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Unravelling of hidden secrets
The role of vitamin D in skin aging
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The skin is the only tissue in the human body that represents
both a target tissue for biologically active vitamin D
compounds including 1,25-dihydroxyvitamin D [1,25(0H),D]
and has the capacity for the synthesis of 1,25(0H),D from
7-dehydrocholesterol (7-DHC). Recent findings indicate that
the vitamin D endocrine system (VDES), besides multiple
other important functions, regulates aging in many tissues,
including skin. This concept is strongly supported by several
independent studies in genetically modified mice (including
FGF23~- and Klotho™~ mice) that are characterized by altered
mineral homeostasis caused by a high vitamin D activity.
These mice typically have phenotypic features of premature
aging that include, besides short lifespan, retarded growth,
ectopic calcification, immunological deficiency, osteoporosis,
atherosclerosis, hypogonadism, skin and general organ
atrophy. Notably, it has been demonstrated that these
phenotypic features can be reversed by normalizing mineral
homeostasis and/or vitamin D status. Interestingly, the aging
phenotypes of mice suffering from hypovitaminosis D (VDR™~
and CYP27B1~~ mice) are quite similar to those suffering from
hypervitaminosis D (including FGF-237- and Klotho™~ mice).
Consequently, it has been hypothesized that thus, both hypo-
and hypervitaminosis D may enhance aging. Aging seems
to show a U-shaped response curve to vitamin D status,
and, therefore normovitaminosis D seems to be important
for preventing premature aging. Additionally, laboratory
investigations have now convincingly shown that vitamin D
compounds protect the skin against the hazardous effects
of various skin aging-inducing agents, including ultraviolet
(UV) radiation. In conclusion, these findings support the
concept that UV-radiation exerts both skin aging -promoting
and -inhibiting effects, the latter via induction of cutaneous
vitamin D synthesis. Future studies will clarify the effect
of vitamin D compounds on expression and function of
potential key regulators of skin aging, such as TAp63 or the
IGF-1 signaling pathway. Furthermore, the efficacy of topically
applied vitamin D compounds in the prevention of skin aging
has to be evaluated in future clinical trials.
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Introduction

In recent years, there was an extensive search for the “fountain of
youth,” that means for pharmacologic agents effective in prevent-
ing tissue aging. Although the “fountain of youth” has still not
been found, there is at present still enormous interest in identify-
ing pharmacologic agents that may prevent skin aging. Recent
findings indicate that the vitamin D endocrine system (VDES),
besides many other important functions, regulates aging in many
tissues, including skin. In this review, I summarize our present
understanding of the role of the VDES for skin aging and dem-
onstrate that vitamin D compounds represent interesting candi-
dates for the prevention of skin aging.

The Vitamin D Endocrine System

It is well known that vitamin D, the precursor of the biologi-
cally active vitamin D metabolite 1,25-dihydroxyvitamin D
(1,25(0OH),D, calcitriol] can be obtained from the diet or syn-
thesized in the skin under the influence of UV-B radiation from
7-dehydrocholesterol (7-DHC)." It has been estimated that under
present living conditions in most countries in Europe and US, appr.
90% of the needed vitamin D must be synthesized in the skin and
only about 10% are taken up by the diet.”? The skin is the only
tissue in the human body that represents both a target tissue for
biologically active vitamin D compounds including 1,25(OH),D,
and has the capacity for the synthesis of 1,25(0OH),D, from
7-DHC."? Several enzymatic reactions are involved in the photo-
chemical cutaneous synthesis of vitamin D, hereunder 4 photor-
eversible reactions and one non reversible phototransformation.'?
While vitamin D, (ergocalciferol) can be found in plants, vitamin
D, (cholecalciferol) is photochemically synthesized under the influ-
ence of UVB radiation in the skin of animals and humans."? The
biologically active vitamin D metabolite 1,25(OH),D, that circu-
lates in the blood, is synthesized from vitamin D by a well charac-
terized biochemical reaction cascade."? First, it is hydroxylated in
the liver in C-25 position by cytochrome P450 enzymes, including
the vitamin D-25-hydroxylase (CYP27A1) and CYP2R1, before it
gets hydroxylated a second time in the kidney in C-1 position by
another cytochrome P450 enzyme, the renal 25-hydroxyvitamin
D-la-hydroxylase (CYP27B1).1

