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b Inserm U620, Université Rennes 1, IFR 140, 2 av Pr. Léon Bernard, 35043 Rennes Cédex, France
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Abstract

The present study compares and elucidates possible mechanisms why B[a]P induces different cell signals and triggers apparently
different apoptotic pathways in two rather similar cell lines (hepatic epithelial cells of rodents). The rate and maximal capac-
ity of metabolic activation, as measured by the formation of B[a]P-tetrols and B[a]P-DNA adducts, was much higher in mouse
hepatoma Hepa1c1c7 cells than in rat liver epithelial F258 cells due to a higher induced level of cyp1a1. B[a]P increased intra-
cellular pH in both cell lines, but this change modulated the apoptotic process only in F258 cells. In Hepa1c1c7 cells reactive
oxygen species (ROS) production appeared to be a consequence of toxicity, unlike F258 cells in which it was an initial event
The increased mitochondrial membrane potential found in F258 cells was not observed in Hepa1c1c7 cells. Surprisingly, F258
cells cultured at low cell density were somewhat more sensitive to low (50 nM) B[a]P concentrations than Hepa1c1c7 cells. This
could be explained partly by metabolic differences at low B[a]P concentrations. In contrast to the Hepa1c1c7 model, no activa-
tion of cell survival signals including p-Akt, p-ERK1/2 and no clear inactivation of pro-apoptotic Bad was observed in the F258

model following exposure to B[a]P. Another important difference between the two cell lines was related to the role of Bax and
cytochrome c. In Hepa1c1c7 cells, B[a]P exposure resulted in a “classical” translocation of Bax to the mitochondria and release
of cytochrome c, whereas in F258 cells no intracellular translocation of these two proteins was seen. These results suggest that
the rate of metabolism of B[a]P and type of reactive metabolites formed influence the resulting balance of pro-apoptotic and
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anti-apoptotic cell signaling, and hence the mechanisms involved in cell death and the chances of more permanent genetic

damage.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are major
environmental and occupational pollutants formed dur-
ing incomplete combustion (burning) of organic material
such as gasoline, diesel fuel, coal, oil, tobacco and during
the grilling, barbecuing or smoking of food [1]. These
substances are therefore found in air, water, soil and food,
and based on epidemiological and animal studies many
of them are considered to be carcinogenic [2].

Several PAHs, including benzo[a]pyrene B[a]P,
bind and activate a ligand-dependent transcription fac-
tor termed the aryl hydrocarbon receptor (AhR) [3].
Ligand-activated AhR complexes can interact with spe-
cific promoter elements called AhR-mediated aromatic
hydrocarbon response elements (AHRE), which are
present in the 5′-region of a subset of cellular genes
including cyp1a1, cyp1a2 and cyp1b1. In this way, the
PAHs promote their own metabolism. In general, most
of the parent compounds are detoxified. However, PAHs
may also damage the cells by being metabolized to reac-
tive electrophilic species that covalently bind to cellular
macromolecules including DNA. Presently, the most
mutagenic and tumorigenic diol-epoxides are considered
to be those formed at the bay region of PAHs. These
diol-epoxides are partly protected from hydrolysis by
epoxide hydrolase due to steric hindrance. The reactive
electrophilic B[a]P metabolite r-7,t-8-dihydrodiol-t-
9,10-oxy-7,8,9,10-tetrahydrobenzo[a]-pyrene (BPDE-I;
BPDE) binds to DNA and generates bulky DNA adducts,
primarily at deoxyguanosine. Many of the DNA adducts
formed are quite stable, and have been found in tis-
sues of exposed experimental animals as well as in
humans [4]. While the ubiquity of these adducts suggests
a role in the carcinogenesis process due to the fact that
many of them result in mutagenic lesions, there are also
other well documented mechanisms by which B[a]P can
damage DNA, cause mutations, apoptosis and inflam-
mation. B[a]P can be enzymatically directly converted
into a radical cation forming unstable DNA adducts [5].
Furthermore, (±)-B[a]P-trans-7,8-dihydrodiol (B[a]P-

7,8-DHD) is a substrate for dihydrodiol dehydrogenase,
resulting in a catechol. The catechols may undergo one
electron redox cycling forming semiquinone radicals and
quinones. In addition to be DNA reactive themselves,
ptosis

these B[a]P metabolites may result in the formation
of reactive oxygen species (ROS) including superoxide
(O2

•−), hydroxyl radical (OH•) and hydrogen peroxide
(H2O2) [6]. These reactive species may also lead to DNA
damage that may cause apoptosis, as well as be expressed
as mutations by misreplication or misrepair of the DNA
damage.

Qualitative as well as quantitative characteristics of
DNA damage determines its potential to be properly
repaired, cause mutations or end in apoptosis [7–9]. For-
mation of DNA damage is considered to be an important
part of PAH-induced cancer development. However, the
fact that cancer cells often are characterized by muta-
tions in the tumor suppressor gene p53 not only suggests
an important role of DNA damage, but also points to
an important role of cell death in the process since the
mutation most often results in defects in their apop-
totic machinery [10,11]. Apoptosis induced by genotoxic
carcinogens such as PAHs thus seems to have an impor-
tant role in cancer development. In general, apoptosis of
cells exposed to PAHs is considered to function anti-
carcinogenic since cells with extensive DNA damage
will be removed. On the other hand it is possible that
removal of these cells may give survival and proliferat-
ing signals to surrounding cells with less DNA damage,
increasing their probability of having mutations. Further-
more, due to defects in the apoptotic machinery found
in many preneoplasic cells, continuous exposure to car-
cinogens may preferentially reduce cell growth (reduced
proliferation and increased apoptosis) in normal cells.
This may cause a selection of these more progressive
cancer cells which may be an important part of neoplastic
promotion and progression.

Thus, in separate studies we have studied mechanisms
involved in B[a]P-induced apoptosis using different
cell models. The studies suggest that B[a]P may
induces apoptosis through different mechanisms. In the
Hepa1c1c7 model, B[a]P-induced apoptosis develops
over a period of 24 h [12–14]. The main apoptotic steps
have been found to be dependent on cyp1a1 induction
and formation of reactive BPDE probably resulting in

DNA damage which is detected by a ATM/DNA-PK
resulting in activation and translocation of p53. Fur-
ther important downstream processes include activation
of caspase-3 resulting in cleavage of PARP and DNA-
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ragmentation. Interestingly, apoptotic Bad is inactivated
nd cell survival signals Akt and ERK1/2 are activated.
tudies using this model have suggested that the relative
roportion of the different cell signaling pathways trig-
ered by induced-DNA damage will to a large degree
etermine if the compound will be mutagenic or mostly
ive cytotoxic effects.

