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a b s t r a c t

Exogenous treatment with monosialoganglioside GM1 has been described to afford protec-

tion against different apoptotic insults. However, the underlying mechanisms remain to be

determined. In this study, we focused on the effect of GM1 on the apoptotic cascade induced

by benzo[a]pyrene (B[a]P) in rat hepatic F258 epithelial cells. We first demonstrated that a co-

treatment with GM1 (80 mM) reduced B[a]P (50 nM)-induced apoptosis as evidenced by a

decrease of both cell population exhibiting nuclear fragmentation and caspase 3 cleavage

and activity. We next showed that the p53 phosphorylation and nuclear translocation as

well as the intracellular alkalinization related to Na+/H+ exchanger 1 (NHE1) activation, two

early events of the apoptosis induced by B[a]P, were not inhibited by GM1. In contrast, the

late mitochondria-dependent acidification elicited by B[a]P was inhibited by GM1 co-treat-

ment, and an inhibition of the oxidative stress was also observed. Because GM1 has been

shown to reduce the low-molecular weight iron content related to ethanol-induced oxida-

tive stress, we finally investigated the involvement of iron under our conditions. Using the

two iron chelators deferiprone and desferrioxamine, we clearly showed that iron played an

important role in B[a]P-induced apoptosis in F258 cells, and that B[a]P-treatment resulted in

a significant GM1-sensitive increase in 55Fe uptake. In conclusion, our results indicate that

exogenous GM1 partly prevents B[a]P-induced apoptosis by interfering with mitochondria-

related intracellular acidification and iron transport.
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1. Introduction

Natural gangliosides have recently been described to be

protective against various apoptotic signals. Monosialoganglio-

side (GM1) has thus been shown to prevent apoptosis induced

by several stimuli, such as the protein kinase C inhibitor

staurosporine and C2-ceramide [1], serum/growth factor with-

drawal [2], or H2O2-induced oxidative stress [3]. Owing to the

importance of gangliosides in the development and function of

the nervous system, most of the studies performed so far have

focused on the protective effects of gangliosides on neuronal

injuries and/or the potential attenuation of neuronal degenera-

tion [2,4]. However, a few works also report on protective effects

of GM1 towards injuries elicited in other cell types, such as

cardiac fibroblasts [1] or hepatocytes [5,6]. The semi-synthetic

GM1 ganglioside LIGA20 has also been shown to be protective

against apoptosis [3] or different injuries, such as cerebral

ischemia [7]. These observations have led several groups to test

the use of GM1 or its derivative LIGA20 in clinical assays [8].

If there is an agreement on the protective effects of

gangliosides on cellular damages, the action mechanisms

underlying these effects and the models in which gangliosides

are protective still need to be precisely evaluated. Among the

possible mechanisms involved, we have recently demon-

strated that GM1 was capable of inhibiting the oxidative stress

induced by ethanol in rat hepatocytes in primary culture, via

an effect on the pool of low molecular weight iron [6]. Whether

such a mechanism can explain the protection afforded under

some other conditions remains however to be tested.

Polycyclic aromatic hydrocarbons (PAHs) such as benzo[a]-

pyrene (B[a]P) constitute a major class of widely distributed

and persistent environmental contaminants, notably found in

cigarette smoke and smoked food. Because of their high

lipophilicity, PAHs easily enter the cell, where they can be

metabolized by xenobiotic metabolizing enzymes, particularly

the cytochomes P450 1 (CYP1). Depending on PAH, metabolism

then leads to the production of reactive electrophilic meta-

bolites and reactive oxygen species (ROS) that form DNA

adducts and induce oxidative DNA damage, thereby causing

mutations and cancer initiation [9]. Besides their well-

described carcinogenic effects, PAHs are also known to induce

acute toxicity, especially through apoptosis induction in

different cell types, e.g. hepatic cells [10,11], ovarian germ

cells [12] or thymocytes [13].

To our knowledge, no study has yet focused on the possible

effects of exogenous gangliosides on the apoptosis induced

upon DNA damage, that is, following activation of the tumor

suppressor p53. The present work was thus performed in order

to test the potential effects of GM1 on the apoptosis induced by

the prototype DNA damaging agent B[a]P in F258 hepatic

epithelial cell line. This model of slow B[a]P-induced apoptosis

allows investigating the effects of GM1 on different steps of the

apoptotic pathways induced by a low concentration of this

carcinogen (50 nM). Indeed, we have previously shown that

two pathways were involved in the development of apoptosis

in F258 cells: the p53 pathway due to DNA damage and a

permissive pathway resulting from Na+/H+ exchanger 1 (NHE1)

activation triggered by the early ROS production resulting

from PAH-metabolism via CYP1 activity [10]. These two

pathways have been further shown to target mitochondria
in these cells, leading to late ROS production, secondary

intracellular acidification and caspase activation. Therefore,

this model of apoptosis appears to be appropriate for testing

the effects of GM1 on different intracellular apoptotic events.