The production of 1,25(OH),D, in the kidney is regulated
by a feedback-mechanism of the hormone itself, as well as by
parathyroid hormone, calcium and cytokines like Interferon vy
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(IFN7y) or tumor necrosis factor a (TNFa)."? Until the last
decades of the last century, it was concluded that the kidney
was the sole source of 1,25(OH),D, production. However, more
recent investigations demonstrated that many cell types includ-
ing human keratinocytes, monocytes, macrophages osteoblasts,
prostate and colon cells, express the enzymatic machinery for
the synthesis of 1,25(OH),D, (i.e., CYP27B1), and are able to
synthesize 1,25(OH),D,."” In keratinocytes, studies could prove
the presence of la-hydroxylase (CYP27A1) and 25-hydroxylase
(CYP27B1).> According to these findings, the keratinocyte is
the only cell type known until today, that is able to synthesize
1,25(0OH),D, from 7-DHC.?

The metabolism of 1,25(OH),D, circulating in the blood and
present in various tissues, to calcitroic acid results from another
well characterized biochemical reaction cascade. The reduction
of 1,25(OH), D, to 24,25-dihydroxycholecalciferol in the kidney
(and in other tissues) and consecutive reactions are effectuated by
another cytochrome P450 enzyme, the 1,25-dihydroxyvitamin
D-24-hydroxylase (CYP24A1).! 24,25-dihydroxycholecalciferol
has only a slight biological activity. According to present knowl-
edge 1,25(OH),D has a 100 to 1000-fold higher biological activ-
ity as compared with other natural vitamin D metabolites.!

1,25(OH),D exerts at least many of its biologic effects via
binding to the nuclear vitamin D receptor (VDR).! VDR is a
member of the thyroid hormone and retinoic acid receptor sub-
family of nuclear hormone receptors that bind to specific response
elements in target genes following heterodimerization with reti-
noid X receptor (RXR) isoforms.! VDR regulates the expression
of genes encoding factors which control important cellular func-
tions implicated in skin aging, including proliferation, differen-
tiation, metabolism, ion transport, apoptosis, and detoxification.!

Vitamin D Compounds Protect the Skin Against
the Hazardous Effects of Various Skin Aging-
Inducing Agents, Including Ultraviolet (UV) Radiation

It is well accepted in the scientific community that vitamin D com-
pounds protect the skin against the hazardous effects of many skin

aging-inducing agents, including ultraviolet (UV) radiation.*"

Concerning protection against UV-B-induced cellular damage,*"
the underlying mechanisms are manifold and at least in part associ-
ated with the suppression of UV-B-induced apoptosis.®” However,
it has to be noted that it depends on many other factors whether
effects of 1,25(OH),D on UV-induced apoptosis are beneficial
or negative for the human body.’ In in vitro investigations using
an ELISA that detects DNA-fragmentation, it was demonstrated
that pretreatment of keratinocytes with 1,25(OH),D (1 pM) over
24 h suppresses UV-B-induced apoptosis up to 55-70%, and
reduces the mitochondrial cytochrome c release, one of the markers
of UV-B-induced apoptosis, up to 90%.%° Two important media-
tors of the UV-response in keratinocytes, namely the activation of
a Jun-NH,-terminal kinase and the production of interleukin-6,
are also reduced about 30% respective 75-90% by a pretreatment
with 1,25(OH),D (I uM).*® Moreover, the UV-B-induced cleav-
age of the Poly-(ADP-Ribose)-Polymerase (PARP) is inhibited,
and methallothionein (MT)-mRNA is induced after pretreatment
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of keratinocytes with 1,25(OH),D (1 uM for 24 h).** MT is an
antioxidans and acts as a radical catcher after UV-radiation.®*!?
This may represent an important mechanism, protecting keratino-
cytes and other cells against the UV-B-induced synthesis of reac-
tive oxygen radicals.

