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Glucocorticoids Mediate Differential Anti-Apoptotic
Effects in Human Fibroblasts and Keratinocytes via
Sphingosine-1-Phosphate Formation

S. Hammer, B. Sauer, I. Spika, C. Schraut, B. Kleuser, and M. Schäfer-Korting*

Institut für Pharmazie, Abteilung für Pharmakologie und Toxikologie, Freie Universität Berlin,
Berlin, Germany

Abstract Glucocorticoids are potent anti-inflammatory and immunomodulatory drugs which also induce growth
inhibition in a variety of cell types. For this reason long-term treatment of inflammatory skin diseases may result in
irreversible skin atrophy. To elucidate whether the antiproliferative action of glucocorticoids in fibroblasts is accompanied
by induction of apoptosis we investigated the influence of dexamethasone (DEX) on both parameters. Interestingly, we
revealed that growth inhibitory concentrations of this glucocorticoid did not induce fibroblast apoptosis. Moreover, DEX
protected these cells from apoptosis induced by tumor necrosis factor a (TNFa)/actinomycin, UV-irradiation, and cell
permeable ceramides. These findings are in contrast to the lack of anti-apoptotic effects detected in keratinocytes.
Although DEX inhibited TNFa mediated nuclear factor-kappa (NF-kB) activity in fibroblasts, this mechanism was not
involved in its cytoprotection as it was verified by specific NF-kB inhibitors. Therefore, we looked for alternative
intracellular mediators. Coincubation of fibroblasts with the sphingosine kinase inhibitor N,N-dimethylsphingosine,
which blocks formation of the sphingolipid degradation product sphingosine-1-phosphate (S1P), abrogated the protective
glucocorticoid effect almost completely. As preincubation with S1P reduced the number of apoptotic cells after
stimulation with TNFa/actinomycin and moreover DEX increased the intracellular S1P content a role of this sphingolipid
in the cytoprotection by DEX is suggested. J. Cell. Biochem. 91: 840–851, 2004. � 2004 Wiley-Liss, Inc.
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Glucocorticoids are well characterized in
their anti-inflammatory and immunomodula-
tory effects [De Bosscher et al., 2000]. There-
fore, they are some of the most widely used
drugs in the treatment of inflammatory skin
diseases. The potent suppression of inflamma-
tion, however, is associated with an antiproli-
ferative effect in fibroblasts whichmay result in
skin atrophy following prolonged glucocorticoid
treatment [Ponec et al., 1980; Schäfer-Korting
et al., 1996; Ramalingam et al., 1997; Lange
et al., 2000; Korting et al., 2002]. Several lines of

evidence suggest that antiproliferative effects of
glucocorticoids are often accompanied by an
induction of apoptosis [Amsterdam and Sasson,
2002]. Indeed, methylprednisolone ameliorates
mesangial hypercellularity in glomerulonephri-
tis by decreasing proliferating cells and in-
creasing apoptosis [Maruyama et al., 2001].
Moreover, glucocorticoids are efficacious in the
treatment of leukemia as they are inductors of
apoptosis in many lymphocytes [Distelhorst,
2002]. This proapoptotic effect on thymocytes
andperipheral bloodmonocytes is in accordance
with its strong anti-inflammatory behavior
[Sikora et al., 1996]. But there is also incidence
for a complementary role of glucocorticoids in
protecting cells of tissues in which the inflam-
mation takes place. Thus, it has been indicated
that inhepatocytes aswell as bovine glomerular
endothelial, ovarian follicular, and mammary
gland cells glucocorticoids are acting as cyto-
protective substances [Messmer et al., 1999;
Evans-Storms and Cidlowski, 2000; Moran
et al., 2000; Webster et al., 2002]. Currently,
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the influence of glucocorticoids on apoptosis of
skin cells has been studied to a minor extent
only.
Most of the effects of glucocorticoids are

