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1. ABSTRACT

Doxycycline (DOX), a synthetic tetracycline,
may have potential utility in the management of cancers
and in the treatment of chronic inflammatory diseases due
to its role in growth, invasion and metastasis of many
tumors, on cell proliferation and as inducer of apoptosis.
Some studies established its role in the treatment of lesions
induced by mustards, warfare agents causing severe
damage with blistering and tissue detachment in exposed
areas of the body. In the present study, the effect of Dox
was investigated in a human bronchial epithelial cell line.
Dox induced a time- and concentration-dependent cell
proliferation inhibition, associated with a cell cycle arrest
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in S phase, a decrease in viability due to apoptosis and
necrosis, and cell detachment. This latter was partly
correlated with early activation of caspase-3 before
detachment, and with mitochondrial alteration. Cell
transfection with a Bcl-2 encoding vector showed a
decrease both in mitochondrial depolarization and cell
detachment. Dox-induced apoptosis included decrease in
Bcl-2 expression, increase in Bak expression and caspase-3
and -9 activation but appeared to be p53- and Bax-
independent. A better comprehension of the Dox-induced
apoptotic pathway could allow to abolish its toxic effects,
improving the therapeutic efficiency of Dox.
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2. INTRODUCTION

Doxycycline (DOX), a synthetic tetracycline
have been used to threat several localized inflammatory
diseases, such as chronic acne, periodontis, rosacea (1-3).
Nevertheless, even if Dox has effectively been shown to be
well tolerated in numerous human models, both in vitro (4-
6) and in vivo (3, 7), the recommended conditions of use
largely vary according to the model considered. Moreover,
emerging studies reveal its toxicity even in normal cell line
(8-11) or in vivo (12). This toxicity may have potential utility
in the management of cancers in regard to its effect on growth,
cell proliferation and apoptosis (7, 13). Apoptosis, a
programmed cell death notably involved in development and
tissue homeostasis, is triggered by receptor-mediated
(extrinsic) or mitochondria-related (intrinsic) signaling
pathways. Activation of the intrinsic pathway requires
mitochondrial membrane permeabilization (MMP) and release
of pro-apoptotic mitochondrial proteins normally found in the
intermembrane space. Such proteins include both molecules
involved in the activation of caspases (e.g. cytochrome c) (14,
15) and molecules involved in caspase-independent cell death
(e.g. Apoptosis Inducing Factor (AIF) and endonuclease G
(EndoG) (16)). The MMP can be achieved by the opening of
the permeability transition pore complex (PTPC), a large
proteinaceous complex, which is regulated by members of the
Bcl-2 family (17).

A better comprehension of the toxic effects induced
by Dox and of their mechanisms could allow the possibility to
decrease the dramatic side effects associated with Dox
treatment and to optimize the Dox therapeutic potential of
cancer cells (7). To date, only a few specific studies have been
performed on respiratory epithelial cell models. However,
respiratory system is a primary target of diseases such as
mycoplasma pneumoniae (18), a parasite of the human
respiratory tract inducing atypic pneumonia, or as obstructive
chronic bronchopneumopathia or of biological or chemical
warfare exposure such as anthrax (19, 20) or sulfur mustard
(21), both of them cared in vivo by Dox treatment.

In this study, we determined the early
mechanisms of toxicity induced by Dox in the 16HBE
human bronchial epithelial cell line, which is a cell line
both representative of the upper airway respiratory tract, a
primary target of diseases or warfare agents’ lesions cared
by Dox treatment and a good model for toxicity studies,
notably for apoptotic mechanisms (22). Our experiments
showed that Dox induced a series of toxic effects, such as
inhibition of proliferation, cell cycle arrest, cell detachment
and apoptosis, all of them time- and concentration-
dependent. These results demonstrated that Dox triggers an
apoptosis specifically mediated by the mitochondrial
pathway and notably via the interplay of the mitochondrial-
related proteins Bcl-2 and Bak and via the caspase-3 and -9
activation.

3. MATERIALS and METHODS
3.1. Cell culture

The 16HBE14o0- cell line was a generous gift of
Dr. Gruenert (N.ILH., San Francisco, CA, USA) and was
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originally isolated from human bronchial epithelial cells
transformed by the origin-defective simian virus SV40
(23). Cells were grown in DMEM/ Ham F12 culture
medium (Gibco, Cergy-Pontoise, France) supplemented with
2% Ultroser G, 1% glutamine, 0.5% fungizone and antibiotics
(100 U/mL penicillin, 100 pg/mL streptomycin) (Invitrogen,
Cergy Pontoise, France). Cells were seeded at 30 000 cells/cm?
in 6-, 12- or 96 well plates coated with type I collagen and
incubated at 37°C in a humidified atmosphere of 5% CO2.
Cells were used during the exponential growth phase and the
cell line doubling time was approximately 24 h.

