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Scope: Thymol is a component of several plants with antimicrobial activity. Little is known
about the effects of thymol on immune cells of the host. This study addressed the effects of
thymol on dendritic cells (DCs), regulators of innate and adaptive immunity.

Methods and results: Immunohistochemistry, Western blotting and fluorescence-activated
cell sorting analysis were performed in bone marrow-derived DCs either from wild-type mice
or from mice lacking acid sphingomyelinase (ASM /") treated and untreated for 24 h with
thymol (2-100 ng/mL). Thymol treatment resulted in activation of ASM, stimulation of
ceramide formation, downregulation of anti-apoptotic Bcl-2 and Bcl-xL proteins, activation of
caspase 3 and caspase 8, DNA fragmentation as well as cell membrane scrambling. The
effects were dependent on the presence of ASM and were lacking in ASM ™/~ mice or in wild-
type DCs treated with sphingomyelinase inhibitor amitriptyline.

Conclusion: Thymol triggers suicidal DC death, an effect mediated by and requiring activa-
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1 Introduction

Thymol is well known for its antibacterial [1, 2] and antifungal
[3] potency. Little is known, however, about its effect on the host
immune system. It has been shown to influence the generation
of reactive oxygen species [4] and, at higher concentrations, to
induce DNA damage [5] and to inhibit cell proliferation [6]. In
erythrocytes, it protects against suicidal cell death [7].

This study analyzed the effect of thymol on the survival
and function of dendritic cells (DCs). On the one hand, DCs
play a critical role in the initiation of immune responses to
pathogens [8-10]. On the other hand, they also prevent
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potentially damaging immune responses being directed
against a multitude of harmless antigens to which the body
is exposed daily. These roles are particularly important in
the intestine, where only a single layer of epithelial cells
provides a barrier against billions of commensal micro-
organisms, pathogens and food antigens, covering a large
surface area. In the intestine, therefore, a key requirement
of DCs is to generate oral tolerance to food antigens, while
preserving immunity to pathogens [11, 12]. DCs are in close
contact with the intestinal epithelium [12]. Epithelial Toll-
like receptor engagement provokes DCs to extend processes
into the intestinal lumen for direct bacterial uptake [13].

This study shows that thymol stimulates apoptotic death
of DCs and addresses the underlying mechanisms.

2 Materials and methods
2.1 Cell culture

DCs were obtained from bone marrow of 7 to 12 wk-old acid
sphingomyelinase (ASM /™) knockout mice on C57/BL6
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genetic background and their age and sex-matched wild-type
littermates (ASM*/*). The ASM™/~ mice [14, 15] were a
kind gift of Dr. Verena Jendrossek (University of Tiibingen,
Germany) and were originally obtained from Dr. R. Koles-
nick (Sloan Kettering Cancer Memorial Center, NY, USA).
DCs were cultured as described previously [16-18], with
slight modifications. Briefly, bone marrow cells were
flushed out of the cavities from the femur and tibia with
PBS. Cells were washed twice with RPMI and seeded out at
a density of 2 x 10° cells per 60 mm dish. Cells were cultured
for 8 days in RPMI 1640 (GIBCO, Carlsbad) containing:
10% fetal calf serum (FCS), 1% penicillin/streptomycin, 1%
glutamine, 1% nonessential amino acids and 0.05%
B-mercaptoethanol. Cultures were supplemented with
GM-CSF (35ng/mL, Preprotech Tebu) and fed with
fresh medium containing GM-CSF on days 3 and 6.
Nonadherent and loosely adherent cells were harvested after
8 days of culture. At day 8, >80% of the cells expressed
CD11c, which is a marker for mouse DCs. Experiments
were performed in the absence or in the presence of
different concentrations of thymol (2-100 pg/mL, Sigma-
Aldrich, Taufkirchen, Germany) and in the absence and
in the presence of amitriptyline (0.5 uM, Sigma-Aldrich) at
day 9.