The present study indicates that a co-treatment with GM1

reduces B[a]P-induced apoptosis, through an effect on mito-

chondria-dependent acidification and ROS production as well

as interference with uptake of low molecular weight iron.
2. Methods

2.1. Chemicals

B[a]P, a-naphthoflavone (a-NF) and desferrioxamine were pur-

chased from Sigma–Aldrich (Saint Quentin Fallavier, France).

Monosialoganglioside GM1 was purchased from Alexis (Coger,

Paris, France), and deferiprone (1,2-dimethyl-3-hydroxy-4-

pyridone) from Acros (Acros Organics, Noisy Le Grand, France).

2.2. Cell culture and treatment

F258 cells were grown in Williams’ E Medium (Gibco Invitrogen

Corporation, Paisley, Scotland, UK) supplemented with 10%

FCS, 5 U/mL of penicillin, 0.5 mg/mL streptomycin and 2 mM L-

glutamine in a humidified atmosphere, in 5% CO2 at 37 8C.

Cells growing in exponential phase were treated with 50 nM

B[a]P and/or the different test compounds (applied to cells 2 h

prior to B[a]P exposure) for various treatment times.

2.3. Visualization of chromatin fragmentation

After treatment, both adherent and floating F258 cells were

collected, centrifuged and incubated with the nuclear dye

Hoechst 33342 (0.5 mg/mL; Molecular Probes, Leiden, Holland)

in phosphate-buffered saline (PBS), at room temperature for

15 min. The percentage of apoptotic cells was determined by

UV fluorescence microscopy (Olympus BX60), counting nuclei

with condensed or fragmented chromatin (i.e. morphology

corresponding to late apoptotic cells) beyond a total of a

minimum of 200 nuclei counted (normal and apoptotic). At

least three independent experiments were performed per

condition tested.

2.4. Measurement of caspase-3 activity

Caspase activity assay has been previously described [14].

Briefly, both adherent and floating F258 cells were lysed in the

caspase activity buffer. A 40 mg of crude cell lysate proteins were

incubated with 80 mM DEVD-AMC for 2 h at 37 8C. Caspase-

mediated cleavage of DEVD-AMC was measured by spectro-

fluorimetry (Spectramax Gemini, Molecular Devices, Sunny-

vale, CA, USA) at the excitation/emission wavelength pair of

380/440 nm. Three independent experiments, performed in

triplicate, were carried out for each experimental condition.

2.5. Western blot analysis of caspase-3 cleavage

After treatment, both floating and adherent cells were

harvested, centrifuged, washed with PBS and lysed for
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20 min on ice in RIPA buffer (50 mM Tris–HCl, pH 8, 150 mM

NaCl, 5 mM EDTA, 50 mM NaF, 1% Triton X-100, 0.5% sodium

deoxycholate and 0.1% SDS) supplemented with 1 mM

phenylmethylsulfonyl fluoride (PMSF), 5 mg/mL leupeptin,

0.5 mg/mL aprotinin, 0.5 mM dithiothreitol (DTT) and 1 mM

Na3VO4. Then, DNA and cell debris were removed by

centrifugation at 13,000 rpm for 15 min at 4 8C. The resulting

supernatants were collected and frozen at �80 8C. A 40 mg of

proteins from each sample were analyzed by 12.5% SDS-

polyacrylamide gel electrophoresis and electroblotted over-

night onto nitrocellulose membranes (Amersham Biosciences

Europe, Orsay, France). Following a 2 h-blocking period with

Tris–buffered saline (TBS) containing 4% BSA and 0.1% Tween

20, at room temperature, membranes were incubated for 2 h

with rabbit anti-caspase 3 antibody (sc-7148, Santa Cruz

Biotechnology, Tebu-bio SA, Le Perray en Yvelynes, France).

After washing with TBS-Tween 0.1%, blots were finally

incubated with anti-rabbit horseradish peroxidase-conju-

gated secondary antibody for 1 h at room temperature and

proteins were visualized by chemiluminescence. Equal load-

ing was checked by mouse anti-HSC 70 (sc-7298, Santa Cruz

Biotechnology) immunoblotting.

2.6. Water-soluble B[a]P metabolite analysis

Water-soluble B[a]P metabolite production was analyzed

using the chloroform/methanol extraction technique [15].