mediated by interaction with cytosolic gluco-
corticoid receptors (GR) which then dimerize
and translocate into the nucleus. There they
bind to glucocorticoid response elements (GRE)
of glucocorticoid responsive genes, resulting in
increased transcription of target genes. Some of
the expressed target genes are involved in the
regulation of apoptosis and suppression of in-
flammation [Bamberger et al., 1996]. Most
important, however, is the inhibited transcrip-
tion of multiple inflammatory genes (cytokines,
enzymes, receptors, and adhesion molecules)
[Adcock and Caramori, 2001] due to a direct
interaction between activated GR and tran-
scription factors, such as activator protein-1
and nuclear factor-kappa B (NF-kB) [McKay
andCidlowski, 1999; Almawi andMelemedjian,
2002]. Depending on the cell typeNF-kB itself is
involved in both, pro- and anti-apoptotic pro-
cesses [Van Antwerp et al., 1996; Lipton, 1997;
Kasibhatla et al., 1999; Li et al., 1999].
The important proinflammatory and pro-

apoptotic cytokine tumor necrosis factor a
(TNFa) binds to its p55 receptor followed by a
recruitment of associative proteins leading to
a final activation of caspases and cell death
[Wallach et al., 1999]. A novel apoptotic signal
transduction pathway of TNFa referred to as
the sphingomyelin pathway is initiated by
activation of a neutral sphingomyelinase that
hydrolyzes sphingomyelin of membranes to
caspase inducing ceramide [Dbaibo et al.,
2001; Luberto et al., 2002]. Interestingly,
ceramides are not only inductors of apoptosis
as their degradation product sphingosine is
also substrate of the cytosolic sphingosine
kinase [Xia et al., 1999]. This enzyme catalyzes
the phosphorylation of sphingosine leading
to formation of anti-apoptotic sphingosine-1-
phosphate (S1P). Indeed, activation of sphingo-
sine kinase have been reported by diverse
anti-apoptotic stimuli [Kleuser et al., 1998;
Kleuser et al., 2001; Manggau et al., 2001].
Here, we show glucocorticoid effects on pro-

liferation and apoptosis of human fibroblasts
and keratinocytes alone and in the presence
of various apoptosis inducers. Surprisingly, we
found that the glucocorticoid dexamethasone
(DEX) at growth inhibitory concentrations pro-
tects human fibroblasts from apoptosis induced

by TNFa, radiation, and cell-permeable cera-
mides. Despite the NF-kB-inhibition by DEX in
these cells, thismechanism is not involved in its
cytoprotective action.Moreover, data presented
here suggest for the first time that the protec-
tive effect of glucocorticoids against apoptosis is
likely to be mediated by formation of S1P.

MATERIALS AND METHODS

Materials

N,N-dimethylsphingosine (DMS), S1P, and
the cell-permeable ceramide N-acetylsphingo-
sine (C2-Cer) were purchased from Calbiochem
(Bad Soden, Germany), [methyl-3H]thymidine
from Amersham (Buckinghamshire, UK). An-
nexin V-fluoresceine isothiocyanate (Annexin
V-FITC) and propidium iodide (PI) were
obtained from Alexis (Grünberg, Germany).
DEX, RU486, TNFa, actinomycin, N-acetyl-
L-leucinyl-L-leucinyl-L-norleucinal (LLnL), 12-
O-tetradecanoylphorbol 13-acetate (TPA),
sulfasalazine, fatty acid free bovine serum
albumin (BSA), reagents and media except
where noted were purchased from Sigma
(Deisenhofen, Germany). Keratinocyte basal
medium, epidermal growth factor, insulin,
hydrocortisone, bovine pituitary extract, genta-
micin sulfate, and amphotericin B were pur-
chased from Clonetics (San Diego, CA).

A stock solution of DEX in ethanol (10�3 M)
was prepared and diluted in medium immedi-
ately before the experiments. S1Pwas dissolved
in methanol (5� 10�4 M). For experiments
aliquots of the S1P stock solution were used.
Therefore, methanol was evaporated and the
dried lipid was resolved in phosphate-buffered
saline (PBS) supplemented with 0.4% BSA by
rigorous vortexing and sonication on ice for
5 min. Stock solutions of C2-Cer and DMS were
prepared in DMSO (both 5� 10�3 M), from
which aliquots were used for the experiments.