Using the F258 model, B[a]P-induced apoptosis
evelops over a period of 48–72 h [15,16]. Experiments
ave revealed that metabolism of B[a]P, through enhanc-
ng the production of ROS, causes activation of a Na+/H+

xchanger 1 (NHE1) resulting in increased intracellular
H (pHi). This alkalinization combined with an acti-
ation of p53 will cause a mitochondrial dysfunction
esulting in superoxide anion formation and a late acidifi-
ation. This favors both activation of executive caspase-3
nd recruitment of the pHi-sensitive LEI/L-DNase II,
hereas cytochrome c does not seem to be involved in

his B[a]P-induced apoptotic cascade. Thus, various epi-
enetic changes as well as possibly effects on the DNA
nd cell divisions may be needed in this apoptotic pro-
ess.

In order to be able to make more general implications
f these findings, the present study more directly com-
ares and throws more light on possible mechanisms why
[a]P induces different cell signals and apparently trig-
ers two clearly distinct apoptotic pathways in two rather
imilar cell lines (hepatic epithelial cells of rodents).

. Materials and methods

.1. Chemicals

Benzo[a]pyrene (B[a]P), Triton X-100, Ponceau S,
imethyl sulphoxide (DMSO), propidium iodide (PI),
onidet P-40, phenylmethylsulphonyl fluoride (PMSF),
oechst 33258, Hoechst 33342, were obtained from
igma–Aldrich Chemical Company (St. Louis, MO,
SA). May-Grunwald and Giemsa was purchased

rom Merck and Co. Inc. (New Jersey, USA). Pep-
tatin A was from Calbiochem (Cambridge, MA, CA,
SA). Leupeptin from Amersham Biosciences (Upp-

ala, Sweden) and Bio-Rad DC protein assay from
io-Rad Laboratories Inc. (Hercules, CA, USA). MEM
lpha medium with l-glutamine, without ribonucleo-
ides and deoxyribonucleosides, Williams’ E Medium
ithout l-glutamine, foetal calf serum (FCS), peni-

illin/streptomycin, l-glutamine and gentamycin were

rom Gibco BRL (Paisley, Scotland, UK). All other
hemicals were purchased from commercial sources and
ere of analytical grade. Cariporide, an inhibitor of the
a+/H+ exchange isoform 1, was a kind gift from Aven-
Interactions 167 (2007) 41–55 43

tis (Frankfurt, Germany). Enzymes and chemicals for the
32P-postlabelling assay were obtained from commercial
sources as before [17].

2.2. Chemicals for high performance liquid
chromatography (HPLC) analyses

(±)-Benzo[a]pyrene-r-7,t-8,9,c-10-tetrahydrotetrol
(B[a]P-tetrol-I-1), (±)-benzo[a]pyrene-r-7,t-8,9,10-tet-
rahydrotetrol (B[a]P-tetrol-I-2), (±)-benzo[a]pyrene-r-
7,t-8,c-9,t-10-tetrahydrotetrol (B[a]P-tetrol-II-1), (±)-
benzo[a]pyrene-r-7,t-8,c-9,10-tetrahydrotetrol (B[a]P-
tetrol-II-2), B[a]P-7,8-DHD, B[a]P-4,5-DHD, (±)-
benzo[a]pyrene-trans-9,10-dihydrodiol (B[a]P-9,10-
DHD) and (±)-3-hydroxy-benzo[a]pyrene (B[a]P-
3OH) were purchased from the National Cancer
Institute, Chemical Carcinogen Repository (Midwest
Research Institute, Kansas City, MO, USA). Methanol
was from Lab-Scan (Stillorgan, Ireland).

2.3. Antibodies

Antibodies against Bcl-xL, Bad, phospho-Bad
(Ser112), phospho-ERK, Akt and phospho-Akt were
obtained from Cell Signaling (Beverly, MA, USA);
ERK1/2 and cyp1a1 from Santa Cruz Biotechnology Inc.
(CA, USA) and cyp1b1 from Alpha Diagnostics (San
Antonio, USA). As secondary antibodies horseradish
peroxidase-conjugated goat anti-rabbit (Sigma Chem-
ical Company, St. Louis, MO, USA), horseradish
peroxidase-conjugated rabbit anti-goat or rabbit anti-
mouse IgG from Dako (Glostrup, Denmark) was applied.
Rabbit polyclonal anti-Bax and anti-cytochrome c anti-
bodies were purchased from Santa Cruz Biotechnology
(Tebu-bio SA, Le Perray en Yvelynes, France). Mouse
monoclonal anti-COX IV (clone 1D6) was purchased
from Molecular Probes (Eugene, OR, USA). Fluores-
cein isothiocyanate (FITC)-conjugated anti-mouse IgG
and tetrarhodamine isothiocyanate (TRITC)-conjugated
anti-rabbit IgG were purchased from Sigma Chemicals
Co. (St. Louis, MO, USA).

2.4. Cell culture

The mouse hepatoma Hepa1c1c7 cell line was
purchased from European Collection of Cell Culture
(ECACC). Maintenance of cells was done according
to ECACC’s guidelines and they were grown in alpha

MEM medium with 2 mM l-glutamine, without ribonu-
cleotides and deoxyribonucleotides. Heat-inactivated
foetal calf serum (FCS, 10%) and 0.1 mg/mL of gen-
tamycin were added to the medium. Cells were incubated
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in 5% CO2 at 37 ◦C and passaged every week as previ-
ously described [13]. For treatment cells were seeded the
day before exposure in dishes or trays at a concentration
of either 2.5 × 103 cells/cm2 (low cell density, reach-
ing confluence at 72–96 h) or 90 × 103 cells/cm2 (high
cell density, reaching confluence during the first 24 h)
or 20 × 103 cells/cm2 (DNA adduct analysis). Fresh
medium was added before exposure. Inhibitors were pre-
incubated for 1–2 h before adding B[a]P in DMSO (not
exceeding ≤0.5%).

The F258 rat liver epithelial cell line was cultured
in Williams’ E medium supplemented with 10% FCS,
2 mM l-glutamine, 5 units/mL penicillin and 0.5 mg/mL
streptomycin at 37 ◦C under a 5% CO2 atmosphere as
previously described [18]. Cells were passaged every
week using 0.1% trypsin–EDTA solution. F258 cells,
growing in exponential phase, were treated 24 h follow-
ing seeding (same conditions as for Hepa1c1c7 cells)
with B[a]P and/or the different inhibitors tested (applied
to cells 2 h prior to PAH exposure) for various treatment
times.

2.5. Detection of apoptosis

2.5.1. Fluorescence microscopy
Plasma membrane damage, changes in nuclear mor-

phology associated with apoptosis and necrosis was
determined after trypsination and staining of the cells
with Hoechst 33342 and PI as previously described [13].
At least 300 cells were counted per slide.