Moreover, 1,25(0OH),D, protects skin cells against apoprosis
by induction of many anti-apoptotic proteins including Bcl-2 and
activation of the MEK/ERK- and PI-3K/Aktmetabolic path-
ways. 1,25(OH),D is able to induce the neutral Mg**-dependent
sphingomyelinase, which hydrolyses sphingomyelin to ceramid.?
Interestingly, ceramid stimulates the prodifferentiating effect
from 1,25(OH),D on keratinocytes."” Moreover, it plays an
important role in the induction of apoptosis in a variety of cells,
including keratinocytes."" It has been demonstrated that physi-
ological concentrations of 1,25(OH),D in keratinocyte cultures
do not induce apoptosis. To the contrary, physiological concen-
trations of 1,25(OH),D generate an apoptosis-resistance against
ceramides, UV radiation and TNFa."” The cytoprotective/anti-
apoptotic effect of 1,25(OH),D is obviously linked to the develop-
ment of sphingosine-1-phosphate. This is also clarified by the fact
that the antiapoptotic effect of 1,25(OH),D can be completely
suppressed by addition of the sphingosinkinase-inhibitor N,N-
dimethylsphingosine.” In contrast, pharmacological concentra-
tions of 1,25(0OH),D (210-° M) do induce apoptosis. Similar
effects have been observed in the regulation of keratinocyte-
growth, where, as outlined above, physiological concentrations
of 1,25(0OH),D (around 107" M) stimulate cell proliferation,
whereas high pharmacological concentrations of 1,25(OH),D
have a dose-dependent antiproliferative effect.'®

In line with these findings, we have recently used colony-form-
ing-unit culture proliferation assays to prove that pretreatment with
1,25(OH),D (10" M for 48 h) protects human keratinocytes against
the hazardous effects of a single irradiation with 100 J/cm? UV-B”
In this study, the number of cell colonies counted after a growth
period for 7 d post radiation was twice as high in 1,25(OH),D-
pretreated cells as compared with controls that were not treated with
1,25(OH),D.” Furthermore, using WST-1- and crystal violet-based
proliferation assays, it could be demonstrated that 1,25(OH),D
(10”7 M) has a protective effect after irradiation of keratinocytes with
ascending doses of UV-B (100-1000 J/cm?).’

It is well recognized that the photocarcinogenesis of non-
melanoma skin cancer is mainly due to mutations resulting
from insufficient repaired DNA-photoproducts.” The most
established DNA-photoproducts caused by UV radiation are
cyclobutane pyrimidine dimers (CPDs).”" Recent laboratory
investigations show that treatment with 1,25(OH),D reduces
the number of CPDs in human keratinocytes after UV-B-
radiation.”™® A study from Gupta et al. describes a reduction of
the number of CPDs after a pretreatment with 1,25(OH),D
(10 M) followed by an irradiation of the cells with 200 m]J/cm?
UV-B, as compared with controls that were not treated with
1,25(OH),D." In line with these results, Trémezaygues et al. dem-
onstrated that pretreatment of keratinocytes with 1,25(OH),D
(107 M) has a protective effect on the cells, even after irradia-
tion with higher doses of UV-B (100 J/cm? and 1000 J/cm?).

