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Ceramide induces early and late apoptosis in human
papilloma virus™ cervical cancer cells by inhibiting reactive
oxygen species decay, diminishing the intracellular
concentration of glutathione and increasing nuclear

factor-kB translocation

Gisela Gutiérrez*9, Criselda Mendoza®, Luis F. Montafio® and

Rebeca Lopez-Marure®

Ceramide is regarded as an important cellular signal for the
induction of cell death. We have previously shown that
ceramide induces the death of cervical tumor cells without
biochemical and morphological markers of apoptosis.
The mechanisms by which ceramide induces cell death
are not understood, therefore we evaluated the effect

of C6-ceramide, a synthetic cell-permeable analog

of endogenous ceramides, in signaling pathways

involved in the oxidative stress of three cervical human
papilloma virus* cancer cell lines. Reactive oxygen
species production was determined by fluorescent
2,7-dichlorofluorescein, nitrite concentration by the Griess
reaction (as an indirect measure of nitric oxide production),
mitochondrial membrane potential by staining with Rh123,
reduced-glutathione concentration by high-pressure liquid
chromatography, nuclear factor-kB translocation by
electrophoretic mobility shift assay, inhibitory protein of
nuclear factor-kB expression by Western blot and cell
death by a poly-caspases fluorochrome-labeled inhibitors
of caspases apoptosis assay. C6-ceramide induced early
and late apoptosis, which was associated with an increase
in reactive oxygen species and nitric oxide production, a
loss in mitochondrial membrane potential, an increase in
nuclear factor-kB translocation, and a decrease in reduced
glutathione concentration. C6-ceramide did not modify the
expression of inhibitory protein of nuclear factor-kB and its

Introduction

Ceramide, which is the product of the hydrolysis of
sphingomyelin or is synthesized from serine and palmi-
tate in a de-novo pathway, plays a critical role in
apoptosis, cell proliferation, cellular senescence and gene
regulation through the activation of transcription factors
such as nuclear factor (NF)-kB [1,2]. Ceramide induces
the generation of reactive oxygen species by interacting
with the complex III of the mitochondria electron
transport chain [3]. Ceramide induces NF-xB and
activating protein-1 (AP-1) translocation [4,5].

The major physiological source of reactive oxygen species
(ROS) is mitochondrial respiration [6]. ROS activate NF-
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antiproliferative effect was not abrogated by Bay
11-7082, an inhibitory protein of nuclear factor-kB kinase
inhibitor. Our results suggest that oxidative stress might
participate in the ceramide-induced damage to human
papilloma virus* cervical cancer cells. Anti-Cancer Drugs
18:149-159 © 2007 Lippincott Williams & Wilkins.
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kB and AP-1, both of which can signal apoptosis, similarly
to ceramide [7-9]. The mitochondrial production of ROS
is regulated by antioxidant enzymes such as phospholipid
hydroperoxide glutathione peroxidase, glutathione per-
oxidase and manganese superoxide dismutase [7].
Reduced glutathione (GSH) is the only mitochondrial
defense against peroxides generated from the electron
transport chain through the GSH redox cycle.

Uterine cervical cancer is the second most important
cause of death in Mexican women [10]. It was previously
we found that ceramide promotes the death of human
cervical tumor cells in the absence of biochemical and
morphological markers of apoptosis [11], although the
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mechanism by which ceramide exerts such cellular
effects is unknown. Hence, in this work we analyzed
possible pathways involved in ceramide-induced death
such as ROS,; nitric oxide (NO), GSH, NF-«B, inhibitory
protein of NF-xB (IxkB-o) and mitochondrial mem-
brane potential in human papilloma virus (HPV)" CaLo,
InBl and Hel.a cell lines, which derive from human
cervical cancers [12,13]. Our results showed that
ceramide induced early and late apoptosis by increasing
ROS and NO production, reducing GSH levels, inducing
NF-xB translocation, and a loss in the mitochondrial
membrane potential. [kB-a expression was not modified.