2.5.2. Flow cytometry
After treatment cells were trypsinated and prepared

for flow cytometry as previously described [19]. In short,
the DNA of cells was stained with Hoechst 33258 and
fluorescence was measured using an Argus 100 Flow
cytometer (Skatron, Lier, Norway). Different cell phases
as well as apoptotic cells/bodies were distinguished on
the basis of their DNA content (Hoechst fluorescence)
and cell size (forward light scatter). The percentages
of cells in different phases of the cell cycle as well
as apoptotic cells were estimated from DNA histogram
using the Multicycle Program (Phoenix Flow System,
San Diego, CA, USA). Apoptotic index was determined
as the percentage of signals between the G1 peak and
the channel positioned at 20% of the G1 peak (sub-G1
population).
2.6. HPLC analysis

Concentrations of the B[a]P standard metabolites
were determined by UV absorbance of the compounds
Interactions 167 (2007) 41–55

dissolved in ethanol and employing extinction coef-
ficient from the National Cancer Institute, Chemical
Carcinogen Repository (Midwest Research Institute,
Kansas City, MO, USA).

Metabolites excreted into the medium were ana-
lyzed. Cell culture supernatants were deconjugated
with an enzyme mix of �-glucoronidase and arylsul-
phatase (Boehringer, Mannheim, Germany) and applied
to primed Sep-pak C18 (Waters, Milford, MA, USA)
as previously described [14]. The relative amount and
metabolic profile found was similar to that when com-
bined cell and media extracts were analyzed (data not
shown). The Sep-pak eluate was evaporated to dry-
ness at 45 ◦C with N2 gas and dissolved in 100 �L
methanol. Two to 40 �L were injected in the HPLC for
quantitative analysis. HPLC analysis was performed on
a Zorbax XDB-C8 (4.6 mm × 150 mm column, 5 �m,
Agilent Technologies) with a flow of 1.0 mL/min with
a Agilent 1100 HPLC Systems (Agilent Technologies,
Waldbronn, Germany) equipped with Agilent 1100 flu-
orescence detector and autosampler and ChemStation
integration system. Wavelength settings were based on
elution times with B[a]P-tetrols eluted between 10 and
20 min, two diols eluted between 20 and 27 min and
B[a]P after 27 min. B[a]P metabolites were separated by
a linear gradient of methanol and water, 30% methanol to
100% methanol in 40 min, followed by 10 min at 100%
methanol and then 19 min at 30% methanol before the
next injection.

2.7. DNA isolation and 32P-postlabelling analysis

DNA from cells was isolated by the phenol extraction
method as previously described [20]. 32P-postlabelling
analysis was carried out essentially as recently described
with minor modifications [17]. Briefly, DNA sam-
ples (4 �g) were digested with micrococcal nuclease
(120 mU, Sigma Chemical Co., Poole, UK) and calf
spleen phosphodiesterase (40 mU, Calbiochem, Not-
tingham, UK). Resolution of 32P-labelled adducts was
carried out by chromatography on polyethyleneimine-
cellulose (PEI-cellulose) TLC sheets (10 cm × 20 cm,
Macherey-Nagel, Düren, Germany): D1, 1.0 M sodium
phosphate, pH 6.0; D3, 3.5 M Li-formate, 8.5 M urea,
pH 3.5; D4, 0.8 M LiCl, 0.5 M Tris, 8.5 M urea, pH
8.0. TLC sheets were scanned using a Packard Instant
Imager (Dowers Grove, IL, USA) and DNA adduct
levels (RAL, relative adduct labelling) were calculated

from the adduct cpm, the specific activity of [�-32P]ATP
and the amount of DNA (pmol of DNA-P) used.
Results were expressed as DNA adducts/108 nucleotides.
Benzo[a]pyrene-diol-epoxide (BPDE)-modified DNA
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as included in the analysis as DNA adduct standard
aterial [21].

.8. Cell lysis and Western blotting

After treatment cells were washed twice in ice-cold
BS lysed in 20 mM Tris buffer, pH 7.5, 150 mM NaCl,
mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM

odium pyrophosphate, 1 mM �-glycerol phosphate,
mM Na3VO4, 1 mM NaF, 10 mg/mL leupeptin, 1 mM
MSF, 10 mg/mL aprotinin and 10 mg/mL pepstatin A,
onicated and centrifuged. Protein concentration was
easured using a Bio-Rad DC protein assay kit. West-

rn blots were preformed as previously described [13].
esults from one representative experiment out of three
re shown.

.9. Measurement of pHi

The pHi of cells cultured on glass coverslips was mon-
tored using the pH-sensitive fluorescent probe, carboxy-
NARF-1 (carboxy-seminaphtorhodafluor; Molecular
robes) [22], in HEPES-buffered solution which con-

ained (in mM): NaCl 134.8, KCl 4.7, MgCl2 1.0,
H2PO4 1.2, CaCl2 1.0, glucose 10.0, HEPES (N-2-
ydroxyethylpiperazine-N′-2-ethanesulphonic acid) 10,
H adjusted to 7.4 at 37 ◦C with NaOH. Cells were
oaded with SNARF by incubating them in a 5 �M solu-
ion of the acetoxy-methyl ester for 20 min at 37 ◦C, just
rior to performing the pHi recording. SNARF-loaded
ells were placed in a continuously perfused recording
hamber (at a temperature of 36 ± 1 ◦C) mounted on the
tage of an epifluorescent microscope (Nikon Diaphot).
ells were then excited with light at 514 nm and fluo-

escence from the trapped probe was measured at 590
nd 640 nm. The necessary set-up to produce and detect
he fluorescence has been previously described [23].
he emission ratio 640/590 (corrected for background
uorescence) detected from intracellular SNARF was
alculated and converted to a linear pH scale using in situ
alibration obtained by nigericin technique previously
escribed [24].

.10. Reactive oxygen species (ROS) detection

ROS production was assessed fluorometrically using
xidation-sensitive fluorescent probes, dihydroethid-
um (DHE, 5 �M, Molecular Probes) to detect O •−
2
nd dichlorodihydro-fluorescein diacetate (H2-DCFDA,
�M; Molecular Probes) to detect H2O2. For superox-

de anion detection, cells were collected after a 20 or
8 h treatment, stained for 20 min at 37 ◦C with DHE
Interactions 167 (2007) 41–55 45

(5 �M) in PBS and analyzed using a FACSCalibur flow
cytometer (Becton Dickinson). For hydrogen peroxide
detection, cells were stained with H2-DCFDA during the
20 h treatment with B[a]P, collected after treatment and
analyzed using the FACSCalibur flow cytometer. Pro-
oxidants were used as positive controls: H2O2 (10 mM)
for H2-DCFDA and menadione (100 �M) for DHE. Each
measurement was conducted on 10,000 cells and ana-
lyzed with Cell Quest Software (Becton Dickinson).
Four independent experiments were carried out.