2.2 Ceramide formation detected by flow cytometry

For the detection of ceramide formation, mouse DCs were
stained for 60min at 37°C with anti-ceramide antibodies
(Mouse IgM, Alexis) at a dilution of 1:10 in PBS containing
0.1% FCS [19]. After three washes with PBS/0.1% FCS, cells
were stained with FITC-labeled goat anti-mouse IgG anti-
body at a dilution of 1:400 (Invitrogen, Germany) in PBS/
0.1% FCS for 30 min at 37°C. Unbound secondary antibodies
were removed by washing the cells with PBS/0.1% FCS. Cells
were then analyzed by flow cytometry (FACS Calibur, BD
Biosciences) (FACS, fluorescence-activated cell sorting).

2.3 Immunocytochemistry for ceramide formation

Untreated or thymol-treated (20 pug/mL, 24h) DCs were
smeared onto glass slides, rinsed in PBS and fixed with 4%
formaldehyde in PBS for 15 min at room temperature. After
three washing steps with PBS for 5min, slides were
permeabilized and blocked in PBS containing 5% goat
serum (Invitrogen, Karlsruhe, Germany) and 0.3% Triton
X-100 for 60 min and then incubated overnight at 4°C with
anti-ceramide antibodies (Mouse IgM, Alexis) at a dilution
of 1:10 in antibody dilution buffer (including PBS, 1% BSA
and 0.3% Triton X-100). The slides were washed again three
times for 5min and then incubated with goat anti-mouse
IgG-FITC (Invitrogen, Germany) in antibody dilution buffer
for 90 min at 1:500 dilution at room temperature in dark.
After three washing steps with PBS, nuclei were stained
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with DRAQ5S (1:1000, BioStatus, Shepshed, Leicestershire,
UK) in PBS containing 0.5%Triton X-100 for 10 min and
washed finally two times with PBS. Stained slides were
mounted using Prolong® Gold antifade reagent (Invitrogen,
Germany). Images were taken on a Zeiss LSM 5 EXCITER
Confocal Laser Scanning Microscope (Carl Zeiss Micro-
Imaging GmbH, Germany) with immersion Plan-Neofluar
10_/1.3 NA DIC objective and camera function.

2.4 ASM activity assay

The activity of the ASM was measured as described
previously [20]. Briefly, 5 x 10°cells were incubated with
thymol (20 pg/mL) for different time spans: 30 min, 1h, 5h,
8h or 24h, frozen in liquid nitrogen and kept at —80°C.
Then the cells were lysed in 50pL of ice-cold buffer
containing 50 mM sodium acetate (pH 5.0), 1% NP40. After
10 min lysis on ice, the lysates were diluted to 0.1% NP40 in
a final volume of 200 pL. The lysates were incubated with
0.02uCi of [**C]sphingomyelin for 30min at 37°C. The
reaction was stopped by addition of 1 ml of CHCl3:CH3;0H
v/v. The substrate was dried before use and resuspended in
50mM sodium acetate (pH 5.0), 0.2% Triton X-100,
followed by 10 min bath sonication to promote the forma-
tion of micelles. Phases were separated by 5min centrifu-
gation at 14000 rpm, and an aliquot of the aqueous phase
was applied for liquid scintillation counting. Hydrolysis
of [**C]sphingomyelin by sphingomyelinase results in
release of ['*C]choline chloride into the aqueous phase,
whereas ceramide and unreacted ["*C]sphingomyelin
remain in the organic phase. Therefore, the release of
[**C]choline chloride (pmol/10° cells/h) serves to determine
the activity of the ASM.

