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Role for tumor necrosis factor-� in UVB-induced conversion of
7-dehydrocholesterol to 1�,25-dihydroxyvitamin D3

in cultured keratinocytes�
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Abstract

UVB irradiation of cultured human keratinocytes induces both the conversion of 7-dehydrocholesterol (7-DHC) to calcitriol (1�,25(OH)2
D3) and the release of tumor necrosis factor-� (TNF-�) in these cells. Calcitriol synthesis in human keratinocytes was reduced in the presence
if a neutralizing polyclonal antibody directed against human TNF-�. On the other hand, we found a 1.7-fold higher stimulatory effect of
UVB on liberation of TNF-� in cultured keratinocytes enriched with 7-DHC compared with irradiated cell cultures in absence of 7-DHC.
These observations argue in favor of a synergetic relationship between generation of TNF-� and calcitriol in UVB irradiated keratinocytes.
In addition, we found that TNF-� potently increases the conversion rate of Vitamin D3 (cholecalciferol) to calcitriol in this cell system. The
UVB-triggered formation of both TNF-� and calcitriol in cultured keratinocytes was wavelength-, time- and dose-dependent. Maximum
formation of TNF-� and calcitriol was found at 300 nm and UVB doses of 30 mJ/cm2. The enhancement of both the formation of TNF-�
and calcitriol in keratinocytes by UVB may be of relevance for regulation of growth and apoptosis in light-exposed epidermal cells and,
in addition, may play a role in the UVB treatment of diseased skin including psoriasis.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

UVB radiation (280–320 nm) induces both the con-
version of 7-dehydrocholesterol (7-DHC) via several
intermediate products (previtamin D3, Vitamin D3 and 25-
hydroxyvitamin D3) to calcitriol (1�,25(OH)2D3) [1,2] and
the release of tumor necrosis factor-� (TNF-�) in human
keratinocytes[3]. Calcitriol is a hormonally active metabo-
lite of Vitamin D3 which regulates keratinocyte proliferation
and differentiation via Vitamin D receptor (VDR) mediated
processes[4–6]. TNF-� is a pleiotropic cytokine[7] that
is involved in regulation of cell growth[8], differentiation
[8], apoptosis[9,10] as well as in immunological[11] and
inflammatory processes[12] in the skin. TNF-� is ex-
pressed in both a soluble form and a membrane-associated
form [7,13,14]. UVB induces the release of the soluble
form of TNF-� in human skin and in cultured keratinocytes
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[13]. Little is known at present about the membrane-bound
form of TNF-�. Biological effects of TNF-� are mediated
through either the membrane-bound tumor necrosis fac-
tor receptors TNFR 1 (p-55) or TNFR 2 (p-75)[15,16].
Human keratinocytes were shown to lack TNFR 2, indi-
cating that TNF-� responsiveness of these cells critically
depend on regulation of TNFR 1 expression[17]. UVB
radiation was also found to regulate TNFR 1 expression
in keratinocytes by stimulating TNF-� release which then
acts in an intracrine, autocrine and paracrine manner[17].
Interestingly, it has been reported that TNF-� stimulates the
1�-hydroxylation of 25-hydroxyvitamin D3 (calcidiol) to
calcitriol in proliferating keratinocytes[18] and in human
alveolar macrophages[19]. On the other hand, generation of
TNF-� is upregulated by calcitriol in human keratinocytes
(10). We have recently described an autonomous metabolic
Vitamin D3 pathway in human epidermis which results in
synthesis of calcitriol independent of hydroxylases located
in the liver and the kidney[1,2]. In this study, we investi-
gated (i) the possible influence of TNF-� on the autonomous
epidermal Vitamin D3 pathway in cultured keratinocytes;
(ii) we monitored the release of TNF-� from keratinocytes
during UVB-induced synthesis of calcitriol and (iii) we

0960-0760/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jsbmb.2004.03.071



562 B. Lehmann et al. / Journal of Steroid Biochemistry & Molecular Biology 89–90 (2004) 561–565

investigated the role of different wavelengths of UVB on
these processes.

