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Ascorbate potentiates the cytotoxicity of menadione
leading to an oxidative stress that kills cancer cells
by a nhon-apoptotic caspase-3 independent form

of cell death
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Hepatocarcinoma cells (TLT) were incubated in the pres-
ence of ascorbate and menadione, either alone or in
combination. Cell death was only observed when such
compounds were added simultaneously, most probably
due to hydrogen peroxide (H.O,) generated by ascorbate-
driven menadione redox cycling. TLT cells were partic-
ularly sensitive to such an oxidative stress due to its
poor antioxidant status. DNA strand breaks were in-
duced by this association but this process did not cor-
respond to oligosomal DNA fragmentation (a hallmark of
cell death by apoptosis). Neither caspase-3-like DEVDase
activity, nor processing of procaspase-3 and cleavage of
poly(ADP-ribose) polymerase (PARP) were observed in
the presence of ascorbate and menadione. Cell death in-
duced by such an association was actively dependent on
protein phosphorylation since it was totally prevented by
preincubating cells with sodium orthovanadate, a tyro-
sine phosphatase inhibitor. Finally, while H,O,, when ad-
ministered as a bolus, strongly enhances a constitutive
basal NF-<B activity in TLT cells, their incubation in the
presence of ascorbate and menadione results in a total
abolition of such a constitutive activity.

Keywords: ascorbate; menadione; oxidative stress; auto-
schizis; hepatocarcinoma cells.

Abbreviations: TLT: Transplantable Liver Tumor; LDH: lactate
deshydrogenase.

Introduction

A large body of evidence supports the idea that loss of re-
dox homeostasis (oxidative stress) induced by menadione
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leads to cell death by either necrosis or apoptosis, depend-
ing upon the dose and the exposure time of the oxidizing
agent, and the cell type as well.'™> Such a cytotoxicity is
largely enhanced when menadione is associated with ascor-
bate ina ratio of 1/100.% The rationale of this approach was
first based in the findings that reactivation of both acid
and alkaline DNases by ascorbate and menadione respec-
tively, led to cancer cell death and tumour regression.’~’
Secondly, the redox cycling between ascorbate and mena-
dione generating hydrogen peroxide (H,0O,) was thought
to explain (at least partly) such a cytotoxicity.

The molecular mechanisms of this cell demise induced
by the association of ascorbate and menadione have not
been completely elucidated, but their 7z vivo adminis-
tration produced the following effects: cancer growth
inhibition in TLT-bearig mice, a murine ascites Trans-
plantable Liver Tumour®; selective potentiation of tumour
chemotherapy?; sensitization of tumours resistant to some
drugs'?; and potentiation of radiotherapy.' Interestingly,
such a co-administration did not enhance the general tox-
icity that accompanies cancer chemotherapy, suggesting
that increase in animal life span was due to cancer cell
death without secondary inflammatory reactions. Up to
now, several reports have been published concerning the
antitumour activity of the association of ascorbate and
menadione against a wide variety of human tumour cell
lines.*12~1° More recently, it has been suggested that this
association kills cancer cells by autoschizis, a new type of
cell death showing both apoptotic and necrotic morpho-
logic characteristics.”>*'7~1” In the current study we have
sought to further examine the mechanisms by which the
association of ascorbate and menadione cause cell death in
TLT cells, a murine hepatoma cell line. Several issues con-
cerning the cytotoxicity, the profile of cell death and the
possible mechanisms underlying their mediated effects
were studied. We found that cell death was the result of
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a synergy between ascorbate and menadione due to their
redox cycling generating H,O,, it was not dependent of
caspase-3 activation, it involved tyrosine phosphorylation
and it did not require NF-k B activation.