F258 cells were pretreated for 24 h with 10 nM TCDD

(tetrachlorodibenzo-p-dioxin, Cambridge Isotopes Labora-

tories, Cambridge, MA, USA), in order to induce CYP1 family

members. Cells were then treated with 50 nM 3H-B[a]P (50 Ci/

mmol, Isobio, Fleurus, Belgium) in the absence or presence of

either a-NF (10 mM) or GM1 (80 mM). After washing with PBS,

cells were lysed in 400 mL of water and B[a]P metabolites of cell

lysates were separated using 9 mL of chloroform/methanol (v/

v, 2/1). The radioactivity of the water-soluble phase (contain-

ing water-soluble B[a]P metabolites) was analyzed by scintilla-

tion counting (Beckman Coulter). Results, expressed as

percentage of vehicle (DMSO), untreated counterparts, are

given as means of three independent experiments.

2.7. Immunofluorescence labeling of phosphorylated-p53

F258 cells were seeded on glass coverslips and treated. After

washing in PBS, adherent cells were fixed with 4% parafor-

maldehyde in PBS for 30 min at 4 8C and then washed three

times with PBS. Cells were next incubated for 1 h at room

temperature with a blocking-permeabilizing solution (0.2%

saponin–0.2% BSA in PBS), and then incubated for 2 h at room

temperature with primary rabbit polyclonal antibody p-p53

(Ser15)-R (sc-11764-R; Santa Cruz Biotechnology). After wash-

ing, cells were stained with TRITC-conjugated anti-rabbit IgG

for 1 h at room temperature. Thereafter, cells were co-stained

by applying a 15 min-incubation in a blocking solution

containing 1 mg/mL DAPI, a fluorescent dye specific for DNA.

After washing, coverslips were finally mounted with PBS-

glycerol-Dabco. Fluorescent-labeled cells were captured with a

DMRXA Leica microscope and a COHU high performance CCD

camera, using Metavue software. Data are representative of

three independent experiments.
2.8. Reactive oxygen species (ROS) production

Kinetic studies previously performed in the F258 cell model

have shown that 24 h of B[a]P (50 nM)-treatment resulted in an

H2O2 production (analyzed by H2-DCFDA), in the absence of

any O2
�� production (analyzed by DHE) [10]. This H2O2

production was found to be dependent on B[a]P metabolism

via CYP1 activity (since inhibited by a-NF; [10]); it occurred

independently of any mitochondrial dysfunction, since no

effect of either bongkrekic acid or oligomycin, two specific

inhibitors of mitochondrial alterations which inhibited B[a]P-

induced apoptosis [10,16], was detected following 24 h of

treatment with B[a]P (unpublished data). In contrast, the O2
��

production measured following a 48 h-treatment was related

to mitochondrial dysfunction since inhibited by both bongk-

rekic acid and oligomycin (unpublished data).

ROS production related to B[a]P-metabolism via CYP1

activity was thus detected after 24 h of B[a]P-treatment using

the oxidation-sensitive fluorescent probe dihydrodichloro-

fluorescein diacetate (H2-DCFDA, 1 mM; Molecular Probes) [10].

After a 24 h-co-incubation period with B[a]P and the fluorop-

robe, cells were collected, washed twice with ice-cold PBS and

analyzed using a FACSCalibur flow cytometer (Becton-Dick-

inson, Franklin Lakes, NJ), as previously described. The

illustrated histograms are representative of three independent

experiments.

Regarding mitochondria-dependent ROS production, this

was detected after 48 h of B[a]P-treatment using the oxidation-

sensitive fluorescent probe dihydroethidium (DHE, Molecular

Probes). After 48 h of treatment, cells were collected and

loaded with DHE (5 mM) for 20 min at 37 8C. Cells were then

washed twice with ice-cold PBS and analyzed using a

FACSCalibur flow cytometer. The illustrated histograms are

representative of three independent experiments.

2.9. Analysis of lipid peroxidation

Lipid peroxidation was measured using the fluoroprobe C11-

BODIPY581/591 (4,4-difluoro-5-[4-phenyl-1,3-butadienyl]-4-bora-

3a,4a-diaza-s-indacine-3-undecanoic acid; Molecular Probes),

that incorporates into cell membranes, thereby allowing

detection of lipid peroxidation. Following 48 or 72 h-treatment

of cells with 50 nM B[a]P and/or test compounds, medium was

removed and cells were incubated for 2 h at 37 8C with medium-

diluted probe (from 2 mM stock in DMSO) at a final concentra-

tion of 10 mM. After washing in PBS, the oxidation of C11-BODIPY

was measured by spectrofluorimetry (Spectramax Gemini,

Molecular Devices), using two couples of wavelengths that

allow measurement of the amount of oxidized (lexc = 485 nm–

lem = 535 nm) and non-oxidized probe (lexc = 590 nm–

lem = 635 nm). Lipid peroxidation was quantified by calculating

the ratio of fluorescence between oxidized probe and total

probe, which is independent of protein content [17].