2. Materials and methods

Neonatal human keratinocytes (TEBU, Frankfurt/M, Ger-
many) were cultured in KGM at 95% relative humidity,
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Fig. 1. (A) Time course of the synthesis of Vitamin D3, calcitriol and TNF-� after irradiation at 300 nm and 30 mJ/cm2; culture medium was supplemented
with 25�M 7-DHC. Results are expressed as means± S.D. (n = 3). (B) Reduction of the generation of calcitriol after addition of polyclonal antibodies
directed against TNF-� (0.2�g/ml), concentration of 7-DHC and conditions of irradiation are identical to (A) but followed by 16 h incubation time. Data
are depicted as mean of two independent experiments; n.d.: not detectable.

5% CO2 ant 37◦C. When cells reached preconfluency, they
were incubated in culture medium (KBM) containing 1%
(w/v) bovine serum albumin and 7-DHC (25�M) or Vitamin
D3/cholecalciferol (750 nM). In experiments using 7-DHC
cells were irradiated with a HI-monochromator/Dermolum
at 290, 300, 310 and 320 nm and UV-doses between 7.5
and 45.0 mJ/cm2. Elimination of UVB-induced synthesis of
TNF-� was realized by addition of polyclonal anti-human
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Fig. 2. Influence of different TNF-� concentrations and incubation times on the generation of calcitriol from Vitamin D3 in human keratinocytes. Cells
were preincubated in the presence of different concentrations of TNF-� for variable times followed by an incubation time of 5 h with Vitamin D3. Data
points are depicted as mean of two independent experiments.

TNF-� antibodies (R&D Systems) to the cell culture (final
concentration: 0.2�g/ml) immediately after irradiation. In
experiments using Vitamin D3 cells were preincubated in
presence of different concentrations of TNF-� (Boehringer,
Mannheim, Germany) for variable times. Thereafter, Vita-
min D3 was added to the cell culture as ethanolic solution
(final concentration of ethanol: 0.5% (v/v)).

The cell number and the viability was determined by using
a CASY 1 cell counter (Schärfe System, Reutlingen, Ger-
many). Viability was always >91%. Cells and supernatant
were separately extracted with chloroform:methanol (1:1);
chloroform phases were pooled and dried under nitrogen;
residues were solubilized in ethanol. Amounts of Vitamin
D3 were analyzed by NP-HPLC and UV detection at 265 nm
[1,2]. The quantitative determination of calcitriol was car-
ried out by using a radioreceptor assay (Nichols Institute,
Bad Nauheim, Germany). The results of calcitriol were con-
verted to fmoles per culture dish and normalized to 106 cells.
The amount of TNF-� generated after UVB irradiation was
determined by using a current immunoassay (Biosource In-
ternational, Solingen, Germany) and normalized to 106 cells.

3. Results

The de novo synthesis of calcitriol in cultured ker-
atinocytes from 7-DHC following irradiation with monochro-
matic UVB at 300 nm and 30 mJ/cm2 is shown inFig. 1A.
Maximum levels of Vitamin D3 (912 pmol per dish) and

calcitriol (2010 fmol/106 cells) were observed 16 h after
irradiation. At this point approximately 640 pg TNF-�/106

cells were detectable in the culture medium, and the amount
further increased up to 24 h. Addition of polyclonal antibod-
ies directed against TNF-� immediately after irradiation at
300 nm with 30 mJ/cm2 reduced the production of calcitriol
by about 40% (Fig. 1B). UVB irradiation of cell cultures
enriched with 25�M 7-DHC at 300 nm and 30 mJ/cm2

provoked within 24 h (equivalent to the production of
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Fig. 3. Formation of Vitamin D3, calcitriol and TNF-� in dependence on
the wavelength of UVB; culture medium was supplemented with 25�M
7-DHC, 24 h incubation time after irradiation at 30 mJ/cm2. Data points
are depicted as means±S.D. (n = 3); n.d.: not detectable.
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Fig. 4. Formation of Vitamin D3, calcitriol and TNF-� in dependence on the UVB-dose at 25�M 7-DHC; 24 h incubation time after irradiation at
300 nm. Results are expressed as means± S.D. (n = 3); n.d.: not detectable.

approximately 2000 fmol calcitriol/106 cells) an about 1.7-
fold higher degree of liberation of TNF-� from cells into
the supernatant than after irradiation in absence of 7-DHC
(1031± 36 versus 603± 112 pg TNF-�/106 cells) (time
course not shown in detail).