2.5 Biochemical ceramide assay

Cellular ceramide levels were measured with a 1,2-diacylgly-
cerol (DAG) kinase assay as described previously [21]. Briefly,
5x 10° cells were incubated with thymol (20pug/mlL) for
different time spans: 30min, 1h, 5h, 8h or 24h, frozen in
liquid nitrogen and kept at —80°C. Then the cells were lysed
in 250mM Na-acetate, 0.1% NP40, 1.3mM EDTA and
extracted in CHCI;:CH3;0H:1N HCl (100:100:1, v/v/v).
Phases were separated, and the lower phase was collected,
dried and subjected to alkaline hydrolysis of DAG in 0.1N
methanolic KOH at 37°C for 60 min. Samples were extracted
again, and the lower phase was dried. Samples were resus-
pended in 20 pL detergent solution consisting of 7.5% w/v
n-octyl glucopyranoside and 5mM cardiolipin in 1mM
diethylenetriaminepentaacetic acid. Samples were then soni-
cated for 10 min in a bath sonicator; to these samples, 70 mL
of an assay buffer was added consisting of 0.1 M imidazole/
HCI (pH 6.6), 0.1M NacCl, 25mM MgCl, and 2mM EGTA;
2.8mM DTT; 5uM ATP; 10uCi of [*’PJATP; 10uL DAG
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kinase (diluted in 1mM diethylenetriaminepentaacetic acid;
pH 6.6) and 0.01 M imidazole/HCI. The kinase reaction was
performed for 30 min at room temperature, and the samples
were extracted in 1mL CHCl;:CH;0H:1 N HCI (100:100:1,
v/v/v), 170uL buffered saline solution (135mM NacCl,
1.5mM CaCl,, 0.5mM MgCl,, 5.6mM glucose, 10mM
HEPES; pH 7.2) and 30puL 100mM EDTA solution.
Phases were separated and the lower phase was dried.
Samples were dissolved in 20mL CHCl;:CH3;0H (1:1, v/v).
Lipids were separated on Silica G-60 TLC plates with
CHCl;:Aceton:Methanol:Acetic-Acid:H,O (60:24:18:12:6) and
the plates were dried and exposed. Ceramide spots were
identified by comigration with a C;s-ceramide standard and
removed from the plate. The incorporation of [**P] into
ceramide was quantified by liquid scintillation counting.
Comparison with a standard curve using Cjs-ceramide
permitted the determination of ceramide amounts.

2.6 DNA fragmentation

Briefly, 5 x 10° cells were fixed with 2% formaldehyde for
30min on ice and then incubated with 70% ethanol for
15min at 37°C. Cells were then treated with RNase A
(40 pg/mL) for 30 min at 37°C, washed and resuspended in
200 uL propidium iodide (PI) (50pug/mL, Sigma). DNA
content of the samples was analyzed by flow cytometry
(FACS Calibur, BD Biosciences).

2.7 Caspase 8 and caspase 3 activity assay

The activity of caspase 8 and caspase 3 was determined
using kits from Biovision according to the manufacturer’s
instructions. Briefly, 1 x 10° cells were washed twice with
cold PBS, fixed and permeabilized with “Cytofix/Cytoperm”
solution and then by washing twice with “Perm/Wash”
buffer. Then cells were stained with FITC-conjugated anti-
active caspase 8 or caspase 3 antibody in “Perm/Wash”
buffer for 60 min. After two washing steps, the cells were
analyzed by flow cytometry (FACS Calibur, BD Biosciences).

2.8 Phosphatidylserine translocation

Apoptotic cell membrane scrambling was evidenced from
annexin V binding to phosphatidylserine at the cell surface
[22]. The percentage of phosphatidylserine-translocating cells
was evaluated by staining with FITC-conjugated annexin V.
In brief, 4 x 10° cells were harvested and washed twice with
annexin washing buffer (AWB, 10mM Hepes/NaOH, pH
7.4, 140mM NaCl, 5mM CaCl,). The cell pellet was resus-
pended in 100uL of Annexin-V-Fluos labeling solution
(Roche) (20pL Annexin-V-Fluos labeling reagent in 1mlL
AWB), incubated for 15min at room temperature. After
washing with AWB, they were analyzed by flow cytometry.
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2.9 Immunoblotting

DCs (2 x 10° cells) were washed twice in PBS and then
solubilized in lysis buffer (Pierce) containing protease
inhibitor cocktail (Sigma-Aldrich). Samples were stored at
—80°C until use for Western blotting. Cell lysates were
separated by 12% SDS-PAGE and blotted on nitrocellulose
membranes. The blots were blocked with 5% nonfat-milk in
triethanolamine-buffered saline and 0.1% Tween-20. Then
the blots were probed overnight with monoclonal antibodies
directed against either Bcl-2 or Bcl-xL (Santa Cruz) or
o/B-tubulin (Cell Signaling) diluted (1:200 for Bcl-2 and
Bcl-xL, or 1:1000 for o/B-tubulin) in blocking buffer, washed
five times, probed with secondary antibodies (anti-mouse or
anti-rabbit, GE Healthcare) diluted 1:5000 for 1h at room
temperature and washed finally five times. Antibody bind-
ing was detected with the enhanced chemiluminescence kit
(Amersham, Freiburg, Germany). Densitometer scans of
the blots were performed using Quantity One (BioRad,
Munich, Germany).

