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a b s t r a c t

Sebocytes are sebum-producing cells that form the sebaceous glands. We investigated the role of sebo-
cytes as target cells for vitamin D metabolites and the existence of an enzymatic machinery for the
local synthesis and metabolism of 1,25-dihydroxyvitamin D3 [1,25(OH)2D3, calcitriol], the biologically
active vitamin D metabolite, in these cell types. Expression of vitamin D receptor (VDR), vitamin D-25-
hydroxylase (25OHase), 25-hydroxyvitamin D-1�-hydroxylase (1�OHase), and 1,25-dihydroxyvitamin
D-24-hydroxylase (24OHase) was detected in SZ95 sebocytes in vitro using real time quantitative poly-
merase chain reaction. Splice variants of 1�OHase were identified by nested touchdown polymerase
chain reaction. We demonstrated that incubation of SZ95 sebocytes with 1,25(OH)2D3 resulted in a cell
culture condition-, time-, and dose-dependent modulation of cell proliferation, cell cycle regulation, lipid
content and interleukin-6/interleukin-8 secretion in vitro. RNA expression of VDR and 24OHase was upreg-
ebaceous gland
ells cultured
ell proliferation
eutral and polar lipids

nterleukin-6
nterleukin-8

ulated along with vitamin D analogue treatment. Although several other splice variants of 1�OHase were
detected, our findings indicate that the full length product represents the major 1�OHase gene product
in SZ95 cells. In conclusion, SZ95 sebocytes express VDR and the enzymatic machinery to synthesize and
metabolize biologically active vitamin D analogues. Sebocytes represent target cells for biologically active
metabolites. Our findings indicate that the vitamin D endocrine system is of high importance for sebocyte
function and physiology. We conclude that sebaceous glands represent potential targets for therapy with

r pha

e
f
s

vitamin D analogues or fo

. Introduction

Sebaceous lipogenesis leads to accumulation of lipid droplets

nd finally to cell content excretion in a holocrine manner. Exces-
ive sebum production is supposed to be of crucial importance in
he pathogenesis of acne [1]. Over the past decade, considerable
rogress has been made in our understanding of the molecular

Abbreviations: 1�OHase, 25-hydroxyvitamin D-1�-hydroxylase; 1,25(OH)2D3,
,25-dihydroxyvitamin D3; 24OHase, 1,25-dihydroxyvitamin D-24-hydroxylase;
5OHase, vitamin D-25-hydroxylase; 25(OH)D3, 25-hydroxyvitamin D3; AFU,
bsolute fluorescence units; CV, crystal violet; FACS, Fluorescence-activated cell
orting; FCS, fetal calf serum; FDA, fluorescein diacetate; IL-6, interleukin-6;
L-8, interleukin-8; LDH, lactate dehydrogenase; MUH, 4-methylumbelliferyl hep-
anoate; PBS, phosphate-buffered saline without Ca2+ and Mg2+; PCR, polymerase
hain reaction; RTqPCR, real time quantitative polymerase chain reaction; VDR,
itamin D receptor.
∗ Corresponding author. Tel.: +49 6841 1623801; fax: +49 6841 1623845.

E-mail address: hajrei@uniklinik-saarland.de (J. Reichrath).
1 Both authors contributed equally to this work as first authors.
2 Both authors contributed equally to this work as senior authors.
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vents regulating adipocyte differentiation. Several transcription
actors, including CCAAT/enhancer binding proteins and peroxi-
ome proliferator-activated receptors, which act cooperatively and
equentially to trigger the terminal differentiation program in cul-
ured pre-adipocytes and sebocytes as well as in sebaceous gland
ells in vivo have been identified [2–5]. However, the key molecular
echanisms that regulate the differentiation process in sebaceous

land cells still remain to be identified. In this study, we tested the
ypothesis whether key components of the vitamin D endocrine
ystem are present in human sebocytes and whether vitamin D
nalogues may regulate the activity of human sebocytes in vitro.