2.10. Measurement of pHi

The pHi of F258 cells cultured on glass coverslips was

monitored using the pH-sensitive fluorescent probe, car-

boxy-SNARF-1 (carboxy-seminaphtorhodafluor; Molecular

Probes), as previously described [10]. Briefly, SNARF-loaded
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cells were placed in a continuously perfused recording

chamber (at a temperature of 36 � 1 8C) mounted on the stage

of an epifluorescent microscope (Nikon Diaphot). F258 cells

were then excited with light at 514 nm and fluorescence from

the trapped probe was measured at 590 and 640 nm. The

emission ratio 640/590 nm (corrected for background fluores-

cence) detected from intracellular SNARF was calculated and

converted to a linear pH scale using in situ calibration obtained

by the nigericin technique.

2.11. Analysis of the iron uptake

F258 cells were treated for 48 or 72 h with B[a]P (50 nM). During

the last hours of treatment, F258 cells were also incubated for

various times (3–24 h) with 10 mM of [55Fe]-iron chloride

(55FeCl3 81.07 mCi mg�1; Perkin-Elmer, Boston, MA). Following

incubation, cells were washed three times with ice-cold PBS

and lysed in 400 mL of water. Labeled iron uptake was

measured from 300 mL of cell lysates mixed with 4 mL of

MicroscintTM 20 scintillator (Packard) using a scintillation

counter (Packard Instrument Co., Meriden, USA). The total iron

uptake was calculated for each experiment from a linear scale

determined using the same 55Fe solution as the one used for

cells. The amounts of proteins in cell lysates were then

measured by the Bradford technique and quantities of

normalized iron-uptake were deduced from radioactivity

measurement corrected for by protein content.
Fig. 1 – GM1 partly protected F258 cells from B[a]P-induced apop

(50 nM) in the presence or not of GM1 (0–90 mM) for 72 h. After co

apoptotic cells was obtained by fluorescence microscopy analy

are given as mean W S.E.M. of six independent experiments. (B) C

or not (vehicle: DMSO) of 80 mM of GM1. Caspase activity (as de

spectrofluorimetry following a 72 h-treatment. Data are given as
**p < 0.01, ***p < 0.001 B[a]P vs. GM1 + B[a]P. (C) Cleavage of procas

(+) or not (S) with B[a]P and/or GM1 for 72 h. Blot representative

used as loading control.
The effect of test compounds on B[a]P (72 h)-induced iron

uptake was analyzed using the same procedure as above but

only with a 6 h-incubation of cells with 10 mM of [55Fe]-iron

chloride.

2.12. Statistical analysis

All data are quoted as mean � standard error of mean along

with number of observations, n, corresponding to the number

of separate cultures used. Analysis of variance followed by

Newman–Keuls test was used to analyse the statistical

significance of differences between treatments. Differences

were considered significant at the level of p < 0.05.
3. Results

3.1. GM1 prevents B[a]P-induced apoptosis in F258 cells

The first set of experiments was carried out in order to

evaluate the effect of GM1 on the apoptosis induced by a 72 h-

treatment of F258 cells with B[a]P (50 nM). As shown in Fig. 1A,

co-treatment with GM1 resulted in a dose-dependent reduc-

tion of apoptosis (as quantified by Hoechst 33342 staining of

chromatin), with a maximum effect of about 30% at a

concentration of 80 mM. Using propidium iodide (which stains

only nucleus of necrotic cells), we verified that the protection
tosis. (A) F258 cells were treated or not (control) with B[a]P

llection and staining with Hoechst 33342, the percentage of

sis of chromatin condensation and fragmentation. Results

ells were treated or not (control) with B[a]P in the presence

tected by cleavage of DEVD-AMC) was measured by

mean S.E.M. of three independent experiments. *p < 0.05,

pase 3 was analysed by western blotting from cells treated

of three independent experiments. Detection of HSC70 was
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Fig. 2 – No effect of GM1 on the production of soluble

metabolites and on the metabolism-related H2O2

production in B[a]P-treated F258 cells. (A) After a 24 h-

treatment with TCDD, F258 cells were treated for 4 h with

50 nM 3H-B[a]P in the presence or not (vehicle: DMSO) of

either 80 mM GM1 or 10 mM a-NF. The production of

hydrosoluble B[a]P metabolites was then analyzed with a

scintillation counter. A sample free of cells was used as

negative control. Results are given as % of metabolic

production measured from vehicle B[a]P-treated cells (n = 3

independent experiments). *p < 0.05: B[a]P vs.

inhibitor + B[a]P. (B) Cells were treated or not (control) for

24 h with B[a]P 50 nM in the presence or not (vehicle: DMSO)

of GM1 (80 mM). H2O2 production was analyzed using H2-

DCFDA and flow cytometry. A 20 min-treatment with H2O2

was used as positive control for ROS production. Peaks are

representative of three independent experiments.