In further experiments we studied the influence of TNF-�
on the conversion rate of Vitamin D3 (cholecalciferol) to
calcitriol. After 24 h preincubation of cultered keratinocytes
with increasing concentrations of TNF-�, Vitamin D3 was
added for further 5 h incubation. As shown inFig. 2 the
generation of calcitriol from Vitamin D3 in keratinocytes
was dose-dependently upregulated in the presence of TNF-
�. Increased concentrations of TNF-� (up to 5.90 nM)
augmented the formation of calcitriol after an incubation
time of 24 h from 670 fmol/106 cells (control) to maximum
1470 fmol/106 cells. Similar concentrations of calcitriol
were found after preincubation with 0.12 nM TNF-� and in
controls without TNF-�.

In a second series of experiments the influence of the
wavelength and dose of UVB on the Vitamin D3 pathway and
liberation of TNF-� was studied. Our results indicate that
generation of Vitamin D3, calcitriol and TNF-� depends on
the UVB wavelength and shows maximum levels of each at
300 nm (Fig. 3). Irradiation at 310 nm resulted in generation
of no TNF-� and only small amounts of Vitamin D3 and
calcitriol. After irradiation at 320 nm and in unirradiated
cultures neither Vitamin D3 nor TNF-� and only traces of
calcitriol were detectable. The formation of calcitriol and
TNF-� peakes at 300 nm and a UVB dose of 30 mJ/cm2

(Fig. 4). There is a clear decrease in synthesis of calcitriol
and TNF-� at 45 mJ/cm2, whereas the production of Vitamin
D3 is continued.

4. Discussion

Previously, an autonomous Vitamin D3 pathway was
demonstrated in human keratinocytes both in vitro[1,2] and
in vivo [20] starting with UVB-induced photolysis of 7-DHC
to previtamin D3 and isomerization to Vitamin D3, followed
by two subsequent enzymatic hydroxylation steps (25- and
1�-hydroxylation) which finally result in the production of
1�,25(OH)2D3. This study shows that UVB-induced syn-
thesis of calcitriol at 300 nm (dose: 30 mJ/cm2) in cultured
keratinocytes is paralleled by increased generation of TNF-
� in the same cells. Both the synthesis of calcitriol and
release of TNF-� are time-dependent processes. Polyclonal
antibodies directed against TNF-� clearly reduce the syn-
thesis of calcitriol indicating that UVB-induced production
of calcitriol and TNF-� are connected. The UVB increased
synthesis of TNF-� in cultured keratinocytes enriched with
7-DHC to a higher degree (1.7-fold) than in cell cultures in
absence of 7-DHC suggesting a mutual interaction of UVB-
induced formation of TNF-� and calcitriol. This hypothesis
is supported by Geilen et al.[10] who found that calcitriol
stimulates mRNA and protein expression of TNF-� in the
human keratinocyte line HaCaT.

In further experiments we could demonstrate that in cul-
tured keratinocytes TNF-� clearly enhances the conversion
rate of Vitamin D3 to calcitriol. Maximum generation of
calcitriol was observed when keratinocytes were preincu-
bated for about 22 h with TNF-� (1.18 or 5.9 nM) before
Vitamin D3 was added for a second incubation period of
5 h. Metabolic conversion of Vitamin D3 to calcitriol in cul-
tured keratinocytes has already been described in previous
reports[21–23]. It is not clear at present whether 25- or
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1�-hydroxylation or both metabolic steps are upregulated
by TNF-�. Furthermore, the molecular mechanism(s) of
UVB regulation are unknown yet. Our findings are extend-
ing the observations by Bikle et al.[18] that generation of
1�,25(OH)2D3 from 25OHD3 in preconfluent keratinocytes
is stimulated by TNF-�.

