y. A. Hannun (1989) Sphingomyelin
turnover induced by vitamin D3 in HL-60 cells. Role in cell dif-
ferentiation. J. Biol. Chem. 264, 19076—19080.

Bielawska, A., C. M. Linardic and Y. A. Hannun (1992) Modulation
of cell growth and differentiation by ceramide. FEBS Lett. 307,
211-214.

Geilen, C. C., M. Bektas, T. Wieder and C. R. Orfanos (1997) 1a,25-
Dihydroxyvitamin D; induces sphingomyelin hydrolysis in HaCaT
cells via tumor necrosis factor o. J. Biol. Chem. 272, 8997-9001.
Manggau, M., D. S. Kim, L. Ruwisch, R. Vogler and H. C. Korting
(2001) 10,25-Dihydroxyvitamin D5 protects human keratinocytes from



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

apoptosis by the formation of sphingosine-1-phosphate. J. Invest.
Dermatol. 117, 1241-1249.

Hanada, K., D. Sawamura, H. Nakano and I. Hashimoto (1995)
Possible role of 1,25-dihydroxyvitamin D;-induced metallothionein in
photoprotection against UV-B injury in mouse skin and cultured rat
keratinocytes. J. Dermatol. Sci. 9, 203-208.

Lee, J. H,, and J. I. Youn (1998) The photoprotective effect of 1,25-
dihydroxyvitamin D; on ultraviolet light B-induced damage in
keratinocyte and its mechanism of action. J. Dermatol. Sci. 18, 11-18.
Reichrath, J. (2003) Protecting against adverse effects of sun
protection? J. Am. Acad. Dermatol. 49(6), 1204—1206.

Holick, M. F. and M. Jenkins (2003) The UV advantage, pp. 94—120.
ibooks, distributed by Simon & Schuster, Inc., New York.

Holick, M. F. (2002) Vitamin D: The underappreciated D-lightful
hormone that is important for skeletal and cellular health. Curr. Opin.
Endocrinol. Diabetes 9, 87-98.

Hughes, A. M., B. K. Armstrong, C. M. Vajdic, J. Turner, A. E.
Grulich, L. Fritsch, S. Milliken, J. Kaldor, G. Benke and A. Kricker
(2004) Sun exposure may protect against non-Hodgkin lymphoma:
a case-control study. Int. J. Cancer 112, 865-871.

Smedby, K. E., H. Hjalgrim, M. Melbye, A. Torrang, K. Rostgaard,
L. Munksgaard, J. Adami, M. Hansen, A. Porwit-MacDonald, B. A.
Jensen, G. Roos, B. B. Pedersen, C. Sundstrom, B. Glimelius and H. O.
Adami (2005) Ultraviolet radiation exposure and risk of malignant
lymphomas. J. Natl. Cancer Inst. 97, 199-2009.

Berwick, M., B. K. Amstrong, L. Ben-Porat, J. Fine, A. Kricker,
C. Eberle and R. Barnhill (2005) Sun exposure and mortality from
melanoma. J. Natl. Cancer Inst. 97, 195-199.

Egan, K. M., J. A. Sosman and W. J. Blot (2005) Sunlight and reduced
risk of cancer: is the real story vitamin D? J. Natl. Cancer Inst. 97,
161-163.

Bikle, D. D. (2004) Vitamin D and skin cancer. J. Nutr. 134; 3472S—
34788S.

Webb, A., L. Kline and M. F. Holick (1988) Influence of season and
latitude on the cutaneous synthesis of vitamin D3: exposure to winter
sunlight in Boston and Edmonton will not promote vitamin D synthesis
in human skin. J. Clin. Endocrinol. Metab. 67, 373-378.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Photochemistry and Photobiology, 2005, 81 1251

Quesada, J. M., W. Coopmans, B. Ruiz, P. Aljam, I. Jans and R.
Bouillon (1992) Influence of vitamin D on parathyroid function in the
elderly. J. Clin. Endocrinol. Metab. 75, 494-501.

Matsuoka, L. Y., J. Wortsman, J. G. Haddad, P. Kolm and B. W. Hollis
(1991) Racial pigmentation and the cutaneous synthesis of vitamin D.
Arch. Dermatol. 127, 536-538.

Lips, P. (2001) Vitamin D deficiency and secondary hyperpara-
thyreodism in the elderly: consequences for bone loss and fractures
and therapeutic implications. Endocr. Rev. 22, 477-501.

Malabanan, A., I. Veronikis and M. F. Holick (1998) Redefining
vitamin D insufficiency. Lancet 351, 805-806.

Chapuy, M. C., P. Preziosi, M. Maamer, S. Arnaud, P. Galan,
S. Hercberg and P. J. Meunier (1997) Prevalence of vitamin D in-
sufficiency in an adult normal population. Osteoporos. Int. 7, 439—
443.

Vieth, R. (1999) Vitamin D supplementation, 25-hydroxyvitamin D
concentrations, and safety. Am. J. Clin. Nutr. 69, 842-856.

Hollis, B. W. (2005) Circulating 25-hydroxyvitamin D levels indic-
ative of vitamin D sufficiency: implications for establishing a new
effective dietary intake recommendation for vitamin D. J. Nutr. 13,
317-322.

Calvo, M. S., S. J. Whiting and N. Barton (2005) Vitamin D intake:
a global perspective of current status. J. Nutr. 135, 310-316.
DeLuca, H. F. (2004) Overview of general physiologic features and
functions of vitamin D. Am. J. Clin. Nutr. 80(Suppl.), 1689S—1696S.
Trang, H. M., D. E. Cole, L. A. Rubin, A Pierratos, S. Siu and R. Vieth
(1998) Evidence that vitamin D5 increases serum 25-hydroxyvitamin
D more efficiently than does vitamin D,. Am. J. Clin. Nutr. 68,
854-858.

Koutkia, P., T. C. Chen and M. F. Holick (2001) Vitamin D
intoxication with an over-the counter supplement. New Engl. J. Med.
345, 66-67.

Heikkinen, A. M., M. T. Tupporainen, L. Niskanen M. Komulainen, 1.
Pentilld and S. Saarikoski (1997) Long-term vitamin D supplementa-
tion may have adverse effects on serum lipids during postmen-
opausal hormone replacement therapy. Eur. J. Endocrinology 1317,
495-502.