Fig. 3 – GM1 did not affect p53 activation in B[a]P-treated

F258 cells. p53 phosphorylation on serine 15 and

translocation to the nucleus were analyzed by

immunofluorescence. F258 cells were seeded on glass

coverlips, treated with B[a]P 50 nM W GM1 80 mM for 48 h

and immunostained with specific phospho-p53 antibody.

Control: B[a]P-untreated cells; vehicle: DMSO-treated,

GM1-untreated cells. Arrow heads indicate the presence of

p-p53 in cell nuclei.
afforded by GM1 (80 mM) was not linked to a shift of cell death

from apoptosis to necrosis (data not shown). Such a protective

effect was confirmed when looking at the caspase 3 activation;

indeed, a significant inhibition of the B[a]P-elicited increase in

caspase 3 activity (as determined by DEVD-AMC cleavage

measurements) was evidenced in cells co-treated with GM1

(Fig. 1B). Moreover, this decrease in activity occurred along

with a clear reduction of caspase 3 cleavage (as determined by

Western Blot analysis; Fig. 1C).

3.2. Effects of GM1 on the apoptotic cascade induced by
B[a]P in F258 cells

Before looking at the possible events in the B[a]P-induced

apoptotic cascade sensitive to GM1, we first tested the effect of
this ganglioside on B[a]P-metabolism via CYP1 activity. To this

aim, the production of B[a]P metabolites and of metabolically

related H2O2 was estimated in the presence of GM1 (80 mM). In

Fig. 2A, the production of soluble B[a]P metabolites was

estimated using 3H-B[a]P. Whereas, as expected, the well-

known CYP1 inhibitor a-naphthoflavone (10 mM) prevented

metabolite production, no such a prevention was observed in

the presence of GM1. Similarly, the related H2O2 production

detected following a 24 h-treatment with 50 nM B[a]P

remained unaffected, as evidenced by the rightward shift of

DCF-fluorescent peak in co-treated cells (Fig. 2B). Altogether,

these results rule out any effect of GM1 on CYP1-dependent

metabolism of B[a]P.

The next set of experiments was performed in order to

seek a possible action of GM1 on different known events of

the B[a]P-elicited apoptotic cascade. As we have previously

shown that two parallel pathways were involved in this

cascade, that is, on one hand the p53 pathway and on the

other hand the NHE1 pathway [10,18], we decided to test first

the effects of GM1 on the p53 activation and translocation.

Based upon the fact that Serine 15-phosphorylation of this

protein appears to be particularly important for its function,

activation and nuclear translocation of this tumor suppres-

sor protein were studied using staining of the Ser15-

phosphorylated form of p53 by a specific antibody and

analysis of the subcellular localization of this form by

immunocytochemistry. The data illustrated in Fig. 3 clearly

show that B[a]P-induced p53 activation and translocation

remained unaffected by the presence of 80 mM GM1.

Regarding the NHE1 pathway, the effects of GM1 (80 mM)

were tested on the intracellular alkalinization which has

been previously related to NHE1 activation upon B[a]P-

treatment of F258 cells [10]. As shown in Fig. 4A, the alkaline
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Fig. 4 – GM1 inhibited mitochondrial dysfunction. (A) Effects of GM1 (80 mM) on the pHi variations induced by B[a]P (50 nM) in

F258 cells following 48 or 72 h of treatment. pHi measurements were performed using the pH-sensitive fluorescent probe,

carboxy-SNARF-1. The graph represents the mean W S.E.M. of DpHi (pHi{B[a]P} S pHi{control}) of eight experiments. (B) Effects of

GM1 (80 mM) on the O2
�S production recorded from F258 cells treated with B[a]P for 48 h. O2

�S production was analyzed

using DHE probe and flow cytometry. A 20 min treatment with menadione was used as positive control. The illustrated

peaks are representative of three independent experiments. (C) Effects of GM1 (80 mM) on the lipid peroxidation recorded

using the C11-BODIPY581/591- probe from F258 cells treated with B[a]P for 48 h (n = 3 independent experiments, results are

expressed relatively to corresponding control, B[a]P-untreated cells, i.e. with vehicle or inhibitor alone, for each condition).
*p < 0.05, **p < 0.01: Control vs. B[a]P or B[a]P vs. inhibitor + B[a]P. In all panels, vehicle corresponds to DMSO-treated, GM1-

untreated cells.
pHi variation induced by a 48 h-treatment with 50 nM of

B[a]P was not significantly affected by the presence of GM1.

Altogether, these results show that neither p53 nor NHE1

activation by B[a]P were modified by GM1.

Our previous work has demonstrated that following

activation of these two pathways, B[a]P elicited mitochondrion

dysfunction leading to the development of a secondary

intracellular acidification and a late ROS production [10,18].