Cell Culture

To isolate human keratinocytes, juvenile
foreskin from surgery was incubated at 378C
for 2 h in a solution of 0.25% trypsin and 0.2%
ethylenediamine tetraacetic acid (EDTA). Tryp-
sinization was terminated by the addition of
Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal calf serum (FCS). Cells
were washed with PBS and centrifuged at 250g
for 5 min. The pellet was resuspended in kera-
tinocyte growth medium that was prepared
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fromkeratinocyte basalmediumby the addition
of 0.1 ng per ml recombinant epidermal growth
factor, 5.0 mg insulin per ml, 0.5 mg hydrocorti-
sone per ml, 0.15 mM Ca2þ, 30 mg bovine
pituitary extract per ml, 50 mg gentamicin
sulfate perml, and 50ng amphotericinBperml.

For isolation ofhumanfibroblasts the remain-
ing skin was trypsinized for another 30 min at
378C. The enzymatic reaction was stopped as
described above and after centrifugation cells
were seeded in fibroblast growth medium pre-
pared from DMEM by the addition of 10% FCS,
2mML-glutamine, 50ngamphotericinBperml,
and 20 mg gentamicin sulfate per ml. Keratino-
cytes and fibroblasts from at least three donors
were pooled and cultured at 378C in 5% CO2.
Cells of the second to fourth passage were used
for the experiments.

NF-kB Repression

Subconfluent fibroblasts were incubated with
a transfection mixture of 1 mg of the NF-kB
responsive luciferase reporter plasmid pNFkB-
Luc (Stratagene, La Jolla, CA) and 1.5 ml
FugeneTM transfection reagent (Roche Diag-
nostics, Mannheim, Germany) per ml of growth
medium. For normalization, cells were cotrans-
fected with 0.2 mg of the phRL-SV40 vector
(Promega, Mannheim, Germany). Media were
changed 24 h after transfection.

After another 24 h transfected fibroblasts
were splitted into 24-well plates. Cells were
stimulated with DEX (0.001–1 mM) for 2 h and
grown in the presence of TNFa (10 ng/ml) for
another 22 h. After harvesting the fibroblasts,
luciferase activities were measured using the
Dual-Luciferase Reporter Assay System (Pro-
mega, Mannheim, Germany) according to the
manufacturer’s specifications. The ratio of lumi-
nescence signals from the reaction mediated by
firefly luciferase to those from the reaction
mediated by Renilla luciferase was examined
with a Luminometer (Berthold, Bad Wildbad,
Germany).

Thymidine Incorporation

Fibroblasts and keratinocytes (104 cells per
well) were grown in 24-well plates in growth
medium for 24 h. Medium was replaced by
fresh growth medium and cells were incubated
with different concentrations of DEX for 48 h.
Then cells were allowed to incorporate
[methyl-3H]thymidine (1 mCi/well) for another
23 h and afterwards washed twice each with

PBS and ice-cold trichloroacetic acid (3%). The
precipitated material was dissolved in 200 ml of
0.3 N NaOH/well and shaken for 1 h/300 rpm.
An aliquot of 100 ml was mixed thoroughly with
1.5ml of OptiPhase SuperMix scintillation fluid
(Wallac, Freiburg, Germany), and incorporated
[methyl-3H]thymidine was measured by liquid
scintillation counting (MicroBeta Plus, Wallac,
Freiburg, Germany).

Annexin V Binding and PI Dye Exclusion
by Flow Cytometry

Keratinocytes (1.7� 105 cells per well) were
cultured in keratinocyte basal medium and
fibroblasts (8� 104 cells per well) in fibroblast
basal medium (DMEM with 2 mM L-glutamin,
50 ng/ml amphotericin B, and 20 mg/ml genta-
micin sulfate). After incubation with the indi-
cated agents cells were trypsinized and washed
twice with binding buffer (10 mM HEPES/
NaOH pH 7.4, 140 mM NaCl, 2.5 mM CaCl2).
Apoptosis was determined by bivariate flow
cytometric detection (FACS Calibur, Becton
Dickinson, Heidelberg) of phosphatidylserine
translocation usingAnnexinV-FITC (0.5 mg/ml)
and the nonvital dye PI (1 mg/ml) as described
[Manggau et al., 2001].