Complementing the results of Gupta et al., Trémezaygues et al.
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showed that pretreatment of HaCaT-keratinocytes with
1,25(OH),D results not only in a reduction of the number of
formed CPDs but also in a subsequent quicker reduction in num-
ber of CPDs, as compared with controls that were not treated with
1,25(0H) D

Regarding the influence of vitamin D metabolites on the devel-
opment of ionizing radiation damage, several investigations were
performed during the last years.*’ A characteristic feature of cellu-
lar damage induzed by ionizing radiation are DNA double strand
breaks (DSB). The histone protein H2AX is phosphorylated in
position 139 at the carboxyterminus as an answer to a double
strand break—the result is YH2AX. This phosphorylated histone
protein supports a recruition and retention of various repair pro-
teins at the site of the DSB. It can therefore be considered as a
marker for DSBs. Recent studies show a decreased immunoreac-
tivity for YH2AX caused by ionizing radiation after pretreatment
of cells with 1,25(OH),D (107 M).

Interestingly, it has been demonstrated that photoprotection
by 1,25-dihydroxyvitamin D is associated by an increase in p53
and a decrease in nitric oxide products.'® Both members of the p53
family and nitric oxide have been implicated to be of importance
for skin aging.!”*!

To put it in a nutshell, the current literature convincingly
supports the concept of a cytoprotective effect of 1,25(OH),D
against the damaging effects of UV and other agents, which may
help to prevent premature skin aging. The clinical potential of
this protective effect has to be elucidated in future clinical trials.

Vitamin D Status and Skin Aging: Animal Studies
in Genetically Modified Mice Provide Evidence
For a U-Shaped Curve

The concept that the VDES, besides many other important func-
tions, regulates aging in skin and many other tissues, is strongly
supported by several independent studies in genetically modi-
fied mice (including FGF-237~ and Klotho™~ mice that develop
altered mineral homeostasis caused by a high vitamin D activ-
ity).?*® These mice typically have phenotypic features of prema-
ture aging that include, besides short lifespan, skin and general
organ atrophy, retarded growth, ectopic calcification, immuno-
logical deficiency, osteoporosis, atherosclerosis, and hypogonad-
ism.?*?® Notably, it has been demonstrated that these phenotypic
features can be reversed by normalizing mineral homeostasis (by
a rescue diet containing high calcium and phosphate) and/or
vitamin D.?*% Interestingly, the aging phenotypes of mice suf-
fering from hypovitaminosis D (VDR and CYP27B17~ mice)
are quite similar to those suffering from hypervitaminosis D
(including FGF-237- and Klotho”~ mice).?>** VDR~ mice are
characterized by skin thickening and wrinkling, alopecia, have
growth retardation, osteoporosis, kyphosis, ectopic calcification,
progressive loss of hearing and balance as well as a relatively short
lifespan.?*?* Consequently, it has been hypothesized that thus,
both hypo- and hypervitaminosis D may enhance aging and that
aging seems to show a U-shaped response curve to vitamin D sta-
tus, and, therefore normovitaminosis D seems to be important for

preventing premature aging.?>**
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Vitamin D Status and Skin Aging:
What Are the Molecular Mechanisms by Which
Vitamin D Signaling Feeds the “Fountain of Youth”?

It has to be noted that at present, the molecular mechanisms
that underly the anti-aging effects of vitamin D compounds are
not well understood. Based upon many investigations, includ-
ing cDNA microarray analysis of mRNAs, as many as 500-1000
genes are estimated to be regulated by VDR ligands.?** Many of
these 1,25(OH),D-regulated genes that are relevant for healthy
aging of the skin and other tissues are calcemic, phosphatemic, or
affect bone remodelling.? It has convincingly been outlined in a
review by Mark Haussler et al. that the VDES controls the expres-
sion of at least 11 genes (osteopontin or SPP1, TRPV6, LRPS5,
BGP, RANKL, OPG, CYP24A1, PTH, FGF-23, PHEX, and
klotho) which encode bone and mineral homeostasis effectors that
also facilitate aging well.” To govern these 1,25(OH),D-induced
phenomena, there exists a separate class of feedback regulatory
genes which curb the mineralotropic and osteotrophic actions of
1,25(OH),D.” Control of these genes by VDR delimits bone min-
eralization to the defined endoskeleton, prevents ectopic calcifica-
tion elicited by excesses of either calcium or phosphate, reduces
age-related vascular pathology and atherosclerosis, protects against
muscle and skin atrophy as well as respiratory failure, and gen-
erally prevents premature aging and lengthens lifespan.?»* Many
of these pathologies are also the result of hypervitaminosis D.?%
Consequently, it has been hypothesized that excess vitamin D and
its actions actually may reduce lifespan, meaning that the level of
1,25(0OH),D as well as the sequelae of its effects through VDR
must be “detoxified” and sustained in an optimal range to main-
tain healthful aging. ?»