2.11. Mitochondrial membrane potential

Modifications in mitochondrial membrane potential
were detected using the fluorescent probe DiOC6 (3,3′-
dihexyloxacarbocyanine iodide, Molecular Probes).
After 20 or 48 h treatment, cells were collected and
stained with 50 nM DiOC6 (Molecular Probes) in
PBS for 20 min at 37 ◦C. FCCP (mesoxalonitrile 4-
trifluoromethoxyphenylhydrazone; 50 �M) was used as
positive control. Analysis was performed using the FAC-
SCalibur flow cytometer.

2.12. Immunocytochemistry

Cells were seeded at low density into 35 mm dishes
on glass coverslips and treated. After washing in
PBS, adherent cells were fixed on coverslips with
4% paraformaldehyde in PBS for 30 min at 4 ◦C and
washed three times with PBS. Then, cells were incu-
bated for 1 h with a blocking-permeabilizing solution
(0.2% saponin–0.2% BSA in PBS). After washing, cells
were incubated with either rabbit anti-Bax or rabbit anti-
cytochrome c primary antibody and mouse monoclonal
anti-COX IV (clone 1D6) in a blocking-permeabilizing
solution for 2 h at room temperature, washed in PBS and
then stained with TRITC-conjugated anti-rabbit IgG and
FITC-conjugated anti-mouse IgG, respectively, for 1 h
at room temperature. Thereafter, cells were co-stained
by a 15 min incubation in a blocking solution containing
1 �g/mL DAPI, a fluorescent dye specific for DNA. After
washing, coverslips were mounted with PBS-glycerol-
Dabco. Fluorescent-labelled cells were captured with
a DMRXA Leica microscope and a COHU high per-
formance CCD camera, using Metavue software. Data
are representative of, at least, three independent experi-
ments.
2.13. Statistical method

Statistical comparisons were carried out using a
Student’s t-test for unpaired two-tailed, comparisons.
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A p-value of less than 0.05 was considered signif-
icant.

3. Results

In the Hepa1c1c7 model, cells are normally cultured
at high, near confluent cell density (90 × 103 cells/cm2),
exposed to 10–20 �M B[a]P and apoptosis is measured
over a period of 24 h; whereas in the F258 model, cells are
normally cultured at low density (2.5 × 103 cells/cm2),
exposed to 50 nM B[a]P and apoptosis develops over a
period of 48–72 h. In the present study we compare and
elucidate mechanisms involved in B[a]P-induced toxi-
city in Hepa1c1c7 and F258 cells cultured both at low
and high cell density for direct comparison.

3.1. Sensitivity to B[a]P

The two cell lines were seeded at low and high cell
density and exposed to different concentrations of B[a]P.

No toxic effects were observed in F258 cells after 24 h
exposure to B[a]P 0.05–20 �M, when plated at low or
high density (data not shown). However, when F258 cells
seeded at low cell density were exposed to 50 nM B[a]P

Fig. 1. Effects of B[a]P on cell death. F258 cells and Hepa1c1c7 cells were
densities and treated with various concentrations of B[a]P for 48 h. The res
apoptotic cells and necrotic cells. The data are means ± S.D. of three separate
Interactions 167 (2007) 41–55

for 48 h, 8–11% of the cells become apoptotic. A fur-
ther increase was seen with 5 �M B[a]P, and following
20 �M rather a decrease in cell death (Fig. 1). At high cell
density only a small increase in cell death in F258 cells
was observed at the two highest concentrations tested
after 48 h exposure.

In Hepa1c1c7 cells cultured at low cell density, most
of the cells were dead following 24 h exposure to 5 and
20 �M B[a]P (data not shown), and at 50 nM B[a]P a
small and somewhat variable effect could be seen after
48 h of exposure (3–5%, Fig. 1). At high cell density,
only 20 �M B[a]P induced marked cell death (20–30%
mixture of apoptotic and necrotic cells) after 24 h as pre-
viously reported, whereas after 48 h a marked increased
was also observed with 5 �M B[a]P.

3.2. Metabolism of B[a]P

B[a]P is metabolized into a number of different
metabolites, including hydoxylated metabolites and

different diols which can be further conjugated or
metabolized into reactive diol-epoxides (BPDE-I and
BPDE-II) that can initiate toxic effects. In order to eluci-
date any possible role of B[a]P metabolism, metabolites

seeded at low (2.5 × 103 cells/cm2) or high (90 × 103 cells/cm2) cell
ults are from fluorescence microscopic analysis and presented as %
incubations from a representative experiment.
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Table 1
Generation of B[a]P metabolites in F258 and Hepa1c1c7 cells

B[a]P metabolites F258 Hepa1c1c7

3 �M 10 �M 3 �M 10 �M

B[a]P-3-OH 1.09 ± 0.05 1.96 ± 0.27 115.05 ± 20.56a 798.34 ± 32.46a

B[a]P-9-OH 4.46 ± 0.14 3.37 ± 0.18 3.63 ± 0.60 62.91 ± 1.87a

B[a]P-7,8-DHD 1.11 ± 0.06 1.41 ± 0.20 6.61 ± 0.04a 49.00 ± 13.38a

B[a]P-4,5-DHD 0.00 ± 0.00 1.69 ± 0.10 18.21 ± 0.84a 52.07 ± 0.22a

B[a]P-tetrol-I-1 0.00 ± 0.00 0.00 ± 0.00 13.40 ± 1.28a 53.21 ± 1.56a

B[a]P-tetrol-II-1 0.00 ± 0.00 0.00 ± 0.00 1.34 ± 0.26a 6.58 ± 1.25a

B[a]P-tetrol-I-2 0.00 ± 0.00 0.00 ± 0.00 0.76 ± 0.13a 6.31 ± 0.50a

B[a]P-tetrol-II-2 0.00 ± 0.00 0.00 ± 0.00 0.60 ± 0.05a 4.06 ± 0.63a

F258 and Hepa1c1c7 cells (90 × 103 cells/cm2) were incubated with B[a]P (3 or 10 �M) for 7 h. The supernatant were then treated with deconjugation-
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nzymes and the B[a]P metabolites were purified on Sep-pak C18 cart
ean of final B[a]P metabolite concentration in cell medium (nM) ±S
a Indicate that values in the F258 cells for the respective B[a]P meta

ormed by the two cell lines were analyzed. Based on
reliminary studies, high cell density, high B[a]P con-
entration and an exposure time of 7 h was chosen. Under
hese conditions the parent compound remained in both
ultures, and enough B[a]P metabolites were formed to
llow HPLC analysis. Before analysis of the medium,
onjugated metabolites were hydrolyzed. As can be seen
rom the data presented in Table 1 and Fig. 2, the total
ate of B[a]P metabolism in Hepa1c1c7 cells was much
igher than that observed in F258 cells. Depending on
he concentration, the formation of the most prominent

etabolite, B[a]P-3-OH, was in the range 100–1000
imes higher in Hepa1c1c7 cells than in F258 cells,
hile the levels of B[a]P-9-OH were rather similar. A
uch higher rate of formation of the B[a]P-7,8-DHD and
[a]P-4,5-DHD in Hepa1c1c7 cells was also observed.
urthermore, the hydrolysis products of the reactive
PDE-I and BPDE-II metabolites, the tetrols, were only
bserved in Hepa1c1c7 cells.