1,25-Dihydroxyvitamin D3 (1,25(OH)2D3, calcitriol), the biologi-
ally active metabolite of vitamin D, has been shown to regulate the
rowth and multiple other biological functions in various cell types,
ncluding human keratinocytes [6,7]. This potent seco-steroid hor-
one acts via binding to a corresponding intranuclear receptor
vitamin D receptor (VDR)], present in target tissues. VDR belongs
o the superfamily of trans-acting transcriptional regulatory fac-
ors, which includes the steroid and thyroid hormone receptors as
ell as the retinoid-X receptors and retinoic acid receptors [8]. It

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:hajrei@uniklinik-saarland.de
dx.doi.org/10.1016/j.jsbmb.2008.10.010
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as been demonstrated that VDR require heterodimerization with
uxiliary proteins for effective DNA interaction. These auxiliary
roteins have been identified as the retinoid-X receptors-�, -�,
nd -�.

There are two principal enzymes involved in the formation
f circulating 1,25(OH)2D3 from vitamin D, the hepatic micro-
omal or mitochondrial vitamin D 25-hydroxylase (CYP27A1;
5OHase) and the renal mitochondrial enzyme 1�-hydroxylase
CYP27B1; 1�OHase) for vitamin D and 25-hydroxyvitamin D3
25(OH)D3], respectively [7]. Metabolism of 1,25(OH)2D3 is medi-
ted via its principal catabolizing enzyme, 1,25-dihydroxyvitamin
24-hydroxylase (CYP24A1, 24OHase). These hydroxylases belong

o a class of proteins known as cytochrome P450 mixed func-
ion monooxidases. During recent years, extrarenal activity of
�OHase has been reported in various cell types including
acrophages, keratinocytes, prostate and colon cancer cells

9–11].
The aim of this study was to gain first insight into the function

f the vitamin D endocrine system in sebaceous glands. We have
nalyzed effects of vitamin D analogues on SZ95 sebaceous gland
ell proliferation, cell cycle regulation, and lipid content under
ifferent culture conditions in vitro. Additionally, we asked the
uestion whether SZ95 sebocytes express VDR and/or the main
nzymes involved in the synthesis/metabolism of 1,25(OH)2D3,
hereby identifying sebaceous glands as potential targets for ther-
py with vitamin D analogues or for pharmacological modulation
f 1,25(OH)2D3 synthesis/metabolism.

. Materials and methods

.1. Cell culture

Immortalized human facial SZ95 sebocytes, which have been
hown to conserve the major characteristics of normal sebocytes
12], were maintained in Sebomed® Basal Medium (Biochrom,
erlin, Germany) supplemented with 10% heat-inactivated FCS
Biochrom), 5 ng/ml human epidermal growth factor (Sigma,
eisenhofen, Germany), 50 �g/ml gentamicin (Gibco/BRL, Karl-

ruhe, Germany), and 1 mM Ca2+ in a humidified atmosphere
f 5% CO2 at 37 ◦C. Cell culture medium was changed every 2
ays. SZ95 sebocytes were allowed to grow to about 70% con-
uence. For experiments under serum-free conditions, cells were
ultured in Sebomed® medium containing 5 ng/ml human epi-
ermal growth factor, 50 �g/ml gentamycin (Gibco/BRL), 10−6 M

inoleic acid, 10 �g/ml insulin and 1 mg/ml bovine serum albu-
in (all from Sigma). The content of Ca2+ in Sebomed® medium

mounts to 0.05 mM and basal medium supplemented with FCS
mount to ∼0.4 mM Ca2+. SZ95 sebocytes were cultivated using
5 cm2 cell culture flasks or 96 well plates (Nunc, Naperville IL).
emi-confluent cells were incubated for 120 h with or without
5(OH)D3, 1,25(OH)2D3, or seocalcitol (EB 1089) at different doses
10−12 to 10−6 M). Cells were re-treated with or without vitamin

analogs every 24 h. Vitamin D analogues were kindly provided
y Lise Binderup (Leo Pharmaceuticals, Ballerup, Denmark). Fol-
owing incubation, the supernatants were collected for detection
f protein/cytokine expression and the attached cells were used for
ipid analysis, RNA extraction and proliferation.