3.2. Chemical treatment

48 h after seeding, subconfluent monolayers were
washed with DMEM/ Ham F12 without Ultroser G and
treatments were carried out in DMEM/ Ham F12 without
Ultroser G. Dox (Dox) was purchased from Sigma
Chemical Co. (St Louis, MO, USA). A stock solution (2
mM) was prepared in DMEM/F12 and stored at 4°C for up
to one month. Final Dox dilutions were performed
immediately before use. Cell cultures were exposed to Dox
concentrations ranging from 20 to 100 uM for an exposure
time ranging from 30 min to 24 h.

3.3. Dox-induced toxic effects
3.3.1. Cell counts and proliferation

Cells were harvested at different times of
treatment. Detached cells were collected in the medium,
whereas adherent cells were resuspended in trypsin-EDTA
(Invitrogen) solution for 5-10 min at 37°C and inhibited by
10% FCS. Both detached and adherent cell populations
were counted using a hemacytometer.

3.3.2. Cell cycle analysis

Briefly, cells were collected, centrifuged and
washed in Phosphate Buffered Saline (PBS) buffer. Cells
were then fixed in 1 mL cold methanol at —20°C for 1 h,
washed once in PBS and resuspended in 1 mL of PBS
containing 0.5 % RNase (Sigma). After RNase action, 20
pg/mL of propidium iodide (PI) were added and cells were
kept at 4°C until analysis with an EPICS-Elite-ESP flow
cytometer (Coultronic, France). Each  histogram
corresponded to about 10,000 nuclei. Cell nuclei with DNA
that had not gone beyond the Gl phase served as an
indicator of apoptotic cell death.

3.3.3. BrdU incorporation

Bromodeoxyuridine (BrdU) labelling: cells were
grown for 1h in medium supplemented with 20 pM BrdU
(Sigma), and washed in BrdU-free medium before
treatment with Dox for 24 hours. Cells were washed in PBS
and fixed with methanol —20C® after trypsin dissociation,
incubated with HC1 0.2N/0.5% Triton X-100 for 15 min to
denaturate DNA, and in 0.1 M Na,B,0; to neutralize the
acid. BrdU was immunodetected using mouse monoclonal
anti-BrdU (Becton Dickinson, Belgique for FACS analysis)
and secondary FITC-labelled antibody. Nuclei were
counterstained with PI 20 pg/mL in presence of RNase.

3.3.4. WST-1 reduction assay
WST-1 reduction assay (Roche, Mannheim,
Germany) is a colorimetric assay for quantification of
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cytotoxicity, based on the cleavage of the WST-1
tetrazolium salt by mitochondrial dehydrogenases in viable
cells. Before Dox treatment, cells were rinsed twice in
DMEM/F12 without HEPES and without red phenol to
avoid any interference with WST-1 reduction. The
exposure was carried out in the same medium and after 24h
exposure, 20 pL of WST-1 reagent (diluted 1:1 in
DMEM/F12 without hepes or red phenol) was added to
each sample. After 90 min incubation in a humidified
atmosphere (37°C, 5% CO2), the optical density of the
wells was determined spectrophotometrically at a
wavelength of 450 nm with a reference wavelength of 630
nm using a DYNEX MRX microplate reader. A
background control (absorbance of culture medium plus
WST-1 in the absence of cells) was used as a blank. Results
were expressed as a percentage of the WST-1 cleavage in
untreated cells (the reference 100% viable cell control).
These data are expressed as mean values +/- standard error
(SD) (n=3).

3.3.5. Discrimination between
necrotic cells

In order to determine the type of cell death
induced by Dox, detached and adherent cells were
incubated for 20 min at 37 °C with fluorescein diacetate
(FDA, 1 pg/mL) and ethidium bromide (EtBr, 20 pg/mL)
in DMEM/ Ham F12 as described in Lemaire et coll. (24).
Cells were immediately observed and counted on a
conventional epifluorescence microscope.

live, apoptotic and

3.3.6. Assessment of the involvement of mitochondria in
the apoptotic process

The effect of Dox on loss of mitochondrial
transmembrane potential (A¥m) was monitored by
measuring the mitochondrial membrane permeabilization
(MMP) attributed to early events in apoptosis with a
DePsipher kit for mitochondrial membrane potential
detection (R&D Systems, UK). Functional mitochondria
were assessed by flow cytometry or by in situ observation
and photographed with a Nikon Optiphot on a conventional
epifluorescence microscope (Boisvieux et al., 2005). For
kinetics study, treated and untreated cells were harvested,
rinsed, resuspended in fresh complete DMEM/F12 medium
supplemented with 50 nM 3, 3’-dihexyloxacarbocyanine
iodide (DiOCg(3); Molecular Probes), incubated for 15 min
at 37°C, and analyzed by flow cytometry (Elite,
Coultronics France). DiOC6(3) is a lipophilic cationic
fluorochrome that accumulates in the mitochondrial matrix
proportionally to their transmembrane potential (25).
Assays were repeated three times and in each case at least
10,000 cells were analyzed.