In order to explore possible mechanisms involved in
he apparent long delay of B[a]P-induced cell death in
he F258 cells model (no cell death in F258 cells was
bserved before 48 h after onset of B[a]P exposure), we
stimated the period of initial damage formation by mea-
uring the removal of 50 nM B[a]P from the medium. As
an be seen in Fig. 2B the half-life of B[a]P in F258 cells
as in the order of 24 h. No marked (some caused by an

ncreased number of cells) time-dependent increase in
he rate of metabolism could be observed.

To further compare the formation of reactive B[a]P
etabolites in the two cell lines DNA adducts as mea-
ured by the 32P-postlabelling technique, were analyzed
n proliferating cells. Both F258 and Hepa1c1c7 cells
ere able to metabolize B[a]P to reactive metabolites
hich covalently bind to DNA (Fig. 3). The main adduct
efore quantitative determination by fluorescence HPLC. The data are
hree parallel incubations.
re statistically different from the Hepa1c1c7 cells.

formed in both cell lines was identified as dG-N2-BPDE,
which is considered to result from the reactive BPDE-
I. In F258 cells, the level of DNA adducts following
exposure to various concentrations of B[a]P (1, 5 and
10 �M) were similar. Somewhat less adducts were seen
at 1 �M B[a]P in Hepa1c1c7 cells, partly due to a com-
plete metabolism of B[a]P following the relative long
incubation time used (15 h), whereas exposure to 5 and
10 �M increased the level of DNA adducts by a factor
of up to 13.

Since there seemed to be major differences between
the two cell lines with regard to metabolic activation of
B[a]P, we examined the levels of cyp1a1 and cyp1b1
following exposure to B[a]P. cyp1a1 was not observed
in the F258 cells, whereas cyp1b1 was detected but not
markedly induced by B[a]P as judged by Western anal-
ysis (Fig. 4). In Hepa1c1c7 cells a large induction of
cyp1a1 could be observed (already at 8 h; data not shown)
following exposure to B[a]P (Fig. 4). The level of cyp1b1
was, however, not induced under the present experimen-
tal conditions and the constitutive level in Hepa1c1c7
cells was apparently lower than in F258cells (Fig. 4).

3.3. Effects on intracellular pH (pHi)

We have previously shown that low concentrations of
B[a]P increase the intracellular pH in F258 cells, and that
this increase modulate the apoptotic response [15]. The
data in Fig. 5A shows the effect of a high concentration
(20 �M) of B[a]P on the two cell lines at various times
after start of exposure. In both F258 as well as Hepa1c1c7

cells, B[a]P caused a rapid increase in pHi that peaked
after 6 h and normalized after 22 h. When the cells were
cultured at high cell density, no significant effects on
pHi were observed whatever cell line used (Fig. 5B). To
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Fig. 2. (A) HPLC analysis of B[a]P metabolites from F258 and
Hepa1c1c7 cells. F258 and Hepa1c1c7 cells (90 × 103 cells/cm2) were
exposed to various concentrations of B[a]P for 7 h. The supernatant
were then treated with deconjugation-enzymes and the B[a]P metabo-
lites were purified on Sep-pak C18 cartridges before quantitative
determination by fluorescence HPLC. (B) Time-dependent metabolism
of B[a]P (50 nM) in F258 cells. F258 cells were seeded at low cell den-

sity (2.5 × 103 cells/cm2) and exposed to low concentration of 50 nM
B[a]P for various time periods. Supernatants were concomitantly ana-
lyzed as described above.

examine the role of NHE1-dependent alkalinization in
B[a]P-induced apoptosis, we co-exposed cells (seeded

at low density) to low concentrations of B[a]P (100 and
300 nM; which give a clear induction of cell death in both
cell lines) and cariporide (30 �M; a specific inhibitor
of NHE1), and estimated the number of apoptotic cells.
Interactions 167 (2007) 41–55

Fig. 5C and D support data in Fig. 1, that F258 cells
are somewhat more sensitive than Hepa1c1c7 cells at
low concentrations (50 and 100 nM) of B[a]P. Further-
more, they show that while, as expected, the number of
cell death was significantly inhibited by cariporide in
F258 cells, no marked effects of cariporide were seen in
Hepa1c1c7 cells under these conditions.

3.4. Formation of ROS and mitochondrial damages

ROS may be formed during B[a]P metabolism as
well as during the cell death process as a result of
induced mitochondrial damage, and has been found to
be of importance for the B[a]P induced increase in
pHi observed in the F258 cell model [15]. To measure
the formation of H2O2, we used the fluorescent probe
H2DCF-DA following 20 h exposure to various concen-
trations of B[a]P at low cell density (a density which
allows toxicity to develop in both cell models). Specific
differences in the production were detected between the
two cell lines: an increase in H2O2 without any apparent
toxicity was observed from 50 nM B[a]P in F258 cells,
while no such increase was observed at this low con-
centration of B[a]P in Hepa1c1c7 cells. At 5 and 20 �M
B[a]P a large increase of H2O2 formation in Hepa1c1c7
cells was seen (Fig. 6A), however, this increase was most
probably due to secondary mitochondrial effects as often
found during cell death. Furthermore, unlike F258 cells,
no effects of antioxidants were found in Hepa1c1c7 cells
(data not shown).

Superoxide anion production was quantified at two
treatment times and with low cell density. As previ-
ously reported, a 20 h treatment with B[a]P induced a
small increase in O2

•− production in F258 cells, evi-
denced by the rightward shift of the DHE fluorescent
peak of treated cells [23]. In these cells, the increase
was in the same range whatever the concentration of
B[a]P. Regarding Hepa1c1c7 cells, no such increase
was detected following 20 h even at the highest con-
centrations (Fig. 6B). After 48 h treatment, the B[a]P
induced increased O2

•− production in F258 cells was
more marked. In Hepa1c1c7 cells low B[a]P concentra-
tion (50 nM) still had no effect, whereas at the highest
concentrations, the O2

•− concentration was decreased
in the cell population consisting mostly of dead cells.