.2. Detection of cytotoxicity
SZ95 sebocytes were cultured in 96-well tissue culture plates at
density of 10,000 cells per well for 24 h. Fresh medium without
r with active compounds was then given to the cells. The super-
atants were collected 24 h later and were centrifuged to remove
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ell detritus, and 100 �l was proceeded to measurement of LDH
elease with a LDH assay kit (Boehringer, Mannheim, Germany)
ccording to the manufacturer’s instructions. Experiments were
erformed in triplicate, with 5 wells evaluated for each data point

n each experiment.

.3. Analysis of cell proliferation

Cell proliferation was quantified by the MUH fluorescence assay
13] or by CV dye staining [14], as previously described. For MUH
ssay, cells were cultured in 96-well tissue culture plates at a den-
ity of 2000 cells per well for 2 days. The wells were then washed
ith phosphate-buffered saline without Ca2+ and Mg2+ (PBS) and
edium with or without active compounds was added. On the day

f evaluation the medium was removed, the cells were washed
wice with PBS, and 100 �l of a 100 �g/ml MUH solution in PBS
as added to each well. The plates were then incubated at 37 ◦C

or 30 min, and the released fluorescence, which is representative
or cell numbers, were read on a Molecular Devices SPECTRAmax
emini spectrofluorometer using 355 nm excitation and 460 nm
mission filters. Experiments were performed in triplicate, with
0 wells evaluated for each data point in each experiment. For CV
ssay, cells were washed once with PBS and fixed with ethanol (70%)
or 30 min at room temperature. Cells were then incubated with

CV solution (1%, w/v, in 20% ethanol) for 30 min at room tem-
erature and rinsed with water thoroughly. After drying, the dye
as extracted with 70% ethanol and its absorbance determined at
50 nm using a microplate reader.

.4. Detection of lipid content

The cells were cultured in 96-well tissue culture plates at a den-
ity of 8000 cells per well for 2 days. The wells were then washed
ith PBS, and fresh medium was added. After 1 and 3 days, the

upernatants were harvested. The wells were washed twice with
BS, and 100 �l of a 10 �g/ml Nile red solution in PBS was added to
ach well. The plates were then incubated at 37 ◦C for 20 min, and
he released fluorescence was read on a Molecular Devices SPEC-
RAmax Gemini spectrofluorometer. The results are presented as
ercentages of the absolute fluorescence units (AFU) in comparison
ith the controls, using 485 nm excitation and 565 nm emission fil-

ers for neutral lipids and 540 nm excitation and 620 nm emission
lters for polar lipids. Experiments were performed in triplicate,
ith 5 wells evaluated for each data point in each experiment.
ell numbers were measured indirectly by the fluorescein diac-
tate (FDA) assay (Sigma) as previously described [15]. Briefly, cells
ere stained with FDA, whereas fluorescence is dependent on cel-

ular hydrolysis of the non-fluorescent substrate into its fluorescent
roduct. Fluorescence signals from the two dyes were compared to
ive the amount of intact and viable cells in the culture. Untreated
ultures served as controls. Results were considered biologically
elevant at a statistical significance of p < 0.05 and at a mean differ-
nce of at least 10%.

.5. Determination of IL-6 and IL-8

IL-6 and IL-8 were measured in the supernatants of chal-
enged SZ95 sebocytes using Quantikine ELISA kits (R&D System,

iesbaden, Germany) according to the manufacturer’s protocols.

nterleukin release was measured in triplicate wells for all individ-
al treatments. The results are presented as relative fold increase
ompared with the results of the untreated controls at the same
ime, whereas the ratio represents the interleukin release of the
ontrols.
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(10−7 to 10−6 M) resulted in a dose-dependent and significant
C. Krämer et al. / Journal of Steroid Bioch

.6. RNA expression analysis

RNA isolation was carried out with RNeasy Kit (Qiagen, Hilden,
ermany) according to the manufacturers manual. Expression of
DR, 25OHase, 1�OHase, and 24OHase was analyzed in SZ95
ebocytes using RTqPCR (LightCycler, 50 cycles) and gene-specific
rimers as published previously [16] (TIB Mol Biol, Berlin, Germany;
able 1). In order to calculate the normalized ratio, the relative
mount of target gene (VDR, 25OHase, 1�OHase, or 24OHase) and
reference gene (�2-microglobulin) was determined for each sam-
le and one calibrator, integrated in each Lightcycler run. The
elative ratio of target to reference for each sample and for the
alibrator was first calculated to correct sample to sample varia-
ions caused by differences in the initial quality and quantity of the
ucleic acid (Roche, technical note LC 13/2001) The target/reference
atio of each sample was then divided by the target/reference ratio
f the calibrator using relative quantification software (Relquant,
oche Molecular Biochemicals, Mannheim, Germany). This second
tep normalized different detection sensitivities of target and ref-
rence amplicons. Thus the normalization to a calibrator provided
constant calibrator point between PCR runs. Experiments were