Mass Measurement of S1P

S1P levels were determined as described
recently [Ruwisch et al., 2001]. Briefly, after
stimulation, 2� 106 cellswerewashedwithPBS
andscraped into 1mlmethanol containing2.5ml
concentrated HCl. As internal standard dihy-
dro-S1P (50 pmol) was added and lipids were
extracted by addition of 1 ml chloroform and
200 ml 4 M NaCl. For alkalisation, 100 ml 3 N
NaOHwere added. The alkaline aqueous phase
was transferred into a siliconised glass tube,
and the organic phase was reextracted with
0.5 ml methanol, 0.5 ml 1MNaCl, and 50 ml 3 N
NaOH. The aqueous phases were combined,
acidified with 100 ml concentrated HCl and
extracted twice with 1.5 ml chloroform. The
organic phases were evaporated, and the dried
lipids dissolved in 275 ml methanol/0.07 M
K2HPO4 (9:1). A derivatisation mixture of
10 mg o-phthaldialdehyde, 200 ml ethanol, 10 ml
2-mercaptoethanol, and 10ml 3%boric acidwas
prepared and adjusted to pH 10.5 with KOH.
Twenty five microliter of the derivatisation
mixture were added to the resolved lipids for
15 min at room temperature. The derivatives
were analysed by a Merck Hitachi LaChrom
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HPLC system (Merck Hitachi, Darmstadt,
Germany)usingaRP18Kromasil column(Chro-
matographie Service, Langerwehe, Germany).
Separation was done with a gradient of metha-
nol and 0.07MK2HPO4. Resulting profiles were
evaluated using the Merck system manager
software. The recovery of S1P was calculated
using dihydro-S1P as standard [Ruwisch et al.,
2001].

Protein Kinase C Activity

Cells were incubated in the absence or pre-
sence of DMS (5 mM) for 3 h followed by
treatment without or with TPA (200 nM) for
15 min. Cells were washed twice with PBS,
scraped from dishes, and suspended in kinase
buffer [0.1 M Tris-HCl (pH 7.4), 20% glycerol,
1 mM b-mercaptoethanol, 1 mM EDTA, 1 mM
sodium orthovanadate, 15 mM NaF, 10 mg
leupeptin per ml and aprotinin each, 1 mM
phenylmethylsulfonylchloride, 0.5 mM deoxy-
pyridoxine]. Fibroblasts were lysed by freeze-
thawing and centrifuged at 140,000g for 30min.
The supernatant, containing the cytosolic frac-
tion, was collected, whereas the pellet was
resuspended by passing through a 27 gauge
needle 10 times inkinase buffer containing0.1%
Triton X-100. After centrifugation at 140,000g
for 30 min, the supernatant was saved and de-
signated as the membrane fraction. Protein
kinase C (PKC) activity was assayed in the
cytosolic and membrane fractions using a com-
mercial kit from Upstate Biotechnology (Lake
Placid, NY).

Statistical Analysis

Data are the mean from triplicate assays and
are expressed as mean�SD. All experiments
were repeated at least three times independent-
ly. Statistics were performed using Student’s
t-test with P< 0.05 considered significant.

RESULTS

Glucocorticoid Effects on Proliferation and
Apoptosis of Human Fibroblasts

It is well known that glucocorticoids inhibit
fibroblast proliferation [Ramalingam et al.,
1997; Lange et al., 2000]. In a variety of
cell types like thymocytes, T-lymphocytes and
monocytes growth inhibition induced by gluco-
corticoids is connected with an increase of
apoptosis [Chauhan et al., 1997; Ramdas and
Harmon, 1998; Smets et al., 1999; Distelhorst,