In this context, we decided to look for possible effects of GM1

(80 mM) on these two mitochondria-related events. As shown

in Fig. 4A, the acid pHi variation induced by a 72 h-treatment

with B[a]P (50 nM) was fully prevented by GM1. Regarding

mitochondrial ROS production, this has been previously

reported to be responsible for lipid peroxidation elicited by

B[a]P-treatment [19]. In this context, the effects of GM1 were

next evaluated on both mitochondrial ROS production

(estimated by the rightward shift of DHE-related fluorescent

peak as detected by flow cytometry) and lipid peroxidation

following a 48 h-treatment with B[a]P (50 nM). As shown in

Fig. 4B and C, GM1 prevented these two phenomena.

Altogether, these results point to mitochondrion as a target

for GM1 protective action towards B[a]P-induced apoptosis

since acidification and oxidative stress were inhibited in the

presence of GM1.
3.3. Iron is involved in the apoptotic process elicited by
B[a]P in F258 cells

Based upon our recent observation showing a protective effect

of GM1 on ethanol-induced oxidative stress and lipid

peroxidation via an effect on low molecular weight iron pool

in rat hepatocytes [6], and having demonstrated that GM1 was

capable of inhibiting B[a]P-induced oxidative stress in F258

cells, we then decided to focus on the possible involvement of

iron in the toxic effects of B[a]P, with the aim of testing GM1 on

these alterations, if any. We first demonstrated the involve-

ment of iron in B[a]P-induced apoptosis by means of two

commonly used iron chelators, desferrioxamine (which is not

capable of entering cells by passive diffusion and is hence

mostly located within the late endosomes and lysosomes after

endocytosis; [20]) and deferiprone. Indeed, co-treatment of

F258 cells with 50 nM B[a]P and either 4 mM desferrioxamine or

60 mM deferiprone for 72 h resulted in a significant inhibition

of the related apoptosis, as evidenced by the reduced

percentage of cells exhibiting nuclear fragmentation (as

estimated by Hoechst 33342 staining; Fig. 5A and B). In order

to confirm such a protective effect of iron chelators, we next

investigated their effects on B[a]P-related lipid peroxidation

following a 48 or 72 h-treatment (Fig. 5C and D, respectively).
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Fig. 5 – Iron was involved in B[a]P-induced apoptosis in F258 cells. Effects of two iron chelators, deferiprone 60 mM (A) and

desferrioxamine 4 mM (B) on B[a]P (50 nM, 72 h)-induced apoptosis in F258 cells. Cells with apoptotic morphology were

analyzed by fluorescence microscopy after Hoechst 33342 staining. The data are given as means W S.E.M. of three (A) or five

(B) independent experiments. (C and D) Iron chelators inhibited B[a]P-induced lipid peroxidation following 48 h (C) or 72 h

(D) of treatment. Lipid peroxidation was measured using the C11-BODIPY581/591 probe and the results were expressed

relatively to corresponding control, B[a]P-untreated cells, i.e. with vehicle or inhibitor alone, for each condition

(n = 4 independent experiments). *p < 0.05, **p < 0.01: control vs. B[a]P or B[a]P vs. inhibitor + B[a]P. In all panels, vehicle

corresponds to DMSO-treated, iron chelator-untreated cells, and control to B[a]P-untreated cells.
Following 72 h of co-treatment, lipid peroxidation was fully

inhibited whatever the chelator used, whereas after 48 h,

desferrioxamine was found to be more potent than defer-

iprone. Altogether, these results strongly support a role for low

molecular weight iron in the toxic effects of B[a]P observed in

F258 cells.

3.4. GM1 inhibits the B[a]P-induced increase of iron uptake
in F258 cells

Since iron has been largely described as being involved in ROS

production and lipid peroxidation (for review, see [21]) and in

order to get further insight into the interactions of B[a]P with

iron metabolism, we decided to quantify the iron uptake in

F258 cells following various treatment times with B[a]P. The

uptake of 55Fe was estimated in these cells over an incubation

period of 3–24 h using labeled iron; in other words, 55Fe was

added to cell culture media during the last 3, 6, 12 or 24 h of

treatment until collection of cells. As illustrated in Fig. 6A, a

significant increase in iron uptake was detected in F258 cells

treated with 50 nM B[a]P following a 48 h-treatment. Such an

effect was amplified when cells were further treated with

B[a]P, since the differences between control and treated cells

were already significant following a 3 h-incubation with 55Fe

(Fig. 6B). Besides, we found that these effects of B[a]P on 55Fe

uptake were dose-dependent (data not shown). Fig. 6C clearly

shows that this increase in iron uptake upon B[a]P exposure
was related to both B[a]P metabolism by CYP1 and cytoske-

leton since both a-naphthoflavone (10 mM) and cytochalasin B

(100 mM), an inhibitor of actin polymerization, prevented the

B[a]P-induced increase of 55Fe uptake in F258 cells. Note that

cytochalasin B was found to inhibit B[a]P-induced apoptosis by

about 30%, as estimated by Hoechst staining of chromatin

(data not shown).