one in duplicates and final results, expressed as median of N-fold
ifferences in target gene expression in treated samples relative to
he control ones.

.7. Analysis of 1˛OHase splice variants by nested touchdown
CR

Prior to utilization, RNA was treated with DNaseI (Promega). The
bsence of genomic DNA was confirmed by Alu-PCR. First-strand
DNA was synthesized with Omniscript reverse transcriptase (Qia-
en) using oligo-d(T)15 primers. The existence of genomic DNA
ontaminants was excluded via RT-minus reaction. After the first
CR using primers Sp1aFor (5′-GGA GAA GCG CTT TCT TTC G-3′)
nd Sp1aRev3 (5′-AAA CCA GGC TAG GGC AGA TT-3′) with 10 cycles
10 s at 94 ◦C, 20 s at 62 ◦C, 4 s at 72 ◦C) the PCR reaction was purified
PCR purification kit; Qiagen) and 2 �M were used as template for
he second PCR using primers Sp1aRev3 (5′-TGG GGC AAA CCC ACT
AA TA-3′) and HE1 (5′-CAG ACC CTC AAG TAC GCC-3′). This PCR
onsisted of first 12 cycles with a touchdown from 68 to 62 ◦C (10 s
t 94 ◦C, 20 s at 68 ◦C with touchdown in 0.5 ◦C intervals to 62 ◦C, 4 s
t 68 ◦C) followed by 18 cycles (10 s at 94 ◦C, 20 s at 62 ◦C, 4 s at 8 ◦C).
oth PCR reactions were performed with RedAccuTaq (Sigma). The
CR products were separated on a 1% agarose gel.

.8. Statistical analysis

All data are presented as mean ± S.E.M. for at least 3 experi-
ents. Statistical significance was calculated by the Student’s t-test.
ean differences were considered to be significant when p < 0.05.
ne-way analysis of variance (ANOVA) was used to assess statistical

ignificance (p < 0.05) between means in vitamin D analogue-
reated groups versus controls.

.9. Immunohistochemical detection of VDR in human skin in situ

Freshly excised biopsies of normal skin (n = 5, healthy volun-
eers, no history of skin disease) were immediately embedded in
CT Tissue-Tek II (Miles Laboratories, Naperville, IL, USA) snap-

rozen in liquid nitrogen, and stored at −80 ◦C. Serial sections

5 �m) were cut on a cryostat (Frigocut 2800, Reichert-Jung,
eidelberg, Germany) and mounted on pretreated glass slides. Pre-

reatment of slides with 2% aminopropylmethoxysilane (Sigma,
ünchen, Germany) in acetone for 5 min was performed to

nhance sticking of sections during the staining procedure. Frozen

i
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c
c
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ections to be stained for VDR were fixed in 3.7% paraformaldehyde
Merck 4005, Darmstadt, Germany) in phosphate buffered saline
PBS) for 10 min at room temperature (RT), incubated in methanol
Merck 6009, 3 min, −20 ◦C) and acetone (Merck 22, 1 min, −20 ◦C),
nd transferred into PBS. The rat monoclonal antibody 9A7� (IgG2b;
U 193-UC, BioGenex, CA, USA) was used as primary antibody.

his mAb is directed against partially purified vitamin D recep-
or from chicken intestine and cross-reacts with human, mouse,
nd rat VDRs, but does not bind to glucocorticoid or estrogen
eceptors.