3.3.7. Western blot analysis

Treated and untreated cells were recovered,
rinsed in cold PBS, and lysed in lysis buffer (50 mM
HEPES-KOH, pH 7.4, 250 mM NaCl, 1% NP-40, 5 mM
EDTA, 0.5 mM DTT and a cocktail of protease inhibitors
for 30 min at 4°C. Standardization of protein loading was
achieved as follows: (i) protein measurements of all
samples were performed using the bicinchoninic acid assay
and equal amounts of protein (30 nug per lane) were loaded
onto the gel; (ii) transfer efficiency of western blots was
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routinely checked by staining the membranes with 0.5%
Ponceau Red in 1% acetic acid. Proteins were separated by
SDS-PAGE (15% acrylamide / 0.2% bisacrylamide for Bax,
Bak and Bcl-2 or 10% acrylamide / 0.1% bisacrylamide for
p53) and transferred to PVDF nitrocellulose membranes
(Millipore, Billerica, Massachusetts, US). Membranes were
blocked for 1 h with 5% non-fat dry milk in PBS containing
0.1% Tween-20 and then overnight incubated at 4°C with
either anti-Bax (N20, Santa Cruz Biotechnology, California,
US), anti-Bak (Santa Cruz), anti-Bcl-2 (Santa Cruz
Biotechnology) or anti-p53 ascites antibodies (1:1000).
Primary antibodies were labeled with goat anti-mouse IgG at a
1:10,000 dilution or with goat anti-rabbit IgG at a 1:4500
dilution conjugated with horseradish peroxidase (Santa Cruz
Biotechnology) for 1 h and proteins were detected using the
ECL method according to the manufacturer’s instructions
(Amersham Biosciences, Buckinghamshire, UK).

3.3.8. Immunofluorescence

For immunostaining, cells were fixed with
paraformaldehyde (4% in PBS (wt/vol)), permeabilized by
15 min treatment with Triton X-100 (0.15% final) and
stained with mouse monoclonal anti-Bax 6A7 antibody
(dilution 1:100; Beckton Dickinson, Erembodegem,
Belgium). Cells were then revealed with Alexa fluor 568
goat anti-mouse IgG (dilution 1:100; Invitrogen), or FITC
anti-mouse IgG (dilution 1:100; Invitrogen). Nuclei were
stained for 5 min with Hoechst 33342 (2 uM; Invitrogen).
Cells were then examined under a fluorescence microscope
(Leica; DMRBtype).

3.3.9. Cell transfection

16HBE cells were seeded at 1.2x10° cells per
well in 12-well plates and transiently cotransfected with 1:4
ratios of GFP encoding vector (p-EGFP-N2, Clonetech)
and the vectors of interest (1 pug total DNA per well),
respectively.  DNA and lipofectamine 2000 reagent
(Invitrogen) were mixed according to the manufacturer’s
recommendations. Wild-type human p53 cDNA was cloned
in the pcDNA3.1 vector and then used to create a p53
mutant at codon 175 (histidine instead of arginine) by site-
directed mutagenesis (Quickchange, Stratagene). The Bcl-2
encoding vector was previously described (26). Empty
plasmid (neo) was used as control. In each experiment, the
rate of transfection efficiency was about 35%.

3.3.10. Stably transfected cell lines

HeLa cells, originated from some human cervical
cancer cells, stably transfected with empty vector
(pcDNA3, neo) or with human bcl-2 gene (kindly provided
by Dr. V. Goldmacher, ImmunoGen, Inc, Cambridge, MA,
USA) and HCT116, a cell line originated from some human
colon carcinoma, (proficient, Bax™ or Bak ™; generously
provided by B. Vogelstein, The Johns Hopkins University
Medical Institutions, Baltimore, MD, USA) were cultured
in DMEM/F12 medium supplemented with 10% heat-
inactivated FCS and antibiotics (Invitrogen) at 37°C under
5% CO2.

3.3.11. Fluorometric caspases assay
Detection of protease activity (caspase-3 and
caspase-8) was determined using the EnzChek Caspase
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Figure 1. Dox induces proliferation inhibition and cell cyle
arrest. A: Proliferation inhibition induced by Dox. B: Cell
cycle changes induced by Dox after 24h of treatment. Cells
were analyzed by flow cytometry to determine the
percentages of sub-Gl, G1, S and G2/M fractions. C:
Cellquest software analysis of cell distribution in the
different phases of the cell cycle. D: Rate of BrdU
incorporation in the S-phase cells by immunolabelling of
BrdU incorporated after 24h of 100 uM Dox treatment,
followed by flow cytometry analysis. Each bar represents
means = SD of 3 separate determinations. * Values
significantly different (p<0.05) from control.

Assay kit with z-IETD-R 110 as caspase-8 substrate and z-
DEVD-R 110 as caspase-3 substrate (Invitrogen). Cells
were treated with Dox or left untreated for control, they
were harvested and lysed. The lysates were assayed in
microplate well with the substrate and the fluorescence was

3039

measured (excitation /emission 496/520 nm) using a
fluocytometer (Fluostar Galaxy, BMG).