Methods

Materials

Fetal bovine serum (FBS) was purchased from Gibco/
BRL (Grand Island, New York, USA). Hematoxylin, OG6
dye and EA50 were from Merck (New Jersey, USA). 2,7-
Dichlorofluorescein diacetate (DCFDA) was purchased
from Molecular Probes (Eugene, Oregon, USA). The Bio-
Rad protein assay was purchased from Bio-Rad (Hercules,
California, USA). Griess reagent was purchased from ICN
(Costa Mesa, California, USA). Sterile plastic material for
tissue culture was from Nunc and Costar. [y-3ZP]ATP was
purchased from Perkin-Elmer (Boston, Massachusetts,
USA), T4 polynucleotide kinase from New England
Biolabs (Beverley, Massachusetts USA) and poly dI-dC
from Amersham Pharmacia (Uppsala, Sweden). The **P-
labeled double-stranded oligonucleotides were from
Santa Cruz (Santa Cruz, California, USA). IxB-a kinase
inhibitor Bay 11-7082 was from Calbiochem (La Jolla,
California, USA) and FAM-fluorochrome-labeled inhibi-
tors of caspases (FLLICA) poly caspase detection kit was
from Serotec (Raleigh, North Carolina, USA). C6 and
all other chemicals were purchased from Sigma-Aldrich
(St Louis, Missouri, USA).

Cell culture

CalLo and InBI cells were obtained from cervical cancer
biopsies. CalLo cells derived from an in-situ carcinoma are
clinically characterized as 1I-B and are HPV-18 ¥, whereas
InBl cells derived from a metastasic cervical tumor are
IV-A and HPV-18* [12,13]. HPV-18* HeLa cells were
purchased from the American Type Culture Collection
(ATCC; Manassas, Virginia, USA). All tumor cell lines
were cultured in RPMI-1640 medium supplemented
with 5% FBS and L-glutamine (2mmol/l). All experi-
ments were performed in cultures plated at a cell density
of 2 x 10° cells/cm?.

Cell morphology

Papanicolaou staining was used to determine modifica-
tions in the cellular morphology at different culture times
[14]. 2 x 10*cells were plated on glass slides with or
without 3pumol/l C6, washed twice with phosphate-
buffered saline (PBS) and fixed in 96% ethanol. To
hydrate, glass slides were incubated in ethanol at

different concentrations (96, 70, 50 and 0%) for 5, 1, 1
and 3 min, respectively. After rehydration, the cells were
stained with hematoxylin for 1.5 min and washed three
times with deionized water. To dehydrate the cells, the
slides were incubated in ethanol at increasing concentra-
tions of 50, 70 and 96% for 1 min each. Cells were then
stained with the OG6 dye for 5min and fixed in 96%
ethanol for 1 min. Then, cells were stained with EAsq for
5 min, fixed again in 96% cthanol for 3 min and placed in
ethanol—xylol (1:1 v:v). Slides were mounted and the
morphology was analyzed by light microscopy. Micro-
graphs were obtained with a final magnification factor
of x 100.

Cell death detection

Cell death was detected using the carboxyfluorescein
FLICA apoptosis detection kit (Serotec) that determines
caspase activation. Cells were cultured with or without
C6 for 24h. At the end, cells were recovered from the
culture plate, and were adjusted to a final concentration
of 3 x 10° cells/ml in N-2-hydroxyl piperazine-N'-2-ehane
sulfonic acid (HEPES buffer) before transferring 300 pl
of each cell suspension to sterile tubes in which 10 pl
of a 30 x FLICA solution was added. The tubes were
protected from light, manually agitated and incubated for
1h at 37°C in a 5% CO, atmosphere. At the end of the
incubation, 2 ml of the 1 x wash buffer was added to each
tube. Cells were mixed and centrifuged at 1200 r.p.m.
for 5min at room temperature. The cell pellet was
resuspended in 1 ml of the 1 x wash buffer, centrifuged
and the pellet was resuspended in 400 pl of the 1 x wash
buffer. Cells were then stained with 2 pl of propidium
iodide (PI) (250 pg/ml) and analyzed with a flow
cytometer using the Cell Quest software program
(Becton Dickinson, San Jose, California, USA).

Measurement of reactive oxygen species

ROS generation in tumor cells was assessed using
DCFDA, a nonfluorescent probe, which upon oxidation
by ROS and peroxides is converted to the highly
fluorescent derivative DCF [15,16]. Cells were incubated
with DCFDA (10 pumol/l) for 30 min at 37°C and washed
twice with PBS. Tumoral cell lines were then cultured in
the absence or presence of C6 for 20, 40 and 60 min. After
an extensive wash, fluorescence was evaluated in the
FACSCalibur (Becton Dickinson). The mean intensity of
the green fluorescence was determined using the Cell
Quest software program and expressed as fluorescence
units. Fluorescence was measured using an excitation
wavelength of 480 nm, a dichromic mirror with a 505-nm
long pass and emitter bandpass of 535nm (Chroma
Technology, Rockingham, Vermont, USA) using neutral
density filters to attenuate the excitation light.