2.10 Fas small interfering RNA

Fas-targeted small interfering RNA (siRNA) (RNA, Santa
Cruz) was transfected into DCs (10° cells/1 mL) at a final
concentration of 100nM using Nucleofector technology
(Amaxa) according to the manufacturer’s recommendations.
After electroporation, cells were incubated for 24 h at 37°C,
5% CO,. After washing three times with PBS, the cells were
incubated for 24 h with thymol (20 pg/mL).

2.11 Real-time PCR

Total RNA was isolated from mouse DCs by using the
Qiashredder and RNeasy Mini Kit from Qiagen. For cDNA
first strand synthesis, 1pg of total RNA in 12.5pL DEPC-
H,0 was mixed with 1uL of oligo-dT primer (500 pg/mL,
Invitrogen) and heated for 2min at 70°C. To determine
Fas transcript levels, quantitative real-time PCR with the
LightCycler System (Roche Diagnostics, Mannheim,
Germany) was applied. The following primers were
used: Fas primers (sc-29312-PR, Santa Cruz) and actin
primers: 5-CATTGCTGACAGGATGCAGAA-3' (forward)
and 5-ATGGTGCTAGGAGCCAGAGC-3 (reverse). PCR
reactions were performed in a final volume of 20pL
containing 2pL cDNA, 2.4puL MgCl, (3pM), 1pL primer
mix (0.5 uM of both primers), 2 uL. cDNA Master SybrGreen
I mix (Roche Molecular Biochemicals, Mannheim,
Germany) and 12.6 uL DEPC-treated water. The target DNA
was amplified during 40 cycles of 95°C for 10, 62°C for 10
and 72°C for 165, each with a temperature transition rate of
20°C/s, a secondary target temperature of 50°C and a step
size of 0.5°C. Melting curve analysis was performed at 95°C,
0s; 60°C, 10s and 95°C, Os to determine the melting
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Figure 1. Effect of thymol on ceramide formation in DCs. (A) Immunohistochemistry of anti-ceramide FITC-coupled-antibody binding and
nuclear staining in a representative experiment on wild-type (left panels) and ASM~~ DCs (right panels) either untreated (control, upper
panels) or incubated for 24 h with thymol (20 ug/mL, lower panels). (B) Enzymatic activity of ASM in wild-type DCs treated with thymol for
different time periods: 30 min, 1h, 5h, 8h and 24 h as % to untreated cells (n = 2-3). *p<0.05, Dunnett multiple comparison test, ANOVA.
(C) DAG kinase assays of total cellular ceramide contents in wild-type DCs treated with thymol for different time periods: 30 min, 1h, 5h,
8h and 24 h in % of the respective value in untreated cells (n = 2-3). **p<0.01, Dunnett multiple comparison test, ANOVA. (D) Histograms
of anti-ceramide FITC-coupled-antibody binding as obtained by FACS analysis in a representative experiment on wild-type (ASM™/*,
upper panel) and ASM~~ DCs (lower panel) either untreated (control, dotted line) or incubated for 24 h with thymol (20 ug/mL, black line).
(E) Arithmetic means (n = 4-6) of the percentage of wild-type (ASM™", left bars) and ASM~~ (right bars) DCs presenting ceramide at the
cell surface. Ceramide formation is shown prior to (control, white bars) and 24 h following treatment with thymol (20 pg/mL) either in the
absence (black bars) or, in wild-type cells, in the presence of amitriptyline (0.5 uM, dark grey bars) or in wild-type cells transfected with Fas
siRNA (light grey bars). **p<0.01 and ***p<0.001 represent significant difference from wild-type cells under control conditions and
#p<0.01 and ***p<0.001 represent significant difference from thymol-treated wild type, ANOVA. (F) Dose-dependent effect of thymol on
ceramide formation. Arithmetic means (n = 4-6) of the percentage of wild-type DCs presenting ceramide at the cell surface. Ceramide
formation is shown in untreated cells (control, white bars) or in DCs either treated with LPS (0.1 ug/mL, 24 h, dotted bars) or thymol
(2-100 ug/mL, black bars) *p<0.05 and ***p<0.001 represent significant difference from control condition, ANOVA.
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temperature of primer dimers and the specific PCR
products.