Mitochondrial membrane polarization was analyzed
using a fluorescent probe, sensitive to mitochondrial
membrane potential (Fig. 7). After exposure to B[a]P

for 20 h, a small hyperpolarization was detected in F258
cells, as evidenced by the rightward shift of DiOC6 flu-
orescent peak of treated cells as also reported elsewhere
[23]. The hyperpolarization was in the same range at all
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ig. 3. 32P-postlabelling analysis of DNA from cells exposed to B
epa1c1c7 cells (20 × 103 cells/cm2) after exposure for 15 h to differ

2P-postlabelling assay. Values represent mean ± S.D. of three separa

[a]P concentrations tested. In Hepa1c1c7 cells, 50 nM
[a]P had no effect on mitochondrial membrane polarity,
hile a slight hyperpolarization was seen in cells treated
ith high concentrations of B[a]P (5 or 20 �M). Fol-

owing 48 h, a stronger hyperpolarization was detected
n F258 cells. Regarding Hepa1c1c7 cells, whereas no
ffect was detected at 50 nM B[a]P, a strong depolariza-
ion (leftward shift of DiOC6 fluorescent peak) was then
etected, corresponding to dead cells.

The Bcl-2 family proteins are important regulators of
itochondrial membrane potential and apoptosis. Previ-

us studies have indicated that they may have different
oles in the two models (F258 cells cultured at low cell
ensity and exposed to low concentrations of B[a]P ver-

us Hepa1c1c7 cells at high cell density and exposed to
igh concentrations of B[a]P). The data in Fig. 8A show
hat the level of Bax in F258 cells remained unchanged
fter exposure to 50 nM of B[a]P; however, at 5 and

ig. 4. Effects of B[a]P on cyp1a1 and cyp1b1 expression. F258 cells
eeded at low cell density (2.5 × 103 cells/cm2) were incubated with
arious B[a]P concentrations for 20 and 48 h and analyzed for cyp1a1
nd cyp1b1 expression by Western blotting. Hepa1c1c7 cells exposed
o B[a]P (2 and 20 �M) for 25 h were used as control. Results from
ne representative experiment of at least three are shown.
vels of DNA adducts (dG-N2-BPDE) were measured in F258 and
centrations of B[a]P using the nuclease P1 enrichment version of the
ations each determined by two independent postlabelling analyses.

20 �M, level of Bax was somewhat increased. Neverthe-
less, no change of Bax localization was observed upon
B[a]P exposure (Fig. 8B). In Hepa1c1c7 cells seeded at
high cell density, B[a]P (20 �M) caused no change in the
level of Bax (Fig. 8A), but a marked translocation to the
mitochondria could be observed both at low (Fig. 8B)
as well as high cell density [13]. In F258 cells, only a
minor increase in pro-apoptotic Bad and a correspond-
ing decrease in p-Bad was observed at 20 h. After 48 h,
a minor decrease in the levels of Bcl-xL was detected at
the two highest concentrations, while rather an increase
in the phosphorylation of Bad could be seen (Fig. 8A).
As also published in previous studies [13], the level of
Bcl-xL decreased and phosphorylation of Bad increased
in Hepa1c1c7 cells exposed to 20 �M B[a]P (Fig. 8A).
A release of cytochrome c from the mitochondria in
the Hepa1c1c7 model was visualized by fluorescence
microscopic analysis, whereas in the F258 model, B[a]P
caused no such changes (Fig. 8B).

3.5. Effects on cell survival signals

We have previously found that various cell survival
signals including p-ERK1/2 and p-Akt are induced in
Hepa1c1c7 cells following exposure to B[a]P [13]. Here
we exposed F258 cells cultured at low cell density to
both low and high concentrations of B[a]P (Fig. 9).
Whereas p-Akt in the Hepa1c1c7 cell model were some-
what increased following exposure to B[a]P, rather a
decrease in both p-ERK1/2 and p-Akt was observed in

F258 cells following 20 and 48 h. In both unexposed and
exposed F258 cells, a small increase in the phosphoryla-
tion of Akt was observed at 48 h when compared to 20 h.
The effect of B[a]P on pERK1/2 in the Hepa1c1c7 cells



50 J.A. Holme et al. / Chemico-Biological Interactions 167 (2007) 41–55

Fig. 5. Effects of B[a]P on intracellular pH. (A and B) Effects of B[a]P on intracellular pH. F258 and Hepa1c1c7 cells were seeded at low
(2.5 × 103 cells/cm2; A) or high (90 × 103 cells/cm2; B) cell densities and treated with 20 �M of B[a]P for 2–22 h. pHi measurements were
performed using the pH-sensitive fluorescent probe, carboxy-SNARF-1. The graph represents the mean ± S.E.M. of �pHi (pHi(conrol) − pHi(B[a]P))
of four (F258) or six (Hepa1c1c7) independent experiments. #/*p < 0.05, ##/**p < 0.01, ###/***p < 0.001: control vs. B[a]P. (C and D) Involvement
of B[a]P-induced alkalinization in apoptosis. Hepa1c1c7 and F258 cells, seeded at low cell density (2.5 × 103 cells/cm2), were treated or not with
B[a]P (100 or 300 nM) in the presence (+) or absence (−) of 30 �M cariporide for 48 h (C) or 72 h (D). After collection and staining with Hoechst

icrosco
ent expe
33342, the percentage of apoptotic cells was obtained by fluorescence m
given as mean ± S.E.M. of three (F258) or five (Hepa1c1c7) independ
Hepa1c1c7 cells vs. F258 cells.

was somewhat varying. At somewhat lower concentra-
tions of B[a]P (1 and 10 �M) an increase was most often
observed at 20 h (data not shown), whereas at 20 �M
more often a slight decrease was seen.

4. Discussion

Cell death such as apoptosis protects the tissue from
effects of carcinogens by removing cells with extensive
DNA damage and by balancing cell proliferation. DNA
damage often initiates a number of various cell signal-
ing pathways related to DNA repair activity, cell cycle
arrest and cell survival or cell death (apoptosis). The
relative proportion of the different cell signaling path-
ways triggered by DNA damage upon exposure will to a
large degree determine if the compound is mutagenic or
mostly give cytotoxic effects.