Quantification of nitrite

Cells were seeded in 96-well plates (Nunc) at a density
of 1 x10° cells/well in RPMI without phenol red, 5% FBS,
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and with or without 3 umol/l C6. After 24 h, 100 pul of the
conditioned medium was diluted 1:1 with 100pul of
Griess reactive and incubated for 15min at room
temperature. Previously, a standard curve was per-
formed using known concentrations of nitrite (range
0.4-100 pmol/l). The optical density of the plates was
measured at 540 nm in a multiplate spectrophotometer.
The absorbance of the concentrations of control and
problem samples was plotted against the standard curve

[17].

Determination of mitochondrial membrane potential
The changes in mitochondrial membrane potential were
examined by monitoring the staining with rhodamine 123
(Rh123), a lipophilic cation selectively taken up by
mitochondria, and whose uptake is directly proportional
to mitochondrial AW [18]. After treatment with C6, cells
were stained with Rh123 (0.2 pg/ml) for 10 min. The
fluorescence intensity was analyzed with a flow cytometer
(FACSCalibur) using the Cell Quest software program.

Determination of glutathione by high-pressure liquid
chromatography

Ten milligrams of protein were placed in an eppendorff
tube, and 500ul of sulfonic acid (200 mmol/l) and
diethylenetriaminepentacetic acid 5 mmol/l were added.
The solution was vortexed for 1 min and centrifuged at
13000 r.p.m. (4°C) during 30 min. The supernatant was
diluted 1:1 with the high-pressure liquid chromato-
graphy (HPLC) mobile phase (containing monobasic
sodium  phosphate 50 mmol/l, octasulfonic  acid
0.05 mmol/l at pH 3 adjusted with phosphoric acid) and
was filtered with a membrane of 45 um. Twenty micro-
liters was injected into the HPLC (Waters 600, Arcade,
New York, USA) previously connected to an electro-
chemical detector with a potential of + 850 mV in pulse
mode, with a 1-ml/min flow in the mobile phase.
Previously, a standard curve was performed using known
concentrations of GSH (concentration vs. area). To
calculate the concentrations of GSH, the corresponding
areas to the samples were calculated by interpolation
[19].

Cytoplasmic and nuclear protein extraction

Cytoplasmic and nuclear protein was obtained as
previously described [20]. Three million tumor cells
were seeded in 100-mm diameter Petri dishes and treated
with 3 pmol/l C6 for 30 min, thereafter cells were scraped
with a rubber policeman in PBS, collected and centri-
fuged at 3000 r.p.m. for 5min. The pellet was frozen in
liquid nitrogen for 15s and resuspended gently in 100 pl
of hypotonic solution [10mmol/l HEPES pH 7.9,
10 mmol/l KCI, 1.5 mmol/l MgCl,, 1 mmol/I dithiothreitol
(DTT)]. Nuclei were stained with a trypan blue solution
and observed under the microscope to evaluate their
integrity. Nuclei were collected by centrifugation at
3500 .p.m. for 10min at 4°C, and the supernatant
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containing cytoplasmic protein was collected and kept
at —20°C. The pellets were resuspended in 15pul of
hypertonic solution [10 mmol/l HEPES pH 7.9, 0.4 mol/l
NaCl, 1.5 mmol/l MgCl,, 25% glycerol, 0.2 mmol/l ethy-
lenediaminetetracetic acid (EDTA), 1mmol/l DTT,
0.5 mmol/l phenylmethylsulfonyl fluoride (PMSF)], in-
cubated for 30min with gentle mixing at 4°C and
centrifuged at 14000 r.p.m. for 20 min. The resultant
supernatant containing the nuclear protein was collected,
diluted 1:1 with an HDKE buffer (20 mmol/l HEPES
pH 7.9, 50 mmol/l KCI, 25% glycerol, 0.2 mmol/l EDTA,
1 mmol/l D'TT, 0.5 mmol/l PMSF) and stored at —70°C.
"Total nuclear protein concentration was determined using
the Bio-Rad protein assay.