Materials and methods

Cell line and cells culture conditions

The murine hepatoma cell line, Transplantable Liver
Tumor (TLT) were cultured in Williams’E essential
medium supplemented with 10% fetal calf serum, glu-
tamine (2.4 mM), penicillin (100 U/ml), streptomycin
(100 pg/ml) and gentamycin (50 pg/ml). The cultures
were maintained at a density of 1-2 x 10’ cells per ml.
The medium was changed at 48-72 h intervals. All cul-
tures were maintained at 37°C in a 95% air/5% CO,
atmosphere with 100% humidity. Actinomycin D was

used as a positive control.2’

Chemicals

Menadione bisulfite, sodium ascorbate, phenylmethylsul-
fonylfluoride (PMSF), dimethylsulfoxide (DMSO), acti-
nomycin D, and deoxycholic acid (DOC) were purchased
from Sigma (St Louis, MO). Hybond membranes were
purchased from Amersham (Arlington Hts, IL). The Cas-
pase 3 inhibitor, Ac-DEVD-FMK, was purchased from
Calbiochem (San Diego, CA). The Williams’E culture
medium was from GIBCO (Grand Island, NY). Poly-
clonal antibodies from Santa Cruz Biotechnology (Santa
Cruz, CA) were used for the determination of procaspase-
3 (dilution 1/200) and PARP (dilution 1:200). All other
chemicals were ACS reagent grade.

Assays

Immunoblotting of the protein fractions. At the indicated
times, cells were washed twice with ice-cold potassium
phosphate buffered saline (PBS) and then resuspended
in a PBS lysis buffer containing 0.1% phenylmethylsul-
fonyl fluoride, 0.1% Tween-20, 0.5% deoxycholic acid
and 0.1% sodium dodecyl sulfate (SDS). The samples were
kept on ice for 20 min and then centrifuged at 13000 X g
for 10 min at 4°C. The proteins were subjected to SDS-
PAGE (6-15% separating gel) followed by electroblot to
PVDF or nitrocellulose membranes. The membranes were
blocked 1 h in TBS buffer (pH 7.4) containing 5% pow-
dered milk protein followed by an incubation with diluted
antibodies in a fresh solution of powdered milk protein
(1% w/v) in TBS buffer. The membrane was washed and
incubated for 60 min with a dilution of secondary anti-
body coupled to alkaline phosphatase. Immunodetection
was performed by colour development with NBT/BCIP.
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DNA fragmentation studies. DNA fragmentation was de-
termined by two techniques. In the first the DNA was
extracted by either the Wizard Genomic DNA Purifica-
tion system (Promega, Madison, W1I) or the TACS Apop-
totic DNA Laddering kit (Sigma, St. Louis, MO). The ex-
tracts were electrophoresed on 1.2% agarose gel, stained
with ethidium bromide and visualized with a UV tran-
siluminator. Alternatively, the in situ nuclear DNA frag-
mentation was determined according to a method based
on 3-OH end labeling of DNA breaks with deoxyuridine
terminal deoxynucleotidyl transferase. In these studies the
cells were incubated for 16 hrs with the test compounds,
washed twice with ice-cold PBS containing 4% BSA, fixed
with a freshly prepared solution of 4% paraformalde-
hyde in PBS, resuspended and incubated in a shaking
bath for 30 min at room temperature. The fragmented
DNA was detected by the “In Situ Cell Death Detection”
kit (Boehringer Mannheim). Briefly, fluorescein-labeled
dUTP was incorporated at the 3’-OH ends of the frag-
mented DNA by the terminal deoxynucleotidyl trans-
ferase reaction (TUNEL). The incorporated nucleotide
polymers were detected and quantitated by flow cytom-
etry on a FACS 440 (Becton-Dickinson) flow cytometer
with an argon ion laser (Spectra-Physics, Mountain View,
CA) tuned to 488 nm (excitation) and 530 nm (emission).
The FITC signal was measured with logarithmic ampli-
fication (4-decade log scale) and the flow rate was 2000
cells per sec. Consort Vax software (Becton-Dickinson)
was used for data acquisition (10,000 events per
sample).