2.12 Statistics

Data are provided as means+SEM, n represents the
number of independent experiments. Differences were
tested for significance using ANOVA. p<0.05 was consid-
ered statistically significant.

3 Results

To determine the effect of thymol on murine bone marrow-
derived DCs, the cells were grown in GM-CSF containing
media for 8 days and subsequently exposed to thymol. In
DCs stained with anti-ceramide antibodies, a marked accu-
mulation of cellular ceramide was observed after treatment
with 20 ug/mL thymol (24h, Fig. 1A). No ceramide forma-
tion was observed in thymol-treated DCs from mice lacking
functional ASM™/~. The measurements of ASM enzymatic
activity in wild-type DCs treated with thymol for different
time periods indicated a strong ASM activation after 24 h of
incubation with thymol (20 pg/mL, Fig. 1B). To confirm
ceramide accumulation in thymol-treated DCs, we
performed DAG kinase assays that determine total cellular
ceramide concentrations. We detected a substantial increase
in ceramide concentrations in DCs treated with thymol
(20 pg/mL) for 8 and 24h (Fig. 1C). Measurements of cera-
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mide formation by flow cytometry confirmed that adminis-
tration of thymol within 24 h stimulated ceramide formation
in DCs from wild-type mice but not in DCs from ASM™/~
mice (Figs. 1D and E) and not in wild-type cells treated with
sphingomyelinase inhibitor amitriptyline (Fig. 1E). Accord-
ingly, thymol stimulated the formation of ceramide by acti-
vation of the ASM. For statistically significant effects
on ceramide production, 20ug/mL thymol was required
(Fig. 1F). DC activation by LPSs via Toll-like receptor 4
ligation is known to inhibit DC apoptosis [9]. Addition of LPS
to DCs tended to slightly downregulate ceramide formation,
an effect, however, not reaching statistical significance
(Fig. 1E and also Figs. 2-5C). Ceramide formation was not
dependent on Fas (CD95), since treatment of DCs with
siRNA for Fas (CD95) did not prevent thymol-induced
ceramide formation in wild-type DCs (Fig. 1E).

The stimulation of ceramide formation by thymol was
followed by activation of caspase 8 and caspase 3 (Figs. 2
and 3), an effect reaching statistical significance at the
concentration of 50 pg/mL (Figs. 2C and 3C). Thymol stimu-
lated caspase 8 and caspase 3 only in wild-type DCs but not
in DCs derived from ASM™/~ mice (Figs. 2A and B and
Figs. 3A and B) or in wild-type DCs treated with amitriptyline
(Figs. 2B and 3B), demonstrating that the stimulation of
caspases by thymol required the activation of ASM.

The activation of caspases was expected to trigger DC
apoptosis. Thus, further experiments have been performed
to elucidate, whether thymol trigered DNA fragmentation,
one of the hallmarks of apoptosis. The exposure to thymol at
concentrations >10ug/mL was indeed followed by an