Incubation steps were performed in a moist chamber at RT.
he slides were incubated with the mAb 9A7� (16 h, 4 ◦C) at a
ilution of 1:1000. After intermediate washing steps (PBS/TBS,
× 5 min), the sections were incubated with biotin-labeled rab-
it anti-rat IgG (DAKO) at a dilution of 1:400 (30 min, RT), and
hen with streptavidin–peroxidase complexes (DAKO) at a dilution
f 1:400 (30 min, RT). After rinsing, the sections were incubated
ith 3-amino-9-ethylcarbazole (AEC, Sigma A 5754, München,
ermany) as a substrate for the peroxidase reaction, transferred

nto tap water, and mounted with AquaTex (Merck). In con-
rol sections, primary antibody was replaced with polyclonal rat
gG (DAKO). No immunoreactivity was observed in these control
ections.

.10. Western analysis of VDR and 1˛OHase in SZ 95 sebocytes

Western analysis was performed as published previously
17–19]. In short, cell lysates were subjected to 12.5% SDS-PAGE and
ransferred to polyvinylidene difluoride membranes (Millipore).
ilters were blocked and incubated with primary antibody (mAb
A7� for VDR and pAb 462 for 1�OHase, 17-19) at a final dilution
f 1:1000 (mAb 9A7�) or 1:500 (pAb 462). Monoclonal anti-actin
r anti-GAPDH antibodies (Sigma) were used in a 1:500 dilution as
oading control.

. Results

.1. High pharmacologic doses of 1,25(OH)2D3 inhibit the growth
f rapidly proliferating SZ95 sebocytes

We demonstrate that human sebocytes represent target cells for
iologically active vitamin D metabolites. Incubation of rapidly pro-

iferating SZ95 sebocytes [semi-confluent cells in the logarithmic
hase of cell growth cultured with medium that contained fetal
alf serum (FCS)] with 1,25(OH)2D3 (10−10 to 10−6 M) resulted in
dose-dependent and significant suppression of cell proliferation

up to approximately 30% after treatment with 10−7 M 1,25(OH)2D3
s detected using crystal violet (CV) dye staining], that was most
ronounced after 120 h (Fig. 1). In additional experiments using
lactate dehydrogenease (LDH) assay, we had shown that no

ytotoxicity occurs under these experimental conditions (data not
hown).

.2. The less calcemic vitamin D analogue seocalcitol (EB 1089)
xerts antiproliferative effects on rapidly proliferating SZ95
ebocytes

Incubation of rapidly proliferating SZ95 sebocytes with EB 1089
nhibition of cell proliferation (CV dye staining) that was most
ronounced after 120 h (Fig. 1). At lower concentration (10−10 M),
ntiproliferative effects of EB 1089 were more pronounced as
ompared to 1,25(OH)2D3, while effects of both compounds were
omparable at higher concentrations (10−7 to 10−6 M).
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Fig. 1. Effect of vitamin D metabolites on the proliferation of rapidly proliferating SZ95 sebocytes. Proliferation analysis in SZ95 sebocytes treated with 1,25(OH)2D3 (10−10

to 10−6 M), EB 1089 (10−10 to 10−6 M), or 25(OH)D3 (10−6 M). The strong inhibition of cell proliferation after treatment of sebocytes with 1,25(OH)2D3 or EB 1089 in high
pharmacological concentrations has to be noted.
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Under serum free conditions (0.4 mM Ca2+), incubation of slowly
proliferating SZ95 sebocytes for 3 days with 1,25(OH)2D3 (10−9 to
10−7 M) resulted in a time- and dose-dependent, statistically signif-
icant reduction of neutral and polar lipids in SZ95 sebocytes (Fig. 4).
ig. 2. Vitamin D analogues induce a G1 cycle arrest on SZ95 sebocytes. Flow cytom
089 (10−10 to 10−6 M), as compared to control (ethanol). Note increased percentag
f SZ95 sebocytes with vitamin D analogues in high pharmacological concentration

.3. 25(OH)D3, the precursor of biologically active 1,25(OH)2D3,
xerts at high dose (10−7 M) moderate antiproliferative effects on
apidly proliferating SZ95 sebocytes

Incubation of rapidly proliferating SZ95 sebocytes with
5(OH)D3 (10−7 M) resulted in a moderate suppression of cell
roliferation (up to approximately 10% as detected using CV dye
taining), that was most pronounced after 120 h (Fig. 1). This
ntiproliferative effect points at a stimulation of endogenous pro-
uction of 1,25(OH)2D3.