Nuclear protein extraction. Cells were harvested and washed
twice with ice-cold potassium phosphate buffered saline
(PBS) and then resuspended in 120 pl of a first lysis buffer
(Hepes-KOH 10 mM, MgCl, 2 mM, EDTA 0.1 mM,
KCl 10 mM, NP40 0.5%, DTT 1 mM, PMSF 0.5 mM,
pH 7.9) supplemented with antiproteases (Complete
Mini Protease Inhibitor Cocktail, Boehringer Mannheim,
Germany). Cells were allowed to swell on ice for 10 min
and then vortexed for 8 s. Suspension was then centrifuged
at 15000 X g for 30 s and the pellets of nuclei were
resuspended in 30 pul of a second lysis buffer (Hepes-
KOH 50 mM, MgCl, 2 mM, EDTA 0.1 mM, NaCl 400
mM, KCI 50 mM, glycerol 10%, DTT 1 mM, PMSF 0.5
mM, pH 7.9) supplemented with antiproteases (Complete
Mini Protease Inhibitor Cocktail, Boehringer Mannheim,
Germany). Nuclei were allowed to swell on ice for 30 min-
utes. After centrifugation (15000 X g for 15 minutes),
aliquots of supernatant containing the nuclear proteins
were stored at —80°C.

Electrophoresis mobility shift assay (EMSA). Electrophoretic
Mobility Shift Assays (EMSA) were performed as
described.?! Briefly, 5 pg of nuclear proteins were



incubated for 30 min at room temperature with 0.2 ng of
32P-labeled oligonucleotidic probe, 1 ug of BSA, and
1.3 g of poly (dI-dC) - poly (dI-dC) (Pharmacia Biotech,
The Netherlands) and binding buffer (20 mM HEPES-
KOH, 1 mM EDTA, 5% (v/v) glycerol, 0.5 mM MgCly;
1 mM DTT, pH 7.9) in a final volume of 10 ul. DNA-
protein complexes were then resolved on a nondenaturing
6% polyacrilamide gel run for 3 h at 300 V in TBE.
The gel was then dried and autoradiographied on a Fuji
X-ray film (General Electrics, Belgium). The probe (Euro-
genetec, Belgium) contains the sequence of NF-«B from
the LTR of HIV-1: 5'-GGTTACAAGGGACTTTCCG-
CTG-3'. The oligonucleotide probe was labeled by fill-
ing in with the Klenow DNA polymerase (Boehringer
Manheim, Gemany). Probe (100 ng) was labeled with
3 uCi of (¢->?P)-dATP and (a->?P)-dCTP (3000 Ci/
mmol; Du Pont de Nemours International, Belgium) and
unlabelled dTTP and dGTP (Boehringer Mannheim, Ger-
many), then purified on a Sephadex G-25 (Pharmacia
Biotech, The Netherlands) column and stored at —20°C
until use. Specific radioactivity was always >10% cpm/j1g.

Cell-free caspase-3 activity. The caspase-3 activity was mon-
itored by cleavage of a specific peptide substrate, Asp-Glu-
Val-Asp-AFC (DEVD-AFC) according to the procedure
outlined in the instructions for the “FluorAce apopain
assay” kit (Bio-Rad). Briefly, after incubation with the
test compounds, the cells were washed twice with PBS,
lysed and centrifuged. The supernatants were incubated
with DEVD-AFC in the reaction buffer supplied with
the kit. Substrate cleavage was determined kinetically at
room temperature in a LSS0B Luminescence Spectrome-
ter (375 nm excitation, 510 nm emission) (Perkin Elmer,
Urbana, IL).

Other assays. Cellular viability was estimated by measur-
ing the activity of lactate dehydrogenase (LDH), accord-
ing to the procedure of Wrobleski and Ladue,?? both in
the culture medium and in the cell pellet obtained after
centrifugation. The results are expressed as a ratio of re-
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leased activity to the total activity. Superoxide dismutase
was measured by recording the reduction of NBT??; Cata-
lase was measured according to the TiSO4 method??; and
Glutathione peroxidase activity was assayed by following
the oxidation of NADPH as reported by Wendel (1981).%
The amount of protein content was determined by the
method of Lowry et 2/, using BSA as reference.®

Statistical analysis. Data were analysed using one-way
analysis of variance (ANOVA) followed by Sheffe test for
significant differences between means. For statistical com-
parison of results at a given time point, data were analysed
using Student’s 7 test. The level of significance was set at
p < 0.05.