Separate studies have suggested that B[a]P induces
apoptosis in the F258 model and in the Hepa1c1c7 model
through different mechanisms. Here, we compare the
two cell lines directly and elucidate possible mecha-

nisms. Large differences with regard to sensitivity to
B[a]P-induced apoptosis were seen at the two cell densi-
ties used. When cultured at low cell density and exposed
to low B[a]P concentrations (50 and 100 nM) F258 cells
py analysis of chromatin condensation and fragmentation. Results are
riments. *p < 0.05: B[a]P vs. cariporide + B[a]P. #p < 0.05, ##p < 0.01:

seem to be somewhat more sensitive than Hepa1c1c7
cells (Figs. 1 and 5), while at higher concentrations much
more cell death was induced in Hepa1c1c7. These differ-
ences are partly explained by the results obtained from
the studies on B[a]P metabolism. In general, a much
higher rate of metabolism was found in Hepa1c1c7 cells,
which is in accordance with the higher level of induced
cyp enzymes found. The high level of 3-OH-B[a]P when
compared to 9-OH-B[a]P found in Hepa1c1c7 cells is
well in accordance with the finding that cyp1a1 was
the major cyp enzyme in these cells, since the same
metabolic profile has been reported following B[a]P
metabolism using cloned cyp1a1 [25]. Similarly, the rel-
ative low 3-OH-B[a]P/9-OH-B[a]P ratio found in F258
cells correspond well with the metabolite pattern of the
cyp1b1 enzyme [26], which we found to be the domi-
nating cyp isoform in these cells.

The rate of formation of reactive metabolites at higher
B[a]P concentrations, as judged by the measurement of
tetrols and DNA adducts, was higher in Hepa1c1c7 than
in F258 cells giving an explanation to the finding that

Hepa1c1c7 cells were the more sensitive cell line at these
concentrations. Thus, acute toxicity of B[a]P (observed
after 24 h) seems to be triggered if a large amount of
DNA reactive metabolites formed over a short period
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Fig. 6. (A) B[a]P induces hydrogen peroxide production. Cells, seeded at low cell density (2.5 × 103 cells/cm2), were treated (B[a]P) with B[a]P
(50 nM, 5 �M or 20 �M) or not (control) for 20 h. H2O2 production was analyzed using H2-DCFDA and flow cytometry. A 20 min treatment with
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2O2 was used as positive control for ROS production. Peaks are rep
nion production. Cells, seeded at low cell density (2.5 × 103 cells/cm
or 20 or 48 h. O2

•− production was analyzed using DHE and flow cy
OS production. Peaks are representative of three independent experi

f time. The B[a]P-DNA adducts found in the present
tudy most probably initiate the ATM/ATR and p53-

ependent apoptosis described previously [14]. In the
258 model, B[a]P-induced apoptosis was first observed
8–60 h after onset of exposure. Taken into consider-
tion the higher metabolic rate and capacity found in

ig. 7. Effects of B[a]P on mitochondrial membrane potential. Cells, seede
50 nM, 5 �M or 20 �M) or not (control) for 20 or 48 h. The mitochondrial m
0 min treatment with the decoupling agent FCCP was used as positive contr
xperiments.
tive of three independent experiments. (B) B[a]P induces superoxide
treated (B[a]P) with B[a]P (50 nM, 5 �M or 20 �M) or not (control)

. A 20 min treatment with menadione was used as positive control for

Hepa1c1c7 cells compared to F258 cells, the finding that
the F258 cells seemed to be slightly more sensitive than

Hepa1c1c7 cells to low B[a]P concentrations at low cell
density may at first appear surprising. However, in a pro-
cess that develops over a long period (48 h), most of the
B[a]P is metabolized also in F258 culture. In this case

d at low cell density (2.5 × 103 cells/cm2), were treated with B[a]P
embrane potential was analyzed using DiOC6 and flow cytometry. A
ol for ROS production. Peaks are representative of three independent
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Fig. 8. (A) Expression of different Bcl-2 proteins following exposure to B[a]P. F258 cells seeded at low cell density, were incubated with different
concentrations of B[a]P for 20 and 48 h and analyzed for expression of Bcl-xL, Bax, Bad phosphorylated at Ser112 and total Bad by Western
blotting. Hepa1c1c7 cells seeded at high cell density and treated with B[a]P (20 �M, 20 h) were used as a positive control. Results from one
representative experiment out of three are shown. (B) Localization of cytochrome c and Bax following B[a]P exposure. F258 and Hepa1c1c7 cells,
seeded at low cell density, were treated or not with 3 �M B[a]P during 48 h. After fixation and permeabilization, cells were co-immunostained
with a rabbit primary antibody (secondary stained with TRITC-conjugated anti-rabbit IgG) and a mouse primary antibody (secondary stained with
FITC-conjugated anti-mouse IgG); detecting mouse anti-COX IV were used as mitochondrial marker. On the left panel, cells are labelled with rabbit

ells are
cence.
anti-Bax (red) and mouse anti-COX IV (green). On the right panel, c
(green). Co-localization of the two antibodies results in yellow fluores
are representatives of three independent experiments.

the determining factor will not be the rate of formation
of reactive metabolites, but more the total amount of
DNA reactive metabolites formed from the B[a]P added
(accumulated DNA damage). In accordance with this
hypothesis, it is noteworthy that slightly higher DNA
adduct levels were found in F258 cells at rather low con-
centrations of B[a]P (1 �M) following a longer (15 h)

incubation time. Furthermore, although Hepa1c1c7 cells
have the highest rate of formation of reactive metabolites
a much larger fraction of the total metabolites formed
represents the detoxified metabolite B[a]P-3-OH. Also
labelled with rabbit anti-cytochrome c (red) and mouse anti-COX IV
Cells were co-stained with DAPI (blue) to detect nuclei. The pictures

possible differences in the two cell lines with regard to
GSH/GST activities could have a role.

In accordance with the suggestions from the
metabolism studies, Western blot analysis revealed that
cyp1b1 appears to dominate in F258 cells, whereas in
Hepa1c1c7 cells cyp1a1 seems to dominate at least in
the induced state. Although both enzymes can activate

B[a]P, it is often considered that cyp1a1 is impor-
tant in the first metabolic activation step of B[a]P,
whereas cyp1b1 is more involved in the further acti-
vation of B[a]P-7,8-DHD [26]. In CH3T101/2 cells
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Fig. 9. Effects of B[a]P on phosphorylation of ERK1/2 and Akt. F258 cells, cultured at low cell density, were incubated with different concentrations
o d p-Ak
t lts from

c
i
c
d
r
t
t
F
d
c
t
s
o
t
d
t
d

b
i
E
a
i
c
o
A
p
i
H
t
i

f B[a]P for 20 and 48 h and analyzed for expression of p-ERK1/2 an
reated with B[a]P (20 �M, 20 h) were used as a positive control. Resu

yp1b1 metabolizes B[a]P into B[a]P-DHD and further
nto the reactive B[a]P-DHDE [27]. Interestingly, these
ells also further activate B[a]P-DHD by dihydrodiol-
ehydrogenases to catechols, which form ROS following
ecycling, thus contributing to the toxic response. When
aking into consideration that ROS seem to be an impor-
ant part of the B[a]P-initiating apoptotic signal in
258 cells [15], one might anticipate that dihydrodiol-
ehydrogenase could have a similar function in F258
ells. In the present study, however, no major uncharac-
erized B[a]P metabolites (e.g. catechols, quinones and
emiquinones) were detected in the incubation medium
f F258 cells that could further substantiate this sugges-
ion. However, the apparent lack of quinone-metabolites
oes not exclude the possibility that they are formed, as
hey often have lower fluorescence and are thus hard to
etect [28].