3.3.12. Caspase inhibitors assay

The involvement of caspases was assessed by
pre-incubating the cells with cell-permeable irreversible
specific caspase inhibitors for 30 min before Dox treatment
for 4 or 24 h. Z-VAD-fmk, z-WEHD-fmk, z-VDVAD-fmk,
z-DEVD-fmk, z-YVAD-fmk, z-VEID-fmk, z-IETD-fmk, z-
LEHD-fmk, z-AEVD-fmk and z-LEED-fmk (Caspase
Inhibitor Sample Pack, R&D systems, UK), are
respectively a pan caspase, and caspase-1, -2, -3, -4, -6, -8,
-9, -10 and -13 inhibitors,. The 20 mM stock solutions in
DMSO were stored at —20°C and diluted to 100 pM in
medium before use.

3.4. Statistical analysis

All results are representative of at least three
separate experiments. Data were analyzed using one-way
analysis of variance. Subsequently, the Student-Newman-
Keuls test was used for all pairwise comparisons of mean
responses among the different treatment groups
(SigmaStat). Differences between groups were considered
significant if the p value was less than 0.05.
Data are presented as the mean +/- standard error (SD) of
the mean for three replicates of one representative
experiment.

4. RESULTS

4.1. Dox induces cell proliferation inhibition associated
with cell cycle arrest, cell detachment and cell death
4.1.1. Disturbance in cell proliferation

The effect of Dox (20, 50and 100 uM) on
16HBE cells proliferation was measured 24, 48 and 72h
after the beginning of the treatment (Figure 1A). 20pM
Dox-treated cultures showed a significant decrease in cell
number in comparison with the control after 48h
(2.0x10°+45.0x10°  vs  3.3x10%492.0x10%) and 72h
(3x10%+60x10° vs 5.4x10°£98.0x10%) of treatment but not
within  24h  of treatment (1.1x10°+30.0x10° vs
1.2x10°88.0x10%). In contrast, higher Dox concentrations
(50 and 100 pM) resulted in a marked inhibition of
proliferation as soon as after 24h of treatment
(684.5x10°+10.0x10° for 50 pM Dox, 580.2x10°+27.0x10°
for 100 pM Dox vs 1.2x10°:88.0x10° for the control).
After 48 and 72h, the anti-proliferative effect of these high
concentrations led to a slight decrease in the cell number in
comparison with 24h of treatment, which could result from
cellular death or from cell detachment. These results
provided evidence of an anti-proliferative effect of Dox on
16HBE cells, depending on time and concentrations of
treatment.

4.1.2. Cell cycle arrest

The cell distribution in cell cycle was studied by
flow cytometry analysis. Untreated or 100 pM Dox-treated
cells were analyzed after DNA staining with propidium
iodide and RNase action (Figure 1B), followed by an
analysis with the software cellquest (Figure 1C). It
appeared that Dox induced significant changes in the cell
cycle distribution, with a decrease in G1- and G2/M-phase



Mechanisms of Doxycycline toxicity on human airway cells

1009 oe ool

Oz20pm Dox
EE0pk Dox
1 00pM Do

h o o~ 0 o
o o o o O
1 1 L 1 1

KL

oy
[}
L

&%

E 3
EE4]
EE]
*** "
4k 12 h 24 h 72h

*

Cell detachment (%)
(o)
O

=R
[ B |
1

)

=
]

e,

[ e Y
| I '

o o o O
| I T N |

00 WoT-1 reduction (% of control) | 3

20 pi Drig a0 p Do 100y D

OLive OApoptosis B Recrosis
*

105 - Ll b
=
= == mm .
a0 + 2
=+
T
75 1 £
Lk
¥
G0 1
=
L
E 45 1 *
3 = wh
20
15 1
u] T T T \
C iZortral 20 pM Do S0 ph Do 100 phd Do

Figure 2. Dox induces cell detachment and cell death. A:
Kinetics of cell detachment induced by Dox treatment. B,
C: Effect of Dox on cell death. B: WST-1 reduction assay
after 24h of Dox treatment. C: Cells were harvested after
24 h treatment and live, apoptotic and necrotic cells were
discriminated and counted on an epifluorescence
microscope. Data are expressed as percent of cells for each
type of death. Each bar represents means £ SD of 3
separate determinations. * Values significantly different
(p<0.05) from control. Among treatment conditions, values
not significantly different have the same number of
asterisks.

cells of about 34% and 10% respectively, correlated with a
44% increase of S-phase cells. Such modification in the
treated cells distribution in the cell cyle suggested a Dox-
induced growth arrest in S-phase. Thus, we examined the
rate of BrdU incorporation in the S-phase cells by
immunolabelling of BrdU incorporated after 24h of 100
uM Dox treatment, followed by flow cytometry analysis.
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This clearly showed the increase in number of cells that had
incorporated BrdU at the end of Dox-treatment (Figure
1D). Both results indicated that Dox induced the inhibition
of proliferation with growth arrest in S-phase and
accumulation of cells blocked in S-phase.