Interestingly, we found that in addition to Vitamin D3 and
calcitriol, TNF-� also displayed a wavelength-dependent
production with a common maximum at 300 nm. The syn-
thesis of Vitamin D3 and calcitriol as well as the release
of TNF-� are UVB dose-dependent processes. Decreased
amounts of calcitriol and TNF-� after irradiation at high
UVB doses (>30 mJ/cm2) can be explained by photolytic in-
activation of the hydroxylases required for synthesis of cal-
citriol and, possibly, a higher portion of membrane-bound
TNF-� at expense of the concentration of the soluble form
of TNF-� [14]. Furthermore, it cannot be ruled out that UVB
radiation dose-dependently affects the TNF-� synthesis at
the level of transcription or regulates mRNA stability and
translational efficiency. In contrast, the formation of Vita-
min D3 is a non-enzymatic photochemical reaction which
only depends on the availability of 7-DHC, the wavelength
and intensity of UVB irradiation.

In conclusion, these results indicate that UVB-induced
generation of calcitriol and of TNF-� in keratinocytes may
be synergetic processes in which TNF-� acts as a posi-
tive regulator in synthesis of calcitriol and vice versa. The
stimulating effect of UVB on both the formation of TNF-�
and calcitriol in keratinocytes may be of importance for the
growth, differentiation and immunmodulatory processes in
light-exposed epidermal cells and in diseased skin including
psoriasis.

References

[1] B. Lehmann, P. Knuschke, M. Meurer, UVB-induced conversion of
7-dehydrocholesterol to 1�, 25-dihydroxyvitamin D3 (calcitriol) in
the human keratinocyte line HaCaT, Photochem. Photobiol. 6 (2000)
803–809.

[2] B. Lehmann, T. Genehr, P. Knuschke, J. Pietzsch, M. Meurer,
UVB-induced conversion of 7-dehydrocholesterol to 1�, 25-
dihydroxyvitamin D3 in an in vitro human skin equivalent model, J.
Invest. Dermatol. 117 (2001) 1179–1185.

[3] A. Köck, T. Schwarz, R. Kirnbauer, A. Urbanski, P. Perry, J.C. Ansel,
T.A. Luger, Human keratinocytes are a source for tumor necrosis
factor �: evidence for synthesis and release upon stimulation with
endotoxin or ultraviolet light, J. Exp. Med. 172 (1990) 1609–1614.

[4] J. Hosomi, J. Hosoi, E. Abe, T. Suda, T. Kuroki, Regulation of
terminal differentiation of cultured mouse epidermal cells by 1�,25-
dihydroxyvitamin D3, Endocrinology 113 (1983) 1950–1957.

[5] E.L. Smith, N.C. Walworth, M.F. Holick, Effect of 1�,25-
dihydroxyvitamin D3 on the morphologic and biochemical
differentiation of cultured human epidermal keratinocytes grown in
serum-free conditions, J. Invest. Dermatol. 86 (1986) 709–714.

[6] D. Feldman, T. Chen, M. Hirst, K. Colston, M. Karasek, C. Cone,
Demonstration of 1,25-dihydroxyvitamin D3 receptors in human skin
biopsies, J. Clin. Endocrinol. Metab. 51 (1980) 1463–1465.

[7] K. Tracey, A. Cerami, Tumor necrosis factor, other cytokines and
disease, Annu. Rev. Cell Biol. 9 (1993) 317–343.

[8] S. Pillai, D.D. Bikle, T.E. Eessalu, B.B. Aggarwal, P.M. Elias,
Binding and biological effects of tumor necrosis factor alpha on
cultured human neonatal foreskin keratinocytes, J. Clin. Invest. 83
(1989) 816–821.

[9] A. Schwarz, R. Bhardwaj, Y. Aragane, K. Mahnke, H. Riemann,
D. Metze, T.A. Luger, T. Schwarz, Ultraviolet-B-induced apoptosis
of keratinocytes: evidence for partial involvement of tumor necrosis
factor-� in the formation of sunburn cells, J. Invest. Dermatol. 104
(1995) 922–927.

[10] C.C. Geilen, M. Bektas, T. Wieder, V. Kodelja, S. Goerdt,
C.E. Orfanos, 1�,25-Dihydroxyvitamin D3 induces sphingomyelin
hydrolysis in HaCaT cells via tumor necrosis factor�, J. Biol. Chem.
272 (1997) 8997–9001.