Finally, in order to test whether GM1 was protecting F258

cells from B[a]P-induced apoptosis by reducing the related

enhancement of iron uptake, 55Fe uptake was measured in

cells co-treated with B[a]P and GM1 (55Fe present in culture

media within the last 6 h of treatment). As shown in Fig. 6C,

the increase in iron uptake elicited by B[a]P exposure was

markedly inhibited under such conditions, since no significant

difference in the iron incorporation was found between GM1-

treated and B[a]P plus GM1-treated cells.
4. Discussion

In order to gain insight into the protective action of GM1

against chemically induced apoptosis, we tested its effect on

different events of the cell death cascade elicited by B[a]P in

F258 cells [10]. Since the protection by GM1 was partial, one

could have supposed either a partial inhibition of B[a]P

metabolism through CYP1 (as already evidenced for various

compounds [22]), or a blockage of the permissive pathway
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Fig. 6 – GM1 inhibited B[a]P-induced iron uptake in F258 cells. (A and B) Iron uptake was increased in B[a]P-treated cells. F258

cells were treated for 48 h (A) or 72 h (B) with 50 nM B[a]P. At different times before the end of treatment (3, 6, 12 or 24 h),

cells were also exposed to 55Fe. 55Fe uptake was analyzed by scintillation counting and normalized by total protein content.

The data are given as means W S.E.M. of three independent experiments. (C) Effects of GM1 (80 mM) on 55Fe uptake detected

from B[a]P (50, 72 h)-treated cells. The effects of a-NF (10 mM) and cytochalasin B (100 mM) were also tested. A 6 h before the

end of treatment, cells were co-exposed to 55Fe. 55Fe uptake was analyzed by scintillation counting and normalized by total

protein content. The results were expressed relatively to corresponding control, B[a]P-untreated cells, i.e. with vehicle or

inhibitor alone, for each test compound (n = 6 independent experiments). *p < 0.05, **p < 0.01, ***p < 0.001: control vs. B[a]P or

B[a]P vs. inhibitor + B[a]P. In all panels, control corresponds to B[a]P-untreated cells.
related to NHE1 activation whose inhibition protects cells

towards B[a]P-elicited apoptosis to an extent similar to that

found with GM1 [10]. Regarding the former hypothesis,

however, different observations argue against it: (1) GM1 did

not alter the level of water-soluble B[a]P-metabolite produc-

tion; (2) the H2O2 production related to B[a]P metabolism

remained unaffected. Therefore, GM1 appears to protect F258

cells independently of an action on PAH metabolism. It is

worth noting that the activation of p53 pathway, known to be

triggered following DNA damage by reactive metabolites [23],

was not affected by GM1. Regarding an effect on NHE1

activation, this is unlikely to occur since the related

intracellular alkalinization was not prevented by this com-

pound. It therefore seemed that GM1 was acting downstream

NHE1 and p53 activation.

Different studies, including ours, have shown that a

mitochondrial dysfunction is associated with PAH-induced

apoptosis [10,18,24]. In order to test the effects of GM1 on

mitochondrion, we focused on intracellular acidification and

ROS production, two phenomena related to mitochondria

dysfunction in B[a]P-treated F258 cells [10,18]. Given that GM1

may interfere with the development of not only ROS production

but also lipid peroxidation [6], we decided to evaluate the effects

of GM1 on oxidative stress by both analysing ROS production

and quantifying oxidative damage on lipids. Our data clearly
show that GM1 prevented mitochondria-dependent B[a]P-

induced acidification, therefore suggesting an effect, direct or

not, of this compound on mitochondria. It is worth noting that

an in vivo treatment of rats with GM1 has been reported to

prevent the mitochondrial damage elicited in vitro in hippo-

campal slices [25]. With respect to the mitochondria-related

oxidative stress, we also found a protection by GM1. In total,

although GM1 interferes with mitochondrion-related oxidative

stress in F258 cells, similarly to other models [6,26], the present

data are the first to show that GM1 is protective against

apoptosis also by interfering with mitochondrion-related

acidification. Note that we have recently shown this acidifica-

tion to be an important factor in the B[a]P-induced apoptosis in

F258 cells [16].

The observation that exogenous GM1 interferes with

mitochondria-dependent events puzzled us since GM1 is

supposed to incorporate into plasma membrane and to

undergo recycling through endosomal and lysosomal mem-

branes [27]. One explanation might be that upon exposure to

exogenous GM1, survival pathways would be activated, as

previously observed [4,28], thereby possibly controlling the

expression of anti- or pro-apoptotic proteins. With regard to

that point, it is worth noting that (1) we have found that B[a]P-

induced acidification is related to F0F1-ATPase [16] and that (2)

Bcl-2 is capable of modulating this ATPase and hence the
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related cytosolic acidification during cardiac ischemia [29]. In

this context, the effects of GM1 on survival signalling path-

ways as well as on Bcl-2 family proteins clearly need further

investigation.