2002]. But in contrast, in some cells of endothe-
lial and epithelial origin there is increasing
evidence for a complementary role as glucocor-
ticoids protect these cells from apoptosis
[Messmer et al., 1999; Evans-Storms and
Cidlowski, 2000; Moran et al., 2000; Webster
et al., 2002]. Therefore, we examined the action
of glucocorticoids in primary human fibroblasts
and keratinocytes. In agreement with many
previous studies DEX inhibited fibroblast
growth (Fig. 1A), whereas in human keratino-
cytes no antiproliferative action was detected
(data not shown). The inhibition of fibroblast
growth became visible in the concentration of
0.1 mM of DEX. To evaluate, whether growth
arrest is accompanied by an increase of apopto-
tic cells phosphatidylserine translocation was
measured. As it is presented in Figure 1B DEX
up to at least 10 mM did not enhance apoptosis
of fibroblasts indicating that the antiprolifera-
tive property of DEX is not a consequence of
cytotoxicity.

Protective Effect of Glucocorticoids
in Human Fibroblasts

To reveal potential anti-apoptotic effects of
glucocorticoids, fibroblasts were treated with
TNFa, from which a pro-apoptotic role is well
known. Indeed, exposure of fibroblasts to TNFa
in the presence of actinomycin resulted in a
major increase of apoptotic cells. But when
fibroblasts were preincubated with DEX, the
subsequent treatment with TNFa/actinomycin
failed to induce apoptosis confirming an anti-
apoptotic action of the glucocorticoid (Fig. 2A).
To prove whether the survival effect of DEX is
specific for fibroblasts, we also measured a pos-
sible protective role on human keratinocytes.
Indeed, in these cells, which were isolated from
the same donors as the fibroblasts, glucocorti-
coids neither induced apoptosis nor possessed a
protective effect as it is shown in Figure 2B.

Recently it has been suggested that the anti-
apoptotic effect of glucocorticoids in osteoblasts
depends on the apoptotic stimuli [Chae et al.,
2000]. In these cells glucocorticoids rescued
fromTNFa induced apoptosis, whereas they did
not affect apoptosis caused by ceramides. In
contrast to these results we found, that gluco-
corticoids prevented apoptosis in fibroblasts
independent from the apoptotic stimulus. UV-
exposure as well as treatment with C2-Cer
increased the number of apoptotic cells, which
wasalmostcompletelyblockedbyDEX(Fig.3A).
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Fig. 1. Effects of dexamethasone (DEX) on proliferation and apoptosis in human fibroblasts. Fibroblasts
were treated with the indicated concentrations of DEX for 72 h. A: Proliferation was measured by
[methyl-3H]thymidine incorporation as described in ‘‘Materials and Methods’’. B: Annexin Vþ/PIþ and
Annexin Vþ/PI� cells were determined by flow cytometric detection of phosphatidylserine translocation and
propidium iodide (PI) uptake.

Fig. 2. Effects of DEX on TNFa/actinomycin (Act) induced apoptosis in human skin cells. Fibroblasts (A) and
keratinocytes (B) were preincubated in the presence or absence of DEX for 24 h. Then 100 ng/ml Act and
20 ng/ml TNFa were added for 16 h. Apoptosis was determined by Annexin V-FITC/PI double staining as
described in ‘‘Materials and Methods’’.
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But it should be mentioned that the preincuba-
tion time as well as the concentration of the
glucocorticoidwere crucial points concerning its
preventive capacity. A relevant resistance was
measured with a concentration of 0.01 mM of
DEX whereas 0.1 mM almost completely pre-
vented cells from TNFa mediated apoptosis
(Fig. 3B). Regarding the preincubation period,
a protection occurred only when cells were
treated at least 4 h and for maximal protection
at least 8 h of glucocorticoid pretreatment were
needed (Fig. 4A) suggesting an action via intra-
cellular receptors. Indeed, preincubation with
the glucocorticoid receptor antagonist RU486
completely abrogated the cytoprotective effect
of DEX (Fig. 4B), which confirmed an involve-
ment of the glucocorticoid receptor.