4.1.3. Cell detachment

The effects of Dox (20, 50 and 100 uM) on cell
detachment were measured with a time-course study by
counting cells that remained adherent or became detached
after Dox exposure for 4, 12, 24 or 72h (Figure 2A). Dox
led to a significant cell detachment process both in a
concentration-dependent and a time-dependent manner
compared to the control. Cell detachment appeared between
4 and 12 h after the beginning of treatment (8.4+0.8% after
12h in the presence of 100 uM Dox), and increased up to
72 h (41.8+£1.0% for 100 uM Dox), whereas the control
cultures presented only minor cell detachment (< 3%) for
each time of analysis. This increase was also concentration-
dependent, the cell detachment increasing according to the
Dox-treatment  concentrations, with 8.6+0.7% and
18.2+1.2% for respectively 20 pM and 100 uM Dox after
24h of treatment.

4.1.4. Cell death

The inhibition of proliferation and the decrease in
the cell number at the highest concentrations of Dox could
also be explained by induction of cell death process. The
quantitative analysis of the DNA content by flow cytometry
using propidium iodide revealed that Dox treatment (100
uM) for 24h promoted the formation of a sub-Gl
population, with low levels of DNA content characteristic
of apoptosis (Figure 1B). The WST-1 assay confirmed this
decrease in cell viability in a concentration-dependent
manner (Figure 2B). 20pM Dox induced only a slight
decrease in cell viability (9.5+1.0%), whereas 100 pM Dox
promoted 38.1+1.1% of cell death. To determine the mode
of cell death induced by Dox, we used a double staining of
unfixed cells with Fluorescein DiAcetate and Etidium
Bromide which allowed to easily discriminate between live,
apoptotic and necrotic cells. Dox induced a substantial
concentration-dependent decrease in the percentage of live
cells in comparison with the control (Figure 2D). This
decrease was associated with a moderate increase in the
percentage of necrotic cells in a concentration-dependent
manner, with a maximum of 8.2+0.7% for Dox at 100 uM
after 24h treatment in comparison with the 1.9+0.4%
occurring in the control cultures. Thus, the decrease in
viability induced by Dox was mainly correlated with an
apoptotic cell death induction, as revealed by the
significant concentration-dependent increase in the number
of apoptotic cells after Dox treatment increasing up to
28.5+0.8% after 24h treatment with 100 pM Dox. The
control culture exhibited a weak apoptotic rate of
3.6+0.5%.

4.2. Dox induces intrinsic apoptotic pathway
4.2.1. Mitochondrion involvement in Dox-induced
apoptosis

Permeabilization of the mitochondrial membrane
(MMP) is a critical event of the apoptotic process and is
partly controlled by the permeability transition pore
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complex (PTPC). We investigated whether exposure to
Dox caused MMP and dissipation of the transmembrane
potential AWm, by assessing the incorporation of a
lipophilic ~ cationic  fluorochrome (DePsipher) into
mitochondria. Dox-treated and control cells were stained
with DePsipher, observed with an epifluorescence
microscope and counted. In numerous Dox treated cells, the
disruption of A¥m resulted in the cytosolic accumulation
of the marker in monomer form, visualized by a green
fluorescence.

The marker aggregated in the undisrupted
mitochondria, generating red fluorescence in untreated
cells. Quantitative epifluorescence analysis showed a
percentage of cells with loss of MMP of 30.0+1.4%
compared to the 6.9+1.2%% of cells with no MMP in
control cultures (Figure 3A). Flow cytometry analysis
supported the conclusion that 24h of Dox treatment induced
MMP with an increase in the number of Depsipher green
cells (Figure 3B). The loss of A¥m was confirmed by a
time-course study after 100 uM Dox treatment (Figure
3C). Dox induced loss of MMP within 4h treatment with a
statistically significant increase in cells with no MMP
(11.4£1.0%) compared to the untreated cells (6.7+0.9%)
and about 4-fold more cells with loss of MMP (31.7£14.%)
than the control culture (8.4+0.9%) after 24h treatment.

4.2.2. Involvement of Bcl-2 family proteins in Dox-
induced apoptosis

From the above results, mitochondria clearly
appeared to be involved in Dox-induced toxic effects. The
translocation of the proapoptotic protein Bax from the
cytosol to the mitochondria is known to be involved in the
loss of A¥Ym in numerous models of apoptosis.
Nevertheless, Western blot analysis (Figure 4A) and
immunofluorescence observations (Figure 4B) showed
respectively no change in Bax expression or activation and
relocalisation. Moreover, experiments performed on Bax-/-
HCT116 cells showed that 100 uM Dox treatment induced
both decrease in viability (63.1+1.7%, Figure 4D) and
mitochondrial alteration (39.4+2.0%, Figure 4F) which
consequently appeared Bax-independent.