[11] T. Yoshikawa, J.W. Streilein, Tumor necrosis factor-alpha and
ultraviolet B light have similar effects on contact hypersensitivity in
mice, Region. Immunol. 3 (1990) 139–144.

[12] F. van Overveld, P. Jorens, M. Rampart, W. de Backer, P.
Vermeire, Tumor necrosis factor stimulates human skin mast cells to
release histamine and tryptase, Clin. Exp. Allergy 21 (1991) 711–
714.

[13] L. Skov, H. Hansen, M. Allen, L. Villadsen, M. Norval, J.N.W.N.
Barker, J. Simon, O. Baadsgaard, Contrasting effects of ultraviolet
A1 and ultraviolet B exposure on the induction of tumor necrosis
factor-� in human skin, Br. J. Dermatol. 138 (1998) 216–
220.

[14] D. Yarosh, D. Both, J. Kibitel, C. Anderson, C. Elmets, D. Brash,
D. Brown, Regulation of TNF-� production and release in human
and mouse keratinocytes and mouse skin after UV-B irradiation,
Photodermatol. Photoimmunol. Photomed. 16 (2000) 263–270.

[15] M. Lewis, L.A. Tartagllia, A. Lee, G.L. Bennett, G.C. Rice, G.H.
Wong, E.Y. Chen, D.V. Goeddel, Cloning and expression of cDNAs
for two distinct murine tumor necrosis receptors demonstrate one
receptor is species specific, Proc. Natl. Acad. Sci. U.S.A. 88 (1991)
2830–2834.

[16] B. Starcher, Role for tumor necrosis factor-� receptors in ultraviolet-
induced skin tumors, Br. J. Dermatol. 142 (2000) 1140–1147.

[17] U. Trefzer, M. Brockhaus, H. Lötscher, F. Parlow, A. Budnik, M.
Grewe, H. Christoph, A. Kapp, E. Schöpf, T.A. Luger, J. Krutmann,
The 55-kD tumor necrosis factor receptor on human keratinocytes is
regulated by tumor necrosis factor-alpha and ultraviolet B radiation,
J. Clin. Invest. 92 (1993) 462–470.

[18] D.D. Bikle, S. Pillai, E. Gee, M. Hincenbergs, Tumor necrosis
factor-� regulation of 1,25-dihydroxyvitamin D production by human
keratinocytes, Endocrinology 129 (1991) 33–38.

[19] A.M. Prike, C. Duggan, C.P. White, S. Posen, R.S. Mason, Tumor
necrosis factor-alpha induces vitamin D-1-hydroxylase activity in
normal alveolar macrophages, J. Cell. Physiol. 142 (1990) 652–
656.

[20] B. Lehmann, W. Sauter, P. Knuschke, S. Dreßler, M. Meurer,
Demonstration of UVB-induced synthesis of 1�,25-dihydroxyvitamin
D3 in human skin by microdialysis, Arch. Dermatol. Res. 295 (2003)
24–28.

[21] B. Lehmann, J. Pietzsch, A. Kämpf, M. Meurer, Human keratinocyte
line HaCaT metabolizes 1� hydroxyvitamin D3 and vitamin D3 to
1�,25-dihydroxyvitamin D3 (calcitriol), J. Dermatol. Sci. 18 (1998)
118–127.

[22] B. Lehmann, T. Rudolph, J. Pietzsch, M. Meurer, Conversion of
vitamin D3 to 1�,25-dihydroxyvitamin D3 in human skin equivalents,
Exp. Dermatol. 9 (2000) 97–103.

[23] M. Schuessler, N. Astecker, G. Herzig, G. Vorisek, I. Schuster,
Skin is an autonomous organ in synthesis, two-step activation and
degradation of vitamin D3: CYP27 in epidermis completes the set
of essential vitamin D3-hydroxylases, Steroids 66 (2001) 399–408.


	Role for tumor necrosis factor-alpha in UVB-induced conversion of 7-dehydrocholesterol to 1alpha,25-dihydroxyvitamin D3 in cultured keratinocytes
	Introduction
	Materials and methods
	Results
	Discussion
	References