Independence of NF-kB in Glucocorticoid
Mediated Survival

It has been indicated that NF-kB is involved
in both, induction as well as suppression of apo-
ptosis [Van Antwerp et al., 1996; Lipton, 1997;
Kasibhatla et al., 1999; Li et al., 1999]. There-
fore, we investigated whether glucocorticoids
interfere with the repression of NF-kB activa-
tion in human fibroblasts and the relevance of
this effect on apoptosis. Fibroblasts were trans-
fected with a NF-kB responsive luciferase
reporter plasmid. Indeed, as it is shown in

Figure 5A stimulation of transfected cells with
TNFa increased luciferase activity consider-
ably. Diminished luciferase activity following
DEX treatment revealed that this glucocorti-
coid inhibits NF-kB activation in fibroblasts. To
address an involvement of NF-kB inhibition on
the cytoprotective glucocorticoid effect, sulfasa-
lazine, a specific inhibitor of NF-kB activation
[Wahl et al., 1998], as well as the proteasome
inhibitor LLnL, which anticipates the degrada-
tion of IkBa and therefore NF-kB activation
[Kouba et al., 2001], were used. Indeed, as ex-
pected TNFa-induced luciferase activities were
significantly diminished in the presence of
sulfasalazine and LLnL (data not shown). Next,
the effect of these inhibitors on TNFa-induced
apoptosis was examined. Most interestingly
treatment of fibroblasts with sulfasalazine or
LLnL augmented apoptosis, which was further
increased byTNFa.Moreover, in the presence of
sulfasalazine or LLnL, TNFa induced apoptosis
in the absence of the protein synthesis inhibitor
actinomycin (Fig. 5B). These results clearly
indicate that inhibition of NF-kB activity did
not protect humanfibroblasts fromapoptosis, in
fact decreased levels of NFkB promoted pro-
grammed fibroblast cell death. However, the
anti-apoptotic effect of DEX was evident in the
presence of sulfasalazine andLLnL (Fig. 5B). To
summarize, although NF-kB has been sug-

Fig. 3. Cytoprotective effects of DEX against different apoptotic stimuli. Fibroblasts were pretreated with
the indicated concentrations of DEX for 24 h. Apoptosis was induced by UVB irradiation (11.76 mJ/cm2) for
24 h, 25 mM cell-permeable ceramides (C2-Cer) for 3 h (A), or TNFa/actinomycin (Act) (20 ng/ml/100 ng/ml)
for 24 h (B). Annexin V-FITC/PI double staining was performed as described in ‘‘Materials and Methods’’.
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gested to be involved in the action of glucocorti-
coids present results indicate no significance of
NF-kB for the cytoprotective effect of DEX.

S1P in the Anti-apoptotic
Effects of Glucocorticoids

Besides increasing NF-kB, TNFa activates
the release of ceramide, which in turn acts as a
pro-apoptotic mediator [Dbaibo et al., 2001;
Colell et al., 2002]. In osteoblasts, DEX inhib-
ited the formation of ceramide, which may ex-
plain its anti-apoptotic effect. In these studies,
the glucocorticoid prevented TNFa induced
apoptosis, whereas ceramide mediated cell
death appeared unaltered [Chae et al., 2000].
To investigate the function of glucocorticoids on
the suppression of ceramide formation in fibro-
blasts, cells were stimulated with C2-Cer. As
described above, this treatment increased apop-
tosis and pretreatment with DEX opposed cera-
mide induced apoptosis significantly (Fig. 3A).
In contrast to osteoblasts, this result suggests a
regulatory role of glucocorticoids downstreamof
ceramide formation. Most recently we found
in human keratinocytes that vitamin D3 has a
protective effect as it favors ceramide metabo-

lism to S1P which opposes ceramide induced
apoptosis [Manggau et al., 2001]. To study the
possible involvement of S1P in the cytoprotec-
tive effect of glucocorticoids we investigated
whether treatment of fibroblasts with DEX is
associated with alterations of S1P mass levels.
Indeed, contents of S1P raised in response to
DEX. A significant increase of S1P by almost
25% was measured after treatment with DEX
for 12 h (Fig. 6C). Moreover, we examined the
cytoprotective effect of S1P in human fibro-
blasts. Actually, S1P reduced TNFa induced
apoptosis (Fig. 6B), which is in accordance with
a cytoprotective role of S1P in several fibroblast
cell lines [Grey et al., 2002]. To further sub-
stantiate the crucial role of S1P in the cytopro-
tective effect of DEX in fibroblasts, we used
DMS, a well known inhibitor of sphingosine
kinase [Edsall et al., 1998]. As DMS has also
been described to inhibit PKC activity, we
measured the influence ofDMSonTPA-induced
membrane-associated PKC activity. The ad-
dition of 5 mM did not reduce membrane-
associated PKC activity. In contrast, DEX in-
duced S1P formation was completely inhibited
indicating that DMS is a specific inhibitor of