Electrophoretic mobility shift assay

Nuclear protein extracts (10 pug) were assayed for DNA
interaction by electrophoretic mobility shift assay as
described previously [21]. The **P-labeled double-
stranded oligonucleotides  (5-AGTTGAGGGGACTT
TCCCAGGC-3') contain the NF-xB consensus
sequence or the mutated sequence (5-AGTTGAGGC-
GACTTTCCCAGGC-3'). The binding reactions were
carried out by incubating the samples in a reaction buffer
(50 mmol/l KCl, 20% glycerol, 0.2 mmol/l EDTA, 1 mmol/I
DTT, 0.5 mmol/l PMSE 20 mmol/l HEPES, pH 7.9, 1 pg/
pl bovine serum albumin, 1pg/pl poly dI-dC). DNA-
protein complexes were resolved on 5% polyacrylamide
gel at 100V during 2 h. The gel was dried and exposed to
a Storage Phosphor Screen (Molecular Dynamics, San
Francisco, California, USA) that was read in a Storm 850
Phosphorimager (Molecular Dynamics) and analyzed
with ImageQuant software (Molecular Dynamics). Cold
competition assays were conducted by adding a 100-fold
molar excess of homologous unlabeled NF-kB consensus
sequence.

Western blot

One hundred and fifty micrograms of cytoplasmic protein
was loaded per lane, resolved by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis on 7.5% polyacryla-
mide gels, and transferred to nitrocellulose membranes.
The membranes were blocked with a suspension of 5%
fat-free milk powder in 20 mmol/l Tris, 137 mmol/l NaCl,
3mmol/l KCI and 0.1% Tween-20 pH 7.6 (TBS-T), and
incubated for 2h with an anti-IkB-o (diluted 1:500) or
antif-actin (1:5000) monoclonal antibody. The blots
were washed for 5min in TBS-T twice, before a
peroxidase goat antimouse antibody diluted 1:2500 was
added for 30 min. At the end, the blots were washed
twice with TBS-T and peroxidase was detected using a
chemiluminiscent system.

Cell proliferation

The number and viability of cells was evaluated by crystal
violet staining [22]. Briefly, cells were seeded in 96-
multiwell culture plates and were treated with 3 umol/l
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C6, or different concentrations of Bay 11-7082, or both,
for 48 h. At the end of these treatments, cells were fixed
with 100 ul of ice-cold glutaraldehyde [1.1% in PBS
(150 mmol/l NaCl, 30 mmol/l KCI, 15 mmol/l Na,HPO,,
2 mmol/l KH,PO,4 pH 7.4)] for 15 min at 4°C. Plates were
washed three times by submersion in deionized water,
air-dried and stained for 20 min with 100l of a 0.1%
crystal violet solution (in 200 mmol/l formic acid buffer at
pH 6). After careful aspiration of the crystal violet
solution the plates were extensively washed with
deionized water and air-dried before the solubilization
of the bound dye with 100 pl of a 10% acetic acid solution
incubated during 30 min. The optical density of the
plates was measured at 595 nm in a multiplate spectro-
photometer.

Statistical analysis

Results are presented as mean * standard deviation. All
experiments were performed in triplicate and were
repeated at least three times. Student’s 7-test was applied
to determine statistical significance with a P < 0.01.

Results

Ceramide induced morphological changes

As ceramide induces death in several cell types including
tumor cells [23], we evaluated the morphological changes
induced by short incubation periods with C6 of three
HPV™* cell lines (CaLo, InBl and HelLa, obtained from
cervical uterine cancer patients), to determine the time
that the cell takes to show serious damage and to present
morphological changes. The Papanicolaou staining of all
non-Cé6-treated tumor cells showed a classical tumoral
morphology with large nuclei, and a dense and well
distributed chromatin, homogeneous cytoplasm, and
pleomorphism (Fig. 1, controls). The three cell lines
treated for 6 h with C6 showed a reduced cell size, a
compact cytoplasm, condensation of the chromatin, and
strong nuclear staining (Fig. 1). Only InBI cells showed an
elongated shape. The morphological changes in Hela
cells treated with C6 were smaller than in CalLo and InBI
cells. An evident detachment of the cells was observed
after 12h of treatment with C6 (data not shown). The
cytoplasm and nuclei changes are characteristic of
necrosis.

Ceramide induced early and late apoptosis

We previously showed that ceramides induce death, in
the absence of biochemical and morphological markers of
apoptosis [11]. To determine the type of cell death
induced by C6, we evaluated the activation of caspases by
using the carboxyfluorescein FLLICA apoptosis detection
kit. Flow cytometry analysis of cells labeled with both
FLICA and PI (Fig. 2a) showed an increase in the
percentage of FLICA-positive cells (early apoptosis) as
well as in the percentage of FLICA and Pl-positive cells
(late apoptosis) in the cell lines treated with C6 in
comparison with untreated cells. It was interesting to

observe that the percentage of cells in late apoptosis was
significantly higher than the increase observed for early
apoptosis (Fig. 2b).