Our recent data demonstrating an inhibitory effect of GM1

on the increase in intracellular low molecular weight iron pool

elicited by exposing hepatocytes to ethanol [6], encouraged us

first to test the involvement of iron in B[a]P-induced apoptosis

and second, should any involvement be detected, to look at the

effects of GM1 on iron uptake. Indeed, besides its essential role

in cell functions, this metal, known to be trafficked by the

endosomal–lysosomal route (for review, see [30]), is also

commonly recognized to be highly toxic when present in its

free chelatable form within cells, notably by catalyzing the

generation of highly toxic ROS through reduction of H2O2 to

OH� via the iron-catalyzed Fenton/Haber-Weiss reactions [21].

In order to test the involvement of iron in cell processes,

specific chelators are often used [31]. Here, we determined for

the first time that B[a]P-induced oxidative stress was linked to

iron in our model, since both desferrioxamine and deferiprone

markedly inhibited lipid peroxidation. Besides, as these

compounds significantly reduced B[a]P-induced apoptosis

(at a higher level than that obtained when lipid peroxidation

was prevented by Vitamin E: decrease by 46.1 � 15.8%

[deferiprone] and 47.8 � 6.1% [desferrioxamine] versus 17.8

� 9.5% [Vitamin E], n = 5), iron might play a role independently

of its role in lipid peroxidation process. The fact that

desferrioxamine, which localizes almost exclusively within

lysosomes following endocytic uptake [20], was protective

under our conditions, has to be emphasized since this might

further suggest the involvement of the lysosomal pool of free

iron. However, how this pool would be released during B[a]P-

elicited apoptosis remains to be determined.

Focusing on iron implication, we then wanted to test

whether B[a]P induces changes in iron content, especially by

modulating its uptake. Our observations that iron uptake was

enhanced by B[a]P treatment is consistent with the observed

protective effect of iron chelators, whose action is to markedly

reduce the intracellular free iron content. The B[a]P-induced

iron uptake was further shown to be dependent on B[a]P

metabolism and on active endocytosis, since inhibited by the

CYP1 inhibitor a-NF and by cytochalasin B, respectively. With

respect to the protective effect of GM1, the present results

show an inhibition of iron uptake by this compound, which

might explain its inhibitory effect on B[a]P-elicited lipid

peroxidation. It is worth emphasizing here that cytochalasin

B, besides fully blocking B[a]P-induced 55Fe uptake, also

reduced the related apoptosis to the same extent as GM1,

thus pointing to an effect of GM1 on endocytosis process.

However how GM1 affects iron uptake has yet to be

determined. Several works have shown that an increase in

iron uptake can derive from an increase in transferrin receptor

CD71 expression and/or turnover [30,32]. In this context, one

might then suppose that GM1, as one of the natural membrane

components, might incorporate into plasma membrane when

exogenously applied, thereby modifying the lipid bilayer

composition. Such an incorporation might lead to stabilization

of membrane fluidity thus directly blocking endocytosis

phenomenon, and hence interfering e.g. with transferrin

turnover [33]. Note that stimulation of iron transport by
calcium has been previously shown to depend on membrane

fluidity [34]. Besides, different studies have shown that GM1

prevented both the toxic effects and the increase in fluidity

elicited by various exogenous stimuli [5,6,35]. It is also worth

emphasizing here that B[a]P per sehas been reported to perturb

the physical organization of phosphatidylcholine membranes

[36]; this might thus support the idea of an increase in iron

uptake elicited by B[a]P-induced membrane fluidity changes

which might be prevented by GM1. Another possibility might

stem from the observation that exogenous GM1 activates

several signaling cascades in different cell models [37], which

might then alter either the expression of proteins involved in

iron import, such as CD71 or divalent metal transporter

(DMT1) [38], or endocytosis processes [39]. Finally, another

important aspect to be considered is the possible effect of

exogenous GM1 on lipid rafts of B[a]P-treated cells, since these

microstructures are involved in endocytosis process (for

review, see [40]). Regarding that point, suffice it to say that

exogenous application of gangliosides have been shown to

displace glycosyl phosphatidyl inositol (GPI)-proteins nor-

mally anchored in Triton X100 (4 8C)-insoluble rafts towards

soluble domains [41].

In conclusion, along with our previous data on hepatocytes

showing that GM1 was protective towards ethanol-induced

toxicity by preventing the related increase in low molecular

weight iron, we now present evidence that exogenous GM1

treatment affords some protection towards apoptosis trig-

gered by DNA-damage not only through interfering with iron

transport alterations but also through targeting of the

mitochondrion-dependent acidification previously shown to

be related to apoptosis.
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