Fig. 4. Effect of the DEX preincubation time and the glucocorticoid antagonist RU486 on protection against
TNFa induced apoptosis. Human fibroblasts were pretreated with 0.1 mM of DEX for the indicated time
periods (A) and in the presence or absence of 10 nM RU486 for 24 h (B). Apoptosis was induced by adding
100 ng/ml actinomycin (Act) and 20 ng/ml TNFa for 24 h. Annexin V-FITC and PI double staining was
performed as described in ‘‘Materials and Methods’’.
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sphingosine kinase (Fig. 6C). Treatment of
fibroblasts with DMS alone resulted in en-
hanced apoptosis which was further increased
with TNFa and actinomycin (Fig. 6A). When
cells were pretreated with DEX in the presence
of DMS, the anti-apoptotic action was almost
completely abolished, which proved the essen-
tial role of S1P in the cytoprotective effect of
DEX.

DISCUSSION

Glucocorticoids belong to the most widely
used compounds for the treatment of inflamma-
tory skindiseases.But thepotent suppression of
inflammation is associated with an antiproli-
ferative effect in fibroblasts, which may result
in skin atrophy following long-term treatment
[Ponec et al., 1980; Schäfer-Korting et al., 1996;
Lange et al., 2000; Korting et al., 2002]. Here,
we show that glucocorticoids maintain viability
of primary human fibroblasts by promoting
anti-apoptotic processes independent of prolif-
eration indicating that cell growth arrest and
cytoprotection are regulated by different signal-
ing pathways. Indeed, glucocorticoids have
been identified to mediate strikingly different
cellular responses such as cell death or survival
depending on the cell type [Amsterdam and
Sasson, 2002]. Hematopoietic cells such as
monocytes, macrophages, T-lymphocytes, and
lymphoma cells are prone to undergo apoptosis
after exposure to glucocorticoids. Therefore,
glucocorticoids are used as chemotherapeutics
against many leukemias [Schwartzman and
Cidlowski, 1994; Distelhorst, 2002]. In contrast,
glucocorticoids protect some cells of endothelial
and epithelial origin from apoptosis induced by
agents such as TNFa, UV, or serum deprivation
[Messmer et al., 1999; Evans-Storms and
Cidlowski, 2000; Moran et al., 2000; Webster
et al., 2002].
A crucial route related to the anti-inflamma-

tory effect of glucocorticoids is the decrease of
NF-kB activation. Indeed, NF-kB has also been
identified to influence apoptosis. Enigmatically,
both pro- and anti-apoptotic effects have been
described, but best evidence supports an anti-
apoptotic action of NF-kB on TNFa induced
apoptosis [Van Antwerp et al., 1996; Lipton,
1997; Sugiyama et al., 1999]. Data presented
here indicate that fibroblasts became suscepti-
ble to TNFamediated cell death in the presence
of different NF-kB inhibitors (Fig. 5B). In hepa-

toma cells it has been demonstrated that the
anti-apoptotic action of DEX is associated with
increased nuclear translocation of NF-kB
[Evans-Storms and Cidlowski, 2000]. In con-
trast to hepatocytes, DEX suppressed NF-kB
transactivation in fibroblasts (Fig. 5B). The
cytoprotective effect of the glucocorticoid, how-
ever, was not affected by the presence of NF-kB
inhibitors, which is well in accordance with
results from mouse L929-cells [Costas et al.,
2000]. Thus, both DEX and NF-kB protect
human fibroblasts from apoptosis. But as DEX
decreases NF-kB activation different signaling
events seem to mediate these cytoprotective
actions.