Figure 2. Effect of thymol on caspase 8 activity
in DCs. (A) Histograms of caspase 8 activity as
obtained by FACS analysis in a representative
experiment on wild-type and ASM~~ DCs
either untreated (control, dotted line) or incu-
bated for 24h with thymol (20 ug/mL, black
line). (B) Arithmetic means (n=4-6) of the
percentage of wild-type (ASM™™, left bars)
and ASM~ (right bars) DCs with activated
caspase 8. Caspase activation is shown prior
to (control, white bars) and 24h following
treatment with thymol (20 ug/mL) either in the
absence (black bars) or, also in wild type cells,
in the presence of amitriptyline (0.5uM,
hatched bars). ***p<0.001 represents signifi-
cant difference from wild-type cells under
control conditions; *p<0.01 and ***p<0.001

hhE
represent significant difference from thymol-
treated wild-type DCs, ANOVA. (C) Dose-
dependent effect of thymol on caspase 8 acti-
100

vation. Arithmetic means (n=4-6) of the
percentage of wild-type DCs with activated
caspase 8. Caspase 8 activity is shown in
untreated cells (control, white bars) or in DCs
either treated with LPS (0.1 pug/mL, 24 h, dotted
bars) or thymol (2-100pug/mL, black bars).

stk

p<0.001 represents significant difference
from control condition, ANOVA.
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Figure 4. Effect of thymol on DNA fragmentation in DCs. (A) Histograms of Pl fluorescence as obtained by FACS analysis in a repre-
sentative experiment on wild-type and ASM~~ DCs either untreated (control, dotted line) or incubated for 24 h with thymol (20 pg/mL,
black line). (B) Arithmetic means (n = 4-6) of the percentage of wild-type (ASM™*/", left bars) and ASM~~ (right bars) DCs with fragmented
DNA. DNA fragmentation is shown prior to (control, white bars) and 24 h following treatment with thymol (20 pg/mL) either in the absence
(black bars) or, also in wild-type cells, in the presence of amitriptyline (0.5 uM, hatched bars). ***p<0.001 represents significant difference
from wild-type cells under control conditions and ***p<0.001 represents significant difference from thymol-treated wild-type DCs,
ANOVA. (C) Dose-dependent effect of thymol on DNA fragmentation. Arithmetic means (n = 4-6) of the percentage of wild-type DCs with
fragmented DNA. DNA fragmentation is shown in untreated cells (control, white bars) or in DCs either treated with LPS (0.1 pug/mL, 24 h,
dotted bars) or treated with thymol (2-100 ug/mL, black bars). *p<0.05, **p<0.01 and ***p<0.001 represent significant difference from
control condition, ANOVA.
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Figure 5. Effect of thymol on cell membrane scrambling in DCs. (A) Histograms of annexin V binding as obtained by FACS analysis in a
representative experiment on wild-type and ASM~~ DCs either untreated (control, dotted line) or incubated for 24 h with thymol (20 pg/
mL, black line). (B) Arithmetic means (n = 4-6) of the percentage of wild-type (ASM*/*, left bars) and ASM~'~ (right bars) DCs with annexin
V binding. Annexin V binding is shown prior to (control, white bars) and 24 h following treatment with thymol (20 pg/mL) either in the
absence (black bars) or, also in wild type cells, in the presence of amitriptyline (0.5 uM, hatched bars). ***p<0.001 represents significant
difference from wild-type cells under control conditions and ***p<0.001 represents significant difference from thymol-treated wild-type
DCs, ANOVA. (C) Dose-dependent effect of thymol on annexin V binding. Arithmetic means (n = 4-6) of the percentage of wild-type DCs
with annexin V binding are shown in untreated cells (control, white bars) or in DCs either treated with LPS (0.1 ug/mL, 24 h, dotted bars) or

treated with thymol (2-100 pg/mL, black bars). ***p<0.001 represents significant difference from control condition, ANOVA.

increase of cells in the sub-G1 phase, a marker for frag-
mented DNA (Fig. 4). On the contrary, thymol did not elicit
DNA fragmentation in DCs derived from ASM™/~ mice or
in wild-type DCs treated with amitriptyline.

Another hallmark of apoptosis is cell membrane scram-
bling leading to phosphatidylserine exposure at the cell
surface. The phosphatidylserine exposure was determined
from annexin V binding. As shown in Fig. 5, exposure of
DCs to thymol at concentrations above 20ug/mL was
followed by stimulation of annexin V binding in wild type
but not in ASM™/~ DCs and not when wild-type DCs were
treated with amitriptyline.