Interestingly, the association of vitamin D-deficiency with
some types of cancer has been convincingly demonstrated and
both aging and cancer are promoted by some similar molecular
mechanisms.”” As an example, damage on DNA and telomeres
cause both aging and cancer, involving the tumor suppressor pro-
tein, p53. Moreover, the insulin-like growth factor (IGF-1) and
FGEF-23 signaling pathways regulate growth, aging and cancer.
Interestingly, the VDES has been shown to regulate these impor-
tant signaling pathways. Mutations in insulin/IGF-1 signaling
pathway have been shown to lead to increased longevity in various
invertebrate models, although it has to be noted that it was recently
shown that the Igflr(*~) mouse is not a model of increased lon-
gevity and delayed aging as predicted by invertebrate models with
mutations in the insulin/IGF-1 signaling pathway.?®

The p53 gene family, NFkB and telomerase reverse transcriptase
(TERT) might be important molecular targets mediating vitamin
D action in aging and cancer.?”* Since the discovery of the TP63
gene in 1998, many studies have demonstrated that ANp63, a p63
isoform of the p53 gene family, is involved in multiple functions
during skin development and in adult stem/progenitor cell regu-
lation.?*" Interestingly, a recent investigation demonstrated novel
functions for TAp63 indicating a protective role of TAp63 on pre-
mature aging.”** TAp63 controls skin homeostasis by maintain-
ing dermal and epidermal progenitor/stem cell pool and protecting

them from senescence, DNA damage and genomic instability.?>

Dermato-Endocrinology 243

©2012 Landes Bioscience. Do not distribute.



Recently, a TAp63 conditional knockout mouse was developed
and used to ablate TAp63 in the germline (TAp63“") or in K14-
expressing cells in the basal layer of the epidermis (TAp63®/®;
K14cre+).>% Interestingly, TAp63~~) mice age prematurely and
develop blisters, skin ulcerations, senescence of hair follicle-asso-
ciated dermal and epidermal cells, and decreased hair morpho-
genesis.””>?® These data indicate that TAp63 maintains adult skin
stem cells by regulating cellular senescence and genomic stability,
thereby preventing premature skin aging.?>

Another interesting observation that may be of high impor-
tance for skin aging is the link of the VDES to detoxicification.”
Evolutionarily, the VDR is closely related to the pregnane X
receptor (PXR) that modulates xenobiotic detoxification and to
the farnesoid X receptor (FXR) which regulates bile acid metabo-
lism.” In line with this finding, the ancient function of VDR in
chordates is considered to be that of detoxification.”” This prop-
erty has apparently been retained in extant mammals as evidenced
by the ability of the VDR to bind carcinogenic secondary bile

acid, lithocholic acid (LCA), with low affinity and stimulate its
detoxification in colon via induction of CYP3A4 and SULT2.%
It can be speculated whether VDR-induced detoxification may
represent an important mechanism to prevent aging in various
tissues, including skin.

Conclusions

It can be summarized that the VDES influences skin aging via
a broad variety of different mechanisms, that include protection
against UV-induced cellular damage, detoxification, and regula-
tion of genes important for cellular aging. The efficacy of topi-
cally applied vitamin D compounds and of a healthy vitamin
D status for the prevention of skin aging has to be evaluated in
future clinical trials.
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