.4. High pharmacologic doses of 1,25(OH)2D3 or its analogs
nduce an arrest of rapidly proliferating SZ95 sebocytes in the G1
hase

Flow cytometric cell cycle analysis of rapidly proliferating SZ95
ebocytes treated with 1,25(OH)2D3 (10−10 to 10−6 M), EB 1089
10−10 to 10−6 M), or 25(OH)D3 (10−7 M) revealed increased per-
entage of cells in the G1-phase after treatment of sebocytes
ith vitamin D analogues in high pharmacological concentrations

Fig. 2A and B).

.5. 1,25(OH)2D3 stimulates the proliferation of slowly
roliferating SZ95 sebocytes
Under serum free conditions (0.4 mM Ca2+), incubation of slowly
roliferating SZ95 sebocytes for 3 days with 1,25(OH)2D3 (10−9 to
0−7 M) resulted in a dose-dependent and significant stimulation of
ell proliferation, as measured by MUH assay. Note that incubation

F
S
t
(
1

ell cycle analysis in SZ95 sebocytes treated with 1,25(OH)2D3 (10−10 to 10−6 M), EB
lls in the G1-phase and reduced percentage of cells in the S-phase after treatment

ith 10−7 M calcitriol resulted in an approximately 100% increase in
ell proliferation, as measured by 4-methylumbelliferyl heptanoate
MUH) assay (Fig. 3).

.6. 1,25(OH)2D3 modulates the content of neutral and polar
ipids in SZ95 sebocytes
ig. 3. Effect of vitamin D metabolites on the proliferation of slowly proliferating
Z95 sebocytes. Incubation with 1,25(OH)2D3 (10−9 to 10−7 M; 3 days) stimulated
he proliferation of slowly proliferating SZ95 sebocytes under serum free conditions
0.4 mM Ca2+). Cell treatment with 10−7 M 1,25(OH)2D3 resulted in an approximately
00% increase in cell proliferation, as measured by MUH assay.
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ig. 4. 1,25(OH)2D3 modulates content of neutral and polar lipids in SZ95 sebocy
ncubated with 1,25(OH)2D3 and cultured with medium containing serum. In cont
ebocytes for 3 days with 1,25(OH)2D3 (10−9 to 10−7 M) resulted in a time- and dose

n contrast, no effect on content of neutral and polar lipids was seen
hen cells were cultured with medium containing serum (Fig. 4).

.7. 1,25(OH)2D3 reduces secretion of interleukin-6 (IL-6) and
nterleukin-8 (IL-8) in supernatant of SZ95 sebocytes

Both under serum containing and under serum free (0.4 mM
a2+) conditions, incubation of SZ95 sebocytes for 24 h with
,25(OH)2D3 (10−7 M) resulted in a significant reduction of the
ytokines IL-6 and IL-8 in supernatants of SZ95 sebocytes (Fig. 5).

.8. Key components of the vitamin D system are expressed in
uman sebocytes and are regulated by 1,25(OH) D and its
2 3
nalogues

As shown by real-time quantitative polymerase chain reac-
ion (RTqPCR), RNA for VDR, 25OHase, 1�OHase, and 24OHase is

ig. 5. 1,25(OH)2D3 reduces content of IL-6 and IL-8 in supernatant of SZ95 sebo-
ytes. Both under serum containing and under serum free (0.4 mM Ca2+) conditions,
ncubation of SZ95 sebocytes for 24 h with 1,25(OH)2D3 (10−7 M) resulted in a sig-
ificant reduction of the cytokines IL-6 and IL-8 in supernatants of SZ95 sebocytes.
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o effect on content of polar (A) and neutral (C) lipids was seen when cells were
nder serum free conditions (0.4 mM Ca2+), incubation of slowly proliferating SZ95
ndent, significant reduction of polar (B) and neutral (D) lipids in SZ95 sebocytes.

resent in SZ95 sebocytes. Levels of 24OHase RNA are higher and
f 25OHase RNA are lower as compared to various melanoma cell
ines (Fig. 6). After treatment with 1,25(OH)2D3 the RNA expression
f VDR and 24OHase was increased, while expression of 1�OHase
as not suppressed (Fig. 7).