Moreover, thymol treatment resulted in reduction of the
abundance of anti-apoptotic Bcl-2 and BclxL proteins in
wild-type DCs (Fig. 6). Downregulation of Bcl-2 and Bcl-xL
proteins by thymol was not observed in ASM™/~ DCs
(Fig. 6).

4 Discussion

This study reveals that thymol stimulates the ASM in DCs
with subsequent formation of ceramide, downregulation of

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Bcl-2 and Bcl-xL protein expression, caspase activation and
finally triggering of suicidal cell death.

Thymol has been administrated to animals at dosages of
100-150 mg/kg body weight and thus the concentrations
employed here (20 ug/mlL) could well be achieved in the
intestinal lumen [23, 24], which is in contact to intestinal
DCs [13].

The sequence of events in thymol-induced apoptosis
could be the following: DC stimulation with thymol
leads to translocation of ASM from an intracellular
compartment onto the cell surface. In lymphocytes,
electron microscopy studies localized ASM in intracellular
vesicles of unstimulated cells, which appeared to fuse
with the cell membrane upon stimulation with the Fas
ligand [25]. This resulted in exposure of the ASM on
the extracellular membrane leaflet and subsequent
formation of ceramide. In this study, thymol-induced cera-
mide production was not dependent on Fas. Ceramide
formation results in caspase 8 autocatalysis that initiates
apoptosis induction. Caspase 8 can then directly activate
caspase 3. The activation of caspase 3 executes apoptosis by
triggering DNA fragmentation and proteolysis of intracel-
lular proteins.

www.mnf-journal.com
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Figure 6. Effect of thymol on Bcl-2 and Bcl-xL protein abundance
in wild-type and ASM~~ DCs. (A) Original Western blot of DCs
from wild-type and ASM~~ mice, which were either treated with
thymol (20 pg/mL, 24h) or left untreated (control). Protein
extracts were analyzed by direct Western blotting using anti-
bodies directed to Bcl-2 or to Bcl-xL. Protein loading was
controlled by anti-o/p-tubulin antibody. One representative
experiment out of three is shown. (B, C) Arithmetic mean +SEM
(n=3) of the abundance of Bcl-2 (B) or Bcl-xL (C) as the ratio of
Bcl-2:0/B-tubulin or Bel-xL:o/B-tubulin. *p<0.05 indicates signif-
icant difference between control and thymol-treated cells,
*p<0.05 indicates difference between thymol-treated wild-type
and ASM~~ DCs, ANOVA.

To the best of our knowledge, an effect of thymol on
sphingomyelinase or on ceramide formation has never been
shown before. Thymol has been shown to exert some anti-
oxidant activity [5] and to decrease the cytosolic Ca®" activity
[26]. Both effects would not be expected to induce cell
death. On the contrary, stimulation of sphingomyelinase
and subsequent formation of ceramide are well known to
induce apoptosis [27-29].

The observation that thymol stimulates caspases and suicidal
cell death or apoptosis is similarly novel. In erythrocytes, thymol
even protects against suicidal cell death [7], which is triggered by
stimulation of sphingomyelinase and subsequent formation of
ceramide [22, 27, 30-32]. The present observations do not
disclose the mechanisms underlying opposite effects of thymol
on cell survival of erythrocytes and DCs. Clearly, the regulation
of ceramide formation is distinct in DCs and erythrocytes.
Moreover, the signaling of suicidal death is different between
erythrocytes and nucleated cells, as erythrocytes lack mito-
chondria and nucdlei, key players in apoptosis [27].

The thymol-induced apoptosis is expected to weaken
the immune response, an effect which, at least in theory,

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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may limit its use in the treatment of infectious disease.
However, the effect on pathogens may be more pronounced
and thymol may thus favourably influence the course
of infectious disease [1, 2]. Nevertheless, the present
observations provide a caveat on the use of thymol in
infectious disease. On the other hand, the thymol-induced
apoptosis may exert some anti-inflammatory action. In any
case, the stimulation of ceramide formation and apoptotic
death of DCs by thymol is expected to affect the immune
response.

This work was supported by the Deutsche Forschungsge-
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