Results

Oxidative stress induced by redox cycling
between ascorbate and menadione is the main
mechanism involved in their cytotoxicity

Figure 1 shows the survival of TLT cells when ascorbate
was associated with menadione. It appeared clearly that
cell death was dependent upon menadione concentration:
after 24 hours incubation, the combination of ascorbate
(2 mM) with menadione at either 2, 4, 8, 10 and 20 uM,
induced a LDH leakage of 25, 33, 61, 79 and 86% re-
spectively, as compared to 18% observed in untreated
cells (Figure 1A). It should be underlined that this cy-
totoxic effect was produced when both compounds were
added simultaneously since neither ascorbate (2 mM) nor
menadione (20 wM) were able to induce cell death when
administered separately (Figure 1B).

Table 1 shows the basal activites of the three major an-
tioxidant enzymes in TLT cells as compared to values re-
ported in the literature for normal murine hepatocytes.?’
Indeed, the activities of catalase, superoxide dismutase and
glutathione peroxidase represented only 5, 1 and 22%,
respectively. After 3 hours incubation in the presence of

Table 1. Antioxidant enzymes activities in both normal murine hepatocytes and TLT murine hepatocarcinoma cells. Effect of the asso-

ciation of menadione and ascorbate on TLT antioxidant enzymes

TLT cells
Enzymes Normal hepatocytes Untreated Treated
Superoxide dismutase 181 £ 14* 2.15+ 0.24 1.96 + 0.26
Catalase 58 + 3* 3.00 + 0.50 2.70 £+ 0.60
Glutathion peroxidase 24 + 3* 5.38 + 0.62 5.84 + 0.40

TLT cells were incubated for 3 hours in the absence or in the presence of menadione (8 M) and ascorbate (2 mM). Enzyme activities
were measured as described under Materials and Methods. Values are expressed as mUnit/mg protein (glutathione peroxidase and
catalase) and as Unit/mg protein (Superoxide dismutase). The results obtained with TLT cells are mean values + S.E.M. of 3 separated
experiments. The addition of menadione and ascorbate alone were without any effect on the three enzyme activities (data not shown).

*Values taken from Sun et al., 1989.

Apoptosis - Vol 9 - No 2 - 2004 225



J. Verrax et al.

Figure 1. Effect of the association of menadione and ascorbate on cell survival. Cells were incubated for 24 hours in the absence or in the
presence of ascorbate (2 mM) combined to different concentrations of menadione ranging from 2 to 20 uM (1A). In Figure 1B, cells were
incubated for 8 hours in the absence or in the presence of menadione (20 M) and ascorbate (2 mM) either alone or in combination. At
the indicated times aliquots of cell suspension were taken and LDH leakage was measured as described under Materials and Methods.
Results represent the mean values + SEM from at least 3 experiments. *p < 0.05 as compared with control values (untreated conditions).
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the association of menadione/ascorbate (8 uM/2 mM), no The association of menadione and ascorbate
modification was observed. Since TLT cells are deficient  kills TLT cells by a caspase-3 independent
in the antioxidant defense system, the possibility that the mechanism

association of menadione and ascorbate shows a selective
cytotoxic effect to cancer cells rather than the normal ones As shown by the TUNEL assay, DNA strand breaks

has been raised. were induced only by the association of menadione and
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Table 2. Effect of the association of menadione and ascorbate
on DNA fragmentation and caspase-3-like DEVDase activity

TUNEL (Mean DEVDase activity
Experimental conditions fluorescence) (Unit/mg protein)

Untreated 1.9+ 0.7 126+ 1.5

Menadione (2 M) 28+ 0.9 51.8 + 6.5*

Ascorbate (2 mM) 22+ 09 139+ 3.4

Menadione/ascorbate 245 + 3.1* 95+ 1.2
(2 uM/2 mM)

Actinomycin D (25 uM) 3.0+ 0.6 64.2 + 7.1*

Act + Z-DEVD-FMK n.d. 121 + 1.0%
(7.5 uM)