On the opposite, the levels of expression of the
pro-apoptotic protein Bak and the anti-apoptotic protein
Bcl-2 were modified after Dox treatment. Western Blot of
Bak protein showed increase in the Bak protein expression
(Figure 4A) and Bak-/- HCT116 cells exhibited an
increase in viability (88.5+1.8%, Figure 4D), and a
decrease in loss of AWm (18.7£1.5%, Figure 4F), in
comparison with treated cells (respectively 61.9+1.9% of live
cells and 42.2+1.4% of cells with altered mitochondria after
100 uM Dox treatment). The anti-apoptotic factor Bcl-2
seemed also to play a crucial role in Dox-induced apoptosis
since a decrease in Bcl-2 protein expression was observed after
8h and 24h of treatment (Figure 4A). Transiently-transfected
16HBE cells (Figure 4C) or stably-transfected HeLa cells with
Bcel-2 (Figure 4G-I) were analyzed in regard to viability
(Figure 4C, G) and mitochondrial potential (Figure 4C, I).
Dox-treated Bcl-2-transfected cells showed an increase in
viability and a decrease in percentage of cells with altered
mitochondria. In conclusion, the anti-apoptotic protein Bcl-2
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and the pro-apoptotic Bak seem to be essential mitochondrial-
related factors that regulate Dox-induced apoptosis.

The mitochondrial involvement in Dox-induced
apoptosis was verified with HeLa cells stably transfected
with viral mitochondria-localized inhibitor of apoptosis
(VMIA). In vMIA-stably transfected cells the loss of MMP
induced by Dox was reduced (47.6+0.8% for 100 uM Dox
vs 4.9+0.8% for vMIA-stably transfected cells) and the
percentage of live cells increased (64.9+1.1% for 100 pM
Dox vs 86.9£1.0% for vMIA-stably transfected cells),
confirming the mitochondrial involvement in Dox-induced
apoptotic cell death (Figure 4G and I).

4.3. Dox treatment does not activate the pS3 pathway

The study of the pS3 protein expression (Figure
4A) that could be observed upstream to Bax-activation,
also revealed that Dox-induced toxic effects are p53-
independent in the 16HBE cells. This result was confirmed
by a transfection experiment followed by viability assay
and mitochondrial alteration analysis after Dox treatment
(Figure 4C). As demonstrated in Figure 4C, transciently-
transfected cells with DN p53 exhibited no increase in the
percentage of live cells (63.9£1.3%), in comparison with
Neo (64.3+1.3%) or wild-type p53 (65.6£1.8%)
transfection. Moreover, no detectable effect of DN p53 on
the percentage of cells with altered mitochondria cell was
observed (33.4+1.3% for DNp53-transfected cells vs
32.8+1.4% for Neo-transfected cells after 24h of 100 uM
Dox treatment), suggesting that p53 was not involved in
Dox-induced apoptosis.

4.4. Dox induces specific caspase-dependent cell death

Programmed cell death process is currently
driven by the activation of caspases, which are responsible
for the specific cleavage of proteins in an ordered manner.
We investigated, using EnzChek caspase assay kit, the
putative activation of caspase-3 after 30 min and 2 h of
treatment by measuring spectrometrically the activity of
caspase-3 in cytoplasmic extracts resulting in the cleavage
of its substrate. It appeared that within 30 min Dox induced
a significant increase in the caspase-3 activity which was
time-dependent as the caspase-3 activity increased
gradually after 2h and 24h of treatment (11200+650 after
30 min, 16170+£660 after 2h and 36560+590 after 24h, in
comparison with the control < 7000 for each time of
treatment (Arbitrary Units (AU))) (Figure S5A). After 24h
treatment we also measured the caspase-8 activity which
was not modified in comparison with the control
(15370+580 for 100uM Dox-treated cells vs 14620+610
for the control (AU)) (Figure 5B).

The involvement of the different caspases was
assessed by measuring the effects of a panel of selective
caspase inhibitors added to the culture medium before Dox
treatment on the rate of apoptosis (Figure 5C). The
induction of apoptosis after 24 hours of treatment with Dox
was blocked by the pan-caspase inhibitor z-VAD. Dox-
induced apoptosis was also largely prevented by the
selective z-DEVD, caspase-3- and z-LEHD, caspase-9-
inhibitors (respectively 14.8+2.2% and 17.7£1.5% of
apoptosis, reported to the control (100% of apoptosis))
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(Figure 5C). The other selective caspase-inhibitors used,
inhibitors of caspase-8, z-IETD, caspase-1, z-WEHD,
caspase-2 z-VDVAD, caspase-4 z-YVAD, caspase-6 z-
VEID, caspase-10 z-AEVD and caspase-13 z-LEED were
ineffective. All these results precised the involvement of
selective caspases in Dox-induced apoptosis, among which
caspase —3 and —9 seem to be the most important.