Ceramide induced formation of reactive oxygen species
and nitrite

Ceramide-induced ROS production is associated to cell
death and ceramide-induced cytotoxicity is often directly
attributed to NO [24,25]. Therefore, we determined the
effect of C6 in ROS and nitrite production at different
times. C6 did not alter ROS concentration after 20 and
40 min of treatment; however, it induced an increase in
ROS concentration of 48, 33 and 53% in CalLo, InBIl and
HelLa cells, respectively, after 60 min in comparison with
untreated control cells (Table 1). Peroxide, which was
used as a positive control to induce ROS, increased ROS
production by 2-fold at all the times tested and in all the
cell lines.

C6 exposure induced a significant rise of NO concentra-
tion in all cell lines (Fig. 3). We observed a 3.9-fold
induction in Hel.a cells, and more than a 4-fold induction
in Cal.o and InBl cells. The maximal increase was
observed after 60 min of treatment. Shorter and longer
exposure times did not have a significant difference in
comparison with untreated cells (data not shown).

Ceramide induced a loss of the mitochondrial mem-
brane potential

Mitochondrial dysfunction has been implicated in the
decrease of transmembrane potential, the accumulation
of ROS, the membrane permeability transition and the
release of apoptotic factors during apoptosis or necrosis
[26]. Cal.o, InBl and Hel.a cells treated with C6 had a
decrease of 65, 36 and 36% in Rh123 uptake, respectively,
in comparison with untreated tumoral cells that showed a
high Rh123 uptake (Figs. 4a and b), thus indicating that
C6 induces the loss of membrane potential and then the
loss of membrane integrity.

Ceramide induced a decrease in reduced glutathione
concentration

Apoptosis or necrosis can be induced by GSH depletion
or destruction in several types of mammalian cells [26];
therefore, we assessed GSH concentration in cells treated
with C6 after 6 h. The results showed that C6 induced a
decrease in GSH concentration of 28, 17 and 46% in
CalLo, InBl and Hel.a cells, respectively, in comparison
with untreated cells (Fig. 5).

Ceramide induced nuclear factor-kB translocation

NF-xB is one of the key regulatory molecules in the
oxidative-stress-induced cell activation, and is directly
influenced by reactive species and proinflammatory
agents [27,28]. As we had observed a reduction of NO
and ROS production in cells treated with C6, we
evaluated NF-xB translocation. A faint basal translocation
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C6-ceramide-induced (C6) morphological changes. Calo, InBl and Hela cells were cultured with 3 umol/l C6 for 3, 6, 12 and 24 h. Papanicolaou
staining of the cells was performed as indicated in Methods. Light microscopy micrographs after a 6-h incubation period are shown; the photograph

magnification is x 100.

of NF-xB was detected in all non-Cé6-treated control
cells. Cé6-treated cells exhibited two nuclear complexes,
which were named complex I and II in terms of their
electrophoretic mobility. C6 induced a 4.5-, 3.1- and 1.6-
fold increase in the nuclear NF-xB complex I in Calo,
InBI and Hela cells, respectively (Fig. 6). C6 did not
modify the NF-kB complex II. Competition experiments
with cold NF-kB specific oligonucleotides confirmed the
specificity of the DNA-binding activity (Fig. 6).

To determine whether NF-xB translocation was asso-
ciated with the degradation of its inhibitor IkB-a, the
expression of the latter was evaluated. As the Western
blot pattern was not affected by C6 treatment, we
conclude that C6 does not affect IkB-a degradation of the
cell lines (Fig. 7).

To determine whether NF-xB translocation is important
in the cell death induced by C6 or is a consequence of
ROS generation, we used the IkB-a kinase inhibitor Bay
11-7082 to determine whether the inhibition of the
proliferation induced by C6 was abrogated in Cal.o cells.
We found that Bay 11-7082, at different concentrations,
did not affect the cell proliferation. When Bay 11-7082
was used in combination with C6, the C6-induced
antiproliferative effect was not reverted (Fig. 8). Similar
results were obtained with HelLa and InBlI cells (data not
shown).