.9. Different alternate splice variants of the 1˛OHase gene in
uman sebocytes

We have previously reported partial PCR-amplification of the
�OHase cDNA including variants that lack exons 4 and 5 in var-

ous tissues and cell lines [17–19]. This approach was, however,
estricted to identification of truncated 1�OHase splice variants.
o adequately describe the full length expression of 1�OHase gene,
e now developed a highly specific approach that combined nested

nd touchdown polymerase chain reaction. Using this method, we
ere demonstrate the expression of the normal enzyme (2.15 kb) as
he major 1�OHase gene product in human SZ95 sebocytes (Fig. 8).
n addition, we here describe the presence of several other splice
ariants than the previously reported variants at 1.78 kb (Hyd-V2),
.97 kb (Hyd-V3), and 2.23 kb (Hyd-V4). Using specific primers from
xons 1 and 9, we detected additional PCR products (1–4 kb).

.10. Detection of VDR in human skin immunohistochemically in
itu and western analysis of VDR and 1˛OHase in cultured human
ebocytes in situ

To confirm our RNA in vitro data on the protein level in situ,
DR was detected immunohistochemically in normal human skin.
trong nuclear immunoreactivity was detected in a majority of

ebaceous gland cells and in epidermal keratinocytes in all cell
ayers of the viable epidermis (Fig. 9). This staining pattern was
omparable to results that we and others have reported previously
[6], rev. in [7]). Additionally, we detected VDR protein expres-
ion that was induced by treatment with 1,25(OH)2D3 and several
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Fig. 6. Basal RNA levels of VDR and vitamin D metabolizing enzymes in SZ95 sebocytes. (A) VDR, (B) 1�OHase, (C) 24OHase and (D) 25OHase in cultured human SZ95
sebocytes, melanoma cells (MeWo, SkMel25) and leukocytes.

Fig. 7. RNA levels of VDR and vitamin D metabolizing enzymes in SZ95 sebocytes
under treatment with vitamin D analogues. (A) VDR, (B) 1�OHase and (C) 24OHase
after treatment with 1,25(OH)2D3, EB1089 or 25(OH)D3 (10−7 M).

Fig. 8. Expression analysis of the 1�OHase gene in SZ95 sebocytes by nested-
touchdown PCR. The full length product represents the predominant variant of the
1�OHase gene in SZ95 sebocytes. Note that weak expression of some additional
splicing variants can be detected.
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ig. 9. Immunohistochemical detection of VDR in human skin. Strong nuclear
mmunoreactivity can be seen in a majority of sebaceous gland cells (A, arrow) and
n epidermal keratinocytes in all cell layers of the viable epidermis (B, arrow).

rotein variants of 1�OHase in cultured SZ95 sebocytes in vitro
Fig. 10).

. Discussion
In conclusion, our results identify the sebaceous gland cells
s a new target for vitamin D. The findings indicate that vita-
in D analogues modify the activity of human sebaceous gland

ells and may, therefore, represent promising compounds for

ig. 10. Detection of VDR and 1�OHase in cultured human sebocytes by western anal
haracteristic band at 52 kD, using mAb 9A7� as primary antibody. VDR protein expressi
lane 4) hrs as compared to respective untreated controls (lanes 1 and 3). (B). Several pro
ultured SZ95 sebocytes in vitro. Intensity of individual bands was only marginally altere
) as compared to respective untreated controls (lanes 1 and 3). GAPDH served as loading
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he treatment of sebaceous gland disorders, especially for acne.
e detected RNA and protein expression of VDR in cultured

uman SZ95 sebocytes and demonstrated that 1,25(OH)2D3 and
biologically active vitamin D analogue at high pharmacologic

oncentrations inhibit the growth of rapidly proliferating SZ95
ebocytes in vitro. In addition, we demonstrated that the inhi-
ition of cell proliferation is, at least in part, mediated via an
rrest of sebocytes in the G1-phase, which is most likely induced
y VDR-mediated genomic effects. Interestingly, stimulation with
,25(OH)2D3 exerted a biphasic effect on SZ95 sebocyte prolifera-
ion that was dependent on the presence of serum (and Ca2+ levels).
n contrast to rapidly proliferating ones, the proliferation of slowly
roliferating SZ95 sebocytes cultured under serum-free conditions
as stimulated by 1,25(OH)2D3. Differential effects of 1,25(OH)2D3
n cell proliferation, that may depend on dose or cell culture con-
itions, have been shown for keratinocytes and other cell types
reviously [20,21]. Interestingly, such a biphasic effect on human
ebocytes has also been demonstrated for vitamin A and retinoids
22].