There is an increasing evidence that cera-
mides are involved in TNFa induced apoptosis
[Dbaibo et al., 2001; Colell et al., 2002; Luberto
et al., 2002].Byactivating theneutral andacidic
sphingomyelinase TNFa enhances formation of
ceramide, which acts as an apoptotic stimulus
as well [Kolesnick and Kronke, 1998]. Down-
regulation of the endogenous sphingomyelinase
activity as well as incubation with inhibitors of
this enzyme prevented TNFa induced apoptosis
suggesting the crucial role of ceramides in the
actions of TNFa [Xia et al., 1999; Luberto et al.,
2002]. Indeed, it has been proposed that gluco-
corticoids oppose the apoptotic effect of TNFa
by the inhibition of ceramide formation at least
in MC3T3E1 osteoblasts, since DEX prevented
TNFa, but not ceramide induced apoptosis
[Chae et al., 2000]. This is controversial to our
results in fibroblasts as DEX opposed both
TNFa as well as ceramide induced cell death
in these cells (Figs. 2A, 3A). This result sug-
gests that key regulatory components down-
stream of ceramide formation are influenced by
glucocorticoids.

Calcitriol (1a,25-dihydroxyvitamin D3, 1,25-
(OH)2D3) is another member of the steroid
hormone superfamily with well characterized
cell type specific pro- and anti-apoptotic proper-
ties. It shows a strong apoptotic effect in diverse
melanoma and breast cancer cell lines aswell as
insulinoma cellswhich is partlymediated by the
formation of ceramide [Okazaki et al., 1989]. In
keratinocytes, however, 1,25-(OH)2D3 acts as a
cytoprotective agentwith anewly characterized
mechanism. Although 1,25-(OH)2D3 increases
ceramide levels via an autocrine mechanism by
upregulation of TNFa secretion [Geilen et al.,
1997], it also enhances sphingosine kinase
activity [Kleuser et al., 1998; Manggau et al.,
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2001]. This cytosolic enzyme is crucial for a
phosphorylation of the ceramide degradation
product sphingosine leading to a concomitant
increase of S1P. Indeed, S1P prevents the
appearance of the hallmarks of apoptosis in
keratinocytes and therefore mediates the cyto-
protective effects of 1,25-(OH)2D3 [Manggau
et al., 2001]. Importantly, in endothelial cells,
which are resistant to TNFa induced apoptosis,
this cytokine not only induces sphingomyelin
hydrolysis resulting in ceramide accumulation
but also activates sphingosine kinase to gen-
erate S1P that protects endothelial cells from
apoptosis [Xia et al., 1999].

A central finding of this report is that gluco-
corticoids may mediate their protective role in
fibroblasts due to the formation of S1P as DEX
increased S1P contents and coincubation of
DEX with DMS almost completely diminished
the cytoprotective effects of this glucocorticoid
against TNFa induced apoptosis (Fig. 6A,C).
DMS has been identified as a specific competi-
tive inhibitor of sphingosine kinase and there-
fore serves to investigate the biologic role of S1P
[Edsall et al., 1998].Moreover, we revealed that
S1P possesses anti-apoptotic properties also in
human fibroblasts, supporting an involvement
of S1P in the cytoprotective action of glucocorti-
coids (Fig. 6B). S1P may mediate its protective
role in fibroblasts by stimulation of G-protein
coupled S1P-receptors or act as an intracellular
mediator. The present data indicate that
glucocorticoids increase intracellular S1P mass
levels (Fig. 6C). But it can not be excluded, that
intracellular formed S1P is transported into the
extracellular medium acting in an autocrine
fashion via S1P-receptors.

In conclusion data presented here sug-
gest that although glucocorticoids inhibit cell
growth of human fibroblasts they even make
these cells resistant against apoptosis. In-
creased knowledge of these mechanisms of
glucocorticoids in controlling cell death may
allow their more comprehensive use in control-
ling inflammation and various types of cancer
and possibly preventing apoptosis in some
degenerative diseases.
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