Discussion

We previously demonstrated that ceramide induces cell
death in several cervical cancer cells [11]. As the
mechanism of action remains unclear, in this work we
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C6-ceramide (C6) induced early and late apoptosis. Calo, InBl and HelLa cells were cultured with 3 umol/l or without C8, and cell death was
evaluated 24 h latter (see Methods). The results are shown as histograms in InBl cells (a) or as the percentage of dead cells in all cell lines used (b).
The figure inside the quadrants in the histograms represent the following: |, Pl-positive cells; Il, late apoptotic cells; Ill, nonapoptotic and nonnecrotic

cells; IV, early apoptotic cells.

Table 1 C6 induced an increase in ROS production. Calo, InBl and
Hela cells were cultured with 3 pmol/I C6 or 2 pmol/I H,0, for 20,
40 and 60 min.

Cell line Fluorescence intensity (units)
20 min 40 min 60 min
Calo
control 26424 +£3252 2473411998 20033+2190
C6 3027512534 30490+2769 “29784 +1956
H,0, “112004+10428 °57434+3552  '54129+4320
InBlI
control 71898+ 6453 64932+ 7564 5726616423
C6 72493+ 8567 64 950+ 4560 "76 428 + 7564

Ho0, "256931+30421 "174593+20432 “123493+11323
Hela

control 26 054 +3211 19883+2110 17272+ 2358

Cé 27054+2851  "23772+2765  26524+1789

H,0, "76142+8563 '50961+6542  “38644+4251

ROS concentration was evaluated using DCFDA and flow cytometry (see
Methods). Fluorescence intensity units were calculated multiplying the number of
events by the mean of the fluorescence.

The results correspond to a representative experiment of three independent
assays.

C6, C6-ceramide; H,O,, hydrogen peroxide (positive control); ROS, reactive
oxygen species.

*P<0.01 in comparison to control values.

tried to evaluate the type of cell death and some possible
pathways that might be involved in the Cé6-induced cell
death, in three HPV-18* cervical cancer cell lines.

To determine the time that C6 takes to induce damage,
tumor cells were cultured with C6 and their morphology
was then evaluated at different times. C6 caused a
morphological damage in all tumor cells after 6h of
treatment. Evident cytoplasmic and nuclei characteristics
of damage were observed (Fig. 1). These changes support
the presence of a necrotic process and coincide almost
entirely with our already reported results [11].

To determine the type of cell death induced by C6, we
used a FLICA apoptosis detection kit to detect several
active caspases. After 24h of treatment with C6, the
percentage of cells in early and late apoptosis was
increased (Fig. 2). Late apoptosis is a synonym of
secondary necrosis [29], and is defined by the presence
of nuclear condensation and/or fragmentation along with
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C6-ceramide (C6) induced an increase of nitrite concentration. Calo,
InBl and Hela cells were cultured with 3 umol/l C6 for 1 h. Nitrite
concentration was determined by Griess reagent reactivity (see
Methods). The results shown correspond to a representative
experiment of three independent assays. *Indicates P<0.01 in
comparison to control non-C6-treated cells.
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PI uptake [29]. As our results showed that the majority
of cells had nuclear condensation and PI uptake, we
conclude that C6 induces two different types of cell
death: early and late apoptosis. It has been shown that in
C2-ceramide-induced cytotoxicity in NB16 neuroblasto-
ma cells, there was 25% apoptotic death and that the
majority of cells possessed necrotic morphology, and were
Annexin V and PI positive (necrotic/late apoptotic
fraction) [30], indicating that ceramide is able to induce
apoptosis and necrosis in different cancer cells.

Nevertheless, in this work we did observe morphological
changes associated with apoptotic death such as nuclear
condensation; the difference with our previous report
[11] might be that we evaluated the morphological
changes at shorter periods of time. It is interesting to
observe that C6 triggered early apoptosis in a fraction of
the cells, but cell death was primarily caused by late
apoptosis (Fig. 2). It is possible that cells treated with C6
for long periods of time (48h) have an predominant
cell death by late apoptosis and, therefore, no nuclei
condensation, whereas early apoptosis might be accom-
panied by nuclei condensation.