In the F258 model, ROS and in particular H2O2 have
een suggested to be important initiating signals result-
ng in an NHE1-dependent early alkalinization [15].
xperiments performed using microspectrofluorimetry
nd the pH-sensitive fluoroprobe carboxy-SNARF-1
ndicate that high concentrations of B[a]P induces pHi
hanges in Hepa1c1c7 cells in a range similar to those
bserved in F258 cells if incubated at low cell density.
common step for the NHE1 activation could be phos-

horylation of JNK, as activation of JNK is observed

n both cell lines [14] (Huc et al., unpublished data).
owever, despite similar pHi changes, the addition of

he NHE1-inhibitor cariporide, did not reduce the PAH-
nduced apoptosis in Hepa1c1c7 suggesting that the
t by Western blotting. Hepa1c1c7 cells, cultured at high cell density
one representative experiment out of three are shown.

induced alkalinization was not an essential step in the
induced apoptosis in these cells.

ROS production has previously been shown to be
linked to B[a]P metabolism and to be an important initial
apoptotic event in F258 cells [15,23]. Some ROS pro-
duction was also detected in Hepa1c1c7 cells, but only
following exposure to high B[a]P concentrations and at
time points with high cell death. Taken into consideration
that antioxidants had no effects (data not shown), and that
ROS are often formed during the process of chemical-
induced apoptosis and necrosis [29], this finding does
not suggest that the initial toxic insults in Hepa1c1c7
cells are related to ROS.

There were also marked differences between the
two cell lines with regard to mitochondrial changes. In
F258 cells, B[a]P induced a stable increase in the O2

•−
production and hyperpolarization of mitochondria. In
contrast, B[a]P decreased the level of O2

•− and caused
mitochondrial depolarization at high concentrations in
Hepa1c1c7, whereas at low concentrations no marked
effects were seen. The mitochondrial hyperpolarization
seen in F258 cells is often found to be an early apoptotic
change following exposure to various chemicals [30,31];
however, in some cases, such an hyperpolarization has
also been suggested to constitute a survival signal [28].
This is presently under investigation.

In the Hepa1c1c7 model, B[a]P-induced apoptosis is

initiated by DNA damage possibly sensed by ATM/ATR
and Chk2 kinases, which phosphorylate and stabilize
p53, thereby further triggering both the intrinsic as well
as the extrinsic apoptotic pathways apparently in a rather
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“classical” way. The phosphorylation of p53 at serine
15 has been shown to be important for trans-activation
activity of p53 and has been suggested to represent an
early response to a variety of genotoxic stress [32]. Fur-
thermore, mutations in serine impaired the apoptotic
activity of p53 [33] suggesting a pivotal role for serine
15 phosphorylation in the induction of apoptosis. Recent
studies also suggest a central role for induced p53 phos-
phorylation in the F258 model, although implications of
initiator caspases 8 or 9 have been questioned [16]. A role
of p53 related to activation of Puma, Noxa, and caspase-
2 have been reported in other experimental systems [11]
and would deserve further investigation in F258 cells.

The Bcl-2 proteins are known to regulate the mito-
chondria or intrinsic apoptotic pathway, and changes in
the relative amount or intracellular location of these pro-
teins may elicit the release of cytochrome c, an event
resulting in caspase-3 activation and apoptosis. In the
present study, B[a]P did not change the levels of the Bcl-
2 family members Bcl-2 (data not shown) or Bax, while a
down-regulation of Bcl-xL was seen in Hepa1c1c7 cells.
It is noteworthy that no change was seen in F258 cells at
low concentrations of B[a]P. In Hepa1c1c7 cells, B[a]P
induced a translocation of Bax from the cytosol to the
mitochondria as often seen with pro-apoptotic members
following activation of p53, whereas no such transloca-
tion could be seen in the F258 cell model. Furthermore,
we here show that cytochrome c was released from the
mitochondria in Hepa1c1c7 cells during B[a]P-induced
apoptosis pointing to a rather “classical way”, while
no such change could be observed in F258 cells, thus
extending and corroborating previous results [13,16,14].

Previous studies with the Hepa1c1c7 cell line have
suggested specific triggering of cell survival signals and
inhibition of pro-apoptotic signals following exposure to
B[a]P [12,13]. B[a]P as well as its DNA reactive metabo-
lites have been found to result in a down-regulation
and a correspondingly increased phosphorylation of Bad
at Ser112 and/or Ser155. This phosphorylation reduces
Bad capacity to form heterodimers and can thereby be
considered as a cell survival signal [34,35]. Furthermore,
an increased phosphorylation of ERK and Akt which
both are considered to be important cell survival signals
[35–37], are observed following exposure to B[a]P and
may possibly also be involved in the triggering of sur-
vival signals that mediate phosphorylation of Bad found
in Hepa1c1c7 cells. In contrast, despite a slight increase
in p-Bad at 48 h, no increase in cell survival signals was

seen in the F258 model, which may give additional expla-
nations to the apparent high sensitivity of this cell line
at low concentrations of B[a]P. Based on the metabolic
studies, a possible explanation could be that the type of
Interactions 167 (2007) 41–55

cyp enzyme was crucial for the resulting cell signaling.
However, the lack of both survival signals as well as cyp
induction in the F258 cells could also imply a role for
the AhR receptor in the activation of cell survival signals.
These suggestions as well as possible upstream events to
the activations are important questions to be answered in
order to justify in vivo extrapolations, and are currently
under investigation.

In conclusion, B[a]P induces different cell signals and
triggers clearly distinct apoptotic pathways in the two
hepatic epithelial cell lines that apparently are not a result
of the different experimental conditions used. The NHE1
pathway found to be important in B[a]P-induced apop-
tosis in F258 cells, seems to have no role in Hepa1c1c7
cells. While “classical” Bax translocation to the mito-
chondria resulting in cytochrome c release was important
in Hepa1c1c7 cells, no such changes were seen in F258
cells. It is suggested that the rate of metabolism of B[a]P
and type of reactive metabolites formed influence the
resulting balance of pro-apoptotic and anti-apoptotic cell
signaling, and hence the mechanisms involved in cell
death and the chances of more permanent genetic dam-
age.
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