4.5. Dox-induced apoptosis and cell detachment are
related

Dox-induced cell detachment was investigated
with respect of the behaviour of the two mitochondrial
related proteins Bak and Bcl-2 which were shown to play a
key role in Dox-induced apoptosis. Cell detachment was
prevented after Dox treatment in 16HBE and HeLa cells
both transfected with Bel-2 (Figure 4C and H), as well as
in the Bak-/- HCT116 cells (Figure 4E). Conversely, p53
and Bax which were not involved in Dox-induced apoptosis
had no effect on cell detachment (Figure 4C, E). HeLa
cells stably transfected with vMIA, able to inibit
mitochondrial-related apoptosis, were also protected from
Dox-induced cell detachment (Figure 4H). Moreover,
caspases involved in Dox-induced execution of apoptosis,
caspase-3 and -9, appeared to be also triggered in Dox-
induced cell detachment (respectively 28.1+1.5% and
29.0+£1.6% of cell detachment, reported to the control
(100% of cell detachment)) (Figure SD).

5. DISCUSSION

In this study, we determined the early
mechanisms of toxicity induced by Dox in the 16HBE
human bronchial epithelial cell line. We have tested Dox
concentrations in the range of 20 to 100 puM. Our
experiments showed that Dox induced several various toxic
effects, all of them time- and concentration-dependent. This
concentration-dependence of toxic effects induced by Dox
was also related in others cell lines for a wide range of
concentrations. Thus, in the SV-40 transformed human
embryonic lung fibroblasts (WI 38 VA 13), a respiratory
epithelial-like cell line, the Dox-induced toxicity appeared
from concentrations above 0.4 pM (27). Likewise, in
various mammalian cell cultures, the toxic concentrations
was found to be above 4-10 uM (9).

Our results demonstrated that Dox treatment
induced an inhibition of 16HBE proliferation (Figure 1A)
as observed in vitro in other cells (6, 8, 27-33) or in vivo
(12, 34, 35). Therefore, Dox anti-proliferative effect has
been investigated in respect with the occurrence of cell
cycle arrest, cell detachment or cell death induction. Dox
induced an increase in number of S-phase cells correlated
with a decrease in the cell number of the phase G1 and
G2/M detected by flow cytometry of the cell DNA content
(Figure 1C). This increase in S-phase cells could be due to
cell cycle arrest within the S phase and subsequent
accumulation of S-phase cells (Figure 1D). This result
suggested that Dox did not cause any inhibition of G1/S
switching and was consistent with the absence of p53
pathway activation after Dox treatment (Figure 4A, C).
Thus, dox-induced cell cycle arrest could partly explain the
proliferation inhibition observed after Dox treatment. The
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anti-proliferative effect could also be explained by an
increase in cell detachment, since cell detachment was
observed within 12h for the highest concentrations and
increased up with time of Dox exposure (Figure 2A). Dox-
induced cell detachment has also been reported in
periodontal ligament derived fibroblasts for concentrations
above 50 uM (10). The proliferation inhibition could also
be due to cell death process induced by Dox. In agreement
with cell cycle arrest in S phase, an event that triggers
caspase-dependent apoptotic cell death, Dox clearly
induced a substantial increase in the sub-G0/G1 fraction
resulting from the DNA cleavage characteristic of the
apoptotic ~ process.  Nevertheless, = complementary
experiments demonstrated that apoptosis was not the only
type of death induced by Dox. Thus, FDA-EtBr labelling
revealed that the decrease in live cell number was
essentially correlated with a proportional increase in
apoptotic cell number but that cell exposure to high
concentrations was followed by an emerging fraction of
necrotic cells. This toxicity was also found in human
embryonic lung fibroblasts with a complete cell death after
96h exposure with Dox at 200 uM (27).