On the other hand, induction of differentiation of human sebo-
ytes leads to an increase in the content of polar and neutral
ipids [23]. Interestingly, incubation of slowly proliferating SZ95
ebocytes with 1,25(OH)2D3 under serum-free conditions (0.4 mM
a2+) resulted in a time- and dose-dependent reduction of neutral
nd polar lipids. These findings indicate that 1,25(OH)2D3-induced
timulation of SZ95 sebocyte proliferation is associated with inhi-
ition of sebocyte differentiation. In contrast, no effect on cellular

ipid content was detected when cells were cultured with medium
ontaining serum indicating that 1,25(OH)2D3-induced inhibition
f SZ95 sebocyte proliferation is not associated with induction of
ebocyte differentiation. In contrast, retinoic acid-induced inhibi-
ion of cell proliferation has been shown to be associated with
nduction of sebocyte differentiation [22,24].

Both under serum containing and serum-free conditions, incu-
ation of SZ95 sebocytes with 1,25(OH)2D3 resulted in a significant
ysis in situ. (A) VDR protein expression in SZ95 sebocytes is demonstrated as a
on was induced by treatment with 1,25(OH)2D3 (10−7 M) after 48 (lane 2) and 72
tein variants of 1�OHase (B) can be detected by western analysis using pAb 462 in
d following treatment with 1,25(OH)2D3 (10−7 M) after 48 h (lane 2) and 72 h (lane

control.

eduction of cytokine IL-6 and IL-8 secretion. These findings indi-
ate that 1,25(OH)2D3 exerts a potent anti-inflammatory effect on
uman sebocytes and suggest that vitamin D analogues may be
ffective in the treatment of acne, which has currently been estab-
ished as an inflammatory disease [25,26].
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Moreover, we demonstrated that human sebocytes possess the
omplete enzymatic machinery for the extrarenal production of
,25(OH)2D3 from vitamin D or 25(OH)D3, as it has already been
ublished for other cell types [27–29]. We detected low mRNA

evels of 25OHase and high ones of 1�OHase in SZ95 sebocytes
sing RTqPCR. Therefore, an autocrine or paracrine production of
,25(OH)2D3 is likely to represent a key regulator of proliferation
nd differentiation of sebaceous gland cells.

Another finding of clinical relevance is the high mRNA levels
f 24OHase in SZ95 sebocytes, the enzyme been responsible for
,25(OH)2D3 metabolism. The mRNA levels of 24OHase and VDR
ere regulated in a time- and dose-dependent manner under treat-
ent with 1,25(OH)2D3 or EB 1089. In various cell types including

uman keratinocytes, 1,25(OH)2D3 has been shown to enhance
DR expression at the mRNA and protein levels in vitro [30,31].
he increase of VDR protein levels following 1,25(OH)2D3 admin-
stration is due to an increased transcription of the VDR gene
nd/or an increased receptor protein lifetime [31]. In contrast to
he expression of 24OHase that abrogates 1,25(OH)2D3-mediated
rowth control, strong expression of functionally intact 25OHase
nd 1�OHase results in synthesis of biologically active 1,25(OH)2D3
nd should thereby exert anti-proliferative and prodifferentiating
ffects. Additionally, the expression of 1�OHase and 25OHase genes
n SZ95 sebocytes indicates that precursors of biologically active
,25(OH)2D3 may be used for the prevention or treatment of acne
nd other sebaceous gland-associated disorders.

In conclusion, our findings demonstrate that local synthesis or
etabolism of vitamin D metabolites may be of importance for var-

ous cellular functions of sebaceous gland cells including growth
egulation. Sebaceous glands represent promising targets for ther-
py with vitamin D analogues or for pharmacological modulation
f 1,25(OH)2D3 synthesis/metabolism.
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