Mammalian cell death can be induced through oxidative
stress by ROS [25]. Our results showed that C6 induced
an increase in ROS production in all the tumor cells
(Table 1). Although ROS has been associated with
apoptotic death [31], in the A172 human glioma cell,
ceramide causes nonapoptotic cell death by inducing
ROS generation [32].
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C6-ceramide (C86) induced loss of mitochondrial membrane potential. Calo, InBl and Hela cells cultured with 3 umol/I C6 for 3 h were stained with
Rh123 (0.2 mg/ml) for 10 min. After extensive washing, Rh123 uptake was determined by flow cytometry as described in Methods. The results are
shown as histograms (a) or as fluorescence intensity (b). In (a), the dotted line represents C6-treated cells and the continuous line nontreated cells
(control). Fluorescence intensity units were calculated by multiplying the number of events by the mean of the fluorescence. The results correspond
to a representative experiment of three independent assays and represent the mean *the standard deviation of the mean. *Indicates P<0.01 in

comparison to control non-C6-treated cells.
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NO, synthesized from L-arginine by NO synthases,
promotes apoptosis in some cells and inhibits it in others.
This difference might be the consequence of the rate of
NO production and the interaction of NO with biological
molecules such as ROS [33]. The increase in ROS
production that we observed was associated with a rise in
nitrite concentration, indicating a possible increase of NO

Fig. 5
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C6-ceramide (C6) decreased reduced glutathione (GSH)
concentration. Calo, InBl and Hela cells were cultured with 3 umol/I
C6 for 3h before GSH concentration was determined by high-pressure
liquid chromatography (see Methods). The results shown correspond to
a representative experiment of three independent assays. *Indicates a
P<0.01 in comparison to control cells.

Fig. 6

(Fig. 3). Overproduction of NO acts as a proapoptotic
modulator; however, low or physiological concentrations
of NO prevent cells from apoptosis [34]. In CCK-8-
induced pancreatic hypoplasia, it has been shown that
endogenously synthesized NO suppresses apoptosis, but
increases cell death along nonapoptotic pathways [35]. It
is possible that the increase in the nitrite concentration
in cervical tumor cells treated with C6 is associated to a
nonapoptotic cell death.

Mitochondria are one of the most important cellular
sources of ROS owing to their quantitative consumption
of molecular oxygen. ROS cause peroxidation of mem-
brane lipids, cleavage of mitochondrial DNA and impair-
ment of ATP generation, with the resulting irreversible
damage to mitochondria [7]. C6 induced a loss of the
mitochondrial membrane potential indicating mitochon-
drial damage (Fig. 4). Contrary to our results, Kim ¢z /.
(2005) [32] showed that ceramide causes ATP depletion,
without loss of mitochondrial membrane potential, and a
nonapoptotic cell death in A172 human glioma cells,
indicating that ceramide can induce differential effects
depending on the cell type used. The loss of the
mitochondrial membrane potential of all the cell lines
we tested, in association with our previous observations of
a decrease in the 3-(4,5-dimethylthiazol-2yl)-2,5-diphe-
nyl tetrazolium bromide reduction [11], suggest an
important role of the mitochondria in the C6-induced
cell death in cervical tumor cells.

As glutathione is the major nonprotein antioxidant in
mitochondria that protects the cell from oxidative stress
by metabolizing hydrogen peroxide [36,37], it can inhibit
both apoptosis and necrosis. C6 induced a decrease in the
GSH concentration of the cervical cancer cell lines
evaluated (Fig. 5). In other cell lines such as U937
monocytes and Jurkat T cells, the growth arrest and
apoptosis induced by C2 and/or C6 ceramide are
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C6-ceramide (C6)-induced nuclear factor-kB (NF-kB) translocation. Calo, InBl and Hela cells were cultured with 3 umol/I or without C6. NF-xB
translocation was evaluated after 30 min in nuclear protein extracts (10 pg) by electrophoretic mobility shift assay as described in Methods. NF-xB
complex | and Il are shown according to their electrophoretic mobility in 7.5% acrylamide gels. The specificity of NF-kB was tested by adding to
nuclear extracts a 100-fold molar of a cold NF-kB oligonucleotide (Cold competition). The results shown correspond to a representative experiment
of three independent assays. C, control non-C6-treated cells.
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C6-ceramide (C6) did not modify the expression of IkB-o protein. Calo,
InBl and Hela cells were cultured with 3 umol/Il or without C6. Inhibitor
protein of nuclear factor-kB expression was evaluated after 30 min in
cytoplasmic protein extracts (150 pg) by Western blot (see Methods).
B-Actin was used as a load control. The results shown correspond to
a representative experiment of three independent assays. C, control
non-C6-treated cells.
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C6-ceramide (C6)-induced antiproliferative effect was not abrogated by
an inhibitor protein of nuclear factor-kB kinase inhibitor. Calo, InBl and
Hela cells were cultured with different concentrations of Bay 11-7082
alone or in combination with 3 pmol/I C6 and cell proliferation was
evaluated 48 h later (see Methods). C,H5OH (ethanol) and DMSO
(dimethyl sulfoxide), which were used as vehicles of C6 and Bay 11-
7082, respectively, served as controls. The results shown correspond
to a representative experiment of three independent assays. *Indicates
a P<0.01 in comparison to control cells.