The faculty to decrease the side effects associated
to Dox treatment and/or to “turn on” Dox-induced
apoptosis requires a better comprehension of the apoptotic
process triggered by Dox. As a key component of the
classical apoptotic process, we first have studied the
mitochondrial involvement in Dox-induced apoptosis. We
have shown that Dox clearly induced signs of MMP such as
the dissipation of Aym (Figure 3). The involvement of the
mitochondria—related proteins Bak (Figure 5A, D-F) and
Bcl-2 (Figure 4A, C, G-I) emphasized the key role of
mitochondria in Dox-induced apoptosis. The pro-apoptotic
protein Bak was up-regulated in Dox treated cells, and the
improvement in survival as well as the decrease in loss of
MMP of HCT116 Bak-/- cells confirmed the role of Bak in
mitochondrial alteration and in viability decrease. The early
decrease in the anti-apoptotic protein Bcl-2 expression, as
soon as 8h, showed its involvement in Dox-induced
apoptosis. Moreover, 16HBE cells transfected with a Bcl-2
encoding vector and experiments carried out on HeLa cells
overexpressing Bcl-2 specified its role in mitochondrial
alteration, with a decline in loss of mitochondrial potential,
and maintain of cell viability. These data are in agreement
with previous findings showing that Bcl-2 family proteins
play an important role in regulation of apoptosis (36, 37).
In spite of the active roles of Bak and Bcl-2, apoptosis
induced by Dox seemed to be Bax-independent, as revealed
by the absence of adjustment in Bax expression after Dox
treatment (Figure 4A) and by similar response of the Bax-
/- cell line and non-transfected HCT116 cells regarding loss
of mitochondrial potential and viability decrease (Figure
4D, F). Likewise, Dox-induced apoptosis was revealed to
be p53-independent as pS53 protein expression did not
change after Dox treatment (Figure 4A) and as Dox-
induced toxic effects did not change in 16HBE cells
transiently transfected with wild-type human p53 cDNA or
with mutant p53 cDNA (Figure 4C). This p53-
independence of Dox-induced apoptosis could be explain
by a p53-independent apoptotic process even in presence of
DNA damage (38, 39) and could explain the Bax-
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independence of Dox-induced apoptosis as it was
demonstrated that p53 may represent a key factor in the
control of Bax expression (40). In addition, the percentage
of apoptotic cells was very close to the percentage of cells
with MMP and HeLa cells stably transfected with viral
mitochondria-localized inhibitor of apoptosis (VMIA),
which prevents MMP (41), sustained the survival of Dox
treated cells. Taken together, all these results established
the key role of mitochondrial-involvement in Dox-induced
apoptosis.

Programmed cell death is also currently driven by
the activation of cysteine-proteases named caspases, which
are responsible for the specific cleavage of proteins in an
ordered manner. Our data demonstrated that Dox-induced
apoptosis is caspase-dependent, since the induction of
apoptosis by a 24 hours Dox treatment was blocked by the
pan-caspase inhibitor z-VAD added to the culture medium
before Dox treatment (Figure 5C). We investigated the
activity of two caspases, the caspase-3 (Figure 5A), final
executioner of apoptotic pathway and the caspase-8 (Figure
5B), involved in Death Receptor mediated apoptosis. It
clearly appeared that Dox induced an early activation of
caspase-3, as soon as 30 min, increasing up with time.
Nevertheless, the caspase-8 activity was not modified
suggesting that Dox-induced apoptotic pathway seemed not
related to the death receptor pathway. This was confirmed
with a panel of selective caspase inhibitors (Figure 5C).
The only caspase-inhibitors being effective are the caspase-
3 and -9 inhibitors. This underlined the caspase-dependence
of Dox-induced apoptosis closely related to the
mitochondrial apoptotic pathway (42, 43).

These results demonstrated that Dox-induced
apoptosis involved the mitochondrial-related proteins Bcl-2
and Bak and the caspase-3 and -9 activation, but was p53-
and caspase-8-independent. Thus, we can conclude that
Dox triggers an apoptosis mediated by mitochondrial-
pathway.

Afterwards, we sought the involvement of
mitochondrion and caspases, evidenced as key components
of the Dox-induced apoptotic pathway, in cell detachment.
The two mitochondrial related proteins Bak and Bcl-2
involved in apoptotic response also showed a significant
effect on cell detachment. Transient transfection with Bcl-2
gene abrogated cell detachment and HeLa cells stably
transfected with vMIA, inhibiting mitochondrial-related
apoptosis, were protected from cell detachement. These
results showed the mitochondrial-involvement in cell
detachment. Then, the caspase-dependence of Dox-induced
cell detachment was evaluated by measuring the effect of
specific caspase-inhibitors on cell detachment. The pan-
caspase inhibitor z-VAD inhibited Dox-induced cell
detachment. The two caspases involved in cell detachment
seem to be the final executioner caspase-3 and the
mitochondrial-related caspase-9. These results indicated the
caspase-involvement in cell detachment. Therefore, all
these elements suggest that Dox-induced apoptotic
execution and cell detachment are closely associated (44-
46). During Dox treatment, Bcl-2 decreased expression and
loss of MMP, as well as the increase in caspase-3 activity,
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constituted early events that occurred before the beginning
of cell detachment, suggesting that apoptosis could be
responsible of cell detachment.

In conclusion, we have shown in this study that
Dox treatment generated concomitant toxic effects: cell
proliferation inhibition, with cell cycle arrest, apoptosis and
cell detachment. Its ability to induce cell proliferation
inhibition and apoptosis could represent a major addition to
the treatment options available for the management of
cancers, and more specifically to the therapeutic
management of tumoral cells resistant to death receptor-
mediated cell death, as our understanding of the pathways
involved in the toxic effects induced by Dox points to the
mitochondrion as a central regulator of apoptosis. To
activate Dox-induced apoptosis in such cells could allow to
restrain their proliferative potential. Nevertheless, further
studies have to be carried out to better understand the cell
detachment triggered by Dox-induced apoptosis, which
could induce a negative synergistic effect during the
treatment of metastatic cells.
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