preceded by a rise in mitochondrial peroxide production,
and a large time- and dose-dependent loss of cellular
glutathione [31]. In lung epithelial cells, depletion of
glutathione results in ceramide accumulation [38]. Our
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results suggest that GSH depletion, induced by the
addition of exogenous ceramide, may be the link between
oxidative stress and C6-mediated nonapoptotic cell death
in cervical cancer. Our results strongly suggest that the
initial ROS increase is accompanied by an increase in
GSH, but after 60 min of culture time, ceramide-treated
cells show a decrease in GSH concentration and therefore
a relative increase in ROS, which could explain the cell
damage induced by ceramide. It has been shown that the
acidic sphingomyelinase, an enzyme responsible for the
production of ceramide by sphingomyelinase hydrolysis,
induces the production of ROS, accompanied by mito-
chondrial depolarization and GSH depletion, as a result
of the targeting of mitochondria, in the apoptosis
of ceramide-treated rat hepatocytes [39]. It would be
interesting to evaluate the activation of acidic sphingo-
myelinase in C6-treated cervical tumor cells.

Sphingomyelinase and its product ceramide induce the
activation of NF-xB [40], and it is well known that ROS
produced in mitochondria activate transcription factors
such as NF-xB [7]. As we observed an increase in ROS in
Cé6-treated cells, we evaluated the translocation of NF-xB
in these cells. The results presented here show that C6
induces the translocation of NF-xB in all cell lines
(Fig. 6). Other works have shown that C2- and
C6-ceramides induce NF-kB translocation that has been
associated with apoptosis in HCT116 and OVCAR-3
cancer cells [41]. Similarly, an increased ceramide
synthesis has been associated with the inhibition of AP-
1 and NF-kB transactivation in macrophages [42]. We
have previously shown a marked decrease in NF-xB
complex II translocation in cells cultured with dehy-
droepiandrosterone and tumor necrosis factor-a, in which
the translocation of complex I was not affected [43]. Our
results with C6 show that there was an increase in NF-xB
translocation of complex I and there was no effect upon
complex II translocation. Although it has been described
that the p50-p65 heterodimers of NF-xB are involved in
enhancing the transcription of target genes and p50-p50
homodimers in transcription repression [44], the biologi-
cal significance of this difference is not known. It is clear
that regulatory proteins, either lipids or adrenal hor-
mones, use different pathways to activate NF-xB
dimerization [45,46].

The biological activity of NF-xB is tightly controlled by
its inhibitor protein IxB, which binds to and sequesters
NF-«B in the cytoplasm. Upon exposure to extracellular
signals, a series of biochemical events target the inhibitor
protein for degradation, resulting in release and subse-
quent translocation of NF-kB into the nucleus, where it
transactivates the expression of its downstream target
genes [47]. We determined whether the increase in the
translocation of NF-kB induced by C6 was associated
with IxkB-o degradation. C6 did not modify the expression
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of IxkB-a (Fig. 7). Although degradation of IxB proteins in
response to stimuli is an obligatory step in NF-xB
activation [48], recently it has been shown that the
phosphorylation of IxB-a at tyrosine 42 contributes to the
activation of NF-xB transcription activity and its phos-
phorylation at tyrosine 305 is associated with an increase
of IkB-a protein stability [49]. It is probable that C6 can
induce the phosphorylation at tyrosine 305 of IkB-o and
produce its stabilization. When we used an IkB-a kinase
inhibitor in combination with C6, C6-induced antiproli-
feration was not abrogated (Fig. 8), indicating that NF-xB
does not participate directly in the C6-induced cell death
and that cell death may be a consequence of ROS
production induced by Cé.

The results obtained in this work suggest that C6 induces
the generation of ROS and NO, the loss of mitochondrial
membrane potential, the depletion of GSH, and the
which activation of NF-kB as a consequence of ROS
production, which might be a key step in the initiation of
cell death of HPV-positive cervical tumor cells.
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