Cells were incubated for 6 hours (DEVDase), or 16 hours (TUNEL)
in the absence or in the presence of menadione and ascorbate
either alone or in combination. At the indicated times aliquots
of cell suspension were taken and parameters were measured
as described under Materials and Methods. The results are ex-
pressed as mean values + SEM from at least 3 experiments.
(n.d. = not determined). Cells were preincubated for 1 h in
the presence of the caspase-3 inhibitor, before the addition of
actinomycin D.

xp < 0.05 as compared with control values (untreated conditions).
$p < 0.05 as compared with actinomycin D values.

ascorbate (Table 2). Such a DNA injury was not the
result of cell death since ascorbate (2 mM) was associ-
ated with 2 uM menadione, a combination of doses un-
able to cause cell lysis. Regarding the mechanism, the
results in Table 2 also shown that such a DNA frag-
mentation was unlikely caused by a caspase-3 dependent
mechanism. Indeed, after 6 hours incubation no caspase-3
activation was measured in menadione/ascorbate-treated
cells but menadione alone and actinomycin D (25 uM),
used as positive control, were able to induce 4-5 fold
such a caspase-3-like DEVDase activity. Nevertheless,
neither menadione alone nor actinomycin D were able
to induce cell death, at least until 48 hours incuba-
tion (data not shown). It may be possible that such a
DEVDase activity involves other caspases. Therefore, in
order to exclude a role of caspase-3 in DNA strand breaks
by menadione and ascorbate, processing procaspase-3 and
the cleavage of one of its specific substrates, namely the
poly(ADP-ribose) polymerase (PARP) was investigated.
By performing Western-blot procedures it was shown
that neither pro-caspase-3 nor PARP were cleaved by the
association of menadione and ascorbate (Figure 2). The
absence of such a classical apoptotic marker was fur-
ther confirmed by recording the electrophoretic profile
of genomic DNA extracted from cells treated with mena-
dione and ascorbate. The DNA cleavage into oligonu-
cleosomes was indeed not observed but rather a DNA
smear pattern (Figure 3). Therefore, apoptosis is unlikely
the underlying mechanism explaining such DNA strand
breaks.

Cancer cell death by ascorbate-menadione redox cycling

Figure 2. Immunoblotting of pro-caspase-3 and PARP in the pres-
ence of menadione and ascorbate. Cells were incubated in the
presence of menadione (10 M) and ascorbate (2 mM) for the
different times indicated. Afterwards, cells were washed with PBS
and lysed according to procedures described under Materials and
Methods. First antibodies were used at a dilution of 1/200 for
procaspase-3 and PARP respectively.
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Figure 3. Effect of the association of menadione and ascorbate
on DNA fragmentation. Cells were incubated for 16 hours in the
absence (lane 2) or in the presence of 2 mM ascorbate (lane 3),
2 uM menadione (lane 4) or a combination of both compounds
(lane 5). Actinomycin D was used at 25 ©M (lane 6). Genomic
DNA was extracted and runned in agarose gel electrophoresis as
described under Materials and Methods. Results represented one
typical experiment out of three.
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What is the molecular mechanism involving
in cell death caused by the association
of menadione and ascorbate?

The previous results show that TLT cells death by the
association of menadione and ascorbate is caspase-3 in-
dependent but it requires the association of both com-
pounds and, subsequently, the oxidative stress resulting
from H,O, generated during their redox cycling. Since
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Table 3. Effects of severalinhibitors of protein kinases and protein
phosphatases on TLT cells death induced by the association of
menadione and ascorbate

LDH leakage (%)

Treatment Untreated cells  Treated cells
H-7 (10 uM) 10.0 £ 1.3 69.6 + 3.1*
Genistein (50 uM) 104 £ 2.0 725 + 4.2¢
Okadaic acid (0.1 uM) 155+ 2.2 70.0 + 3.5*
Sodium vanadate (100 uM) 9.0+ 0.9 10.2+ 0.6

Cells were incubated for 8 hours in the absence or in the presence
of the association of menadione (10 M) and ascorbate (2 mM).
Both the kinase and phosphatase inhibitors were tested at the in-
dicated concentrations. LDH leakage was measured as described
under Materials and Methods. The results represent the mean val-
ues + SEM from at least 3 experiments.

p < 0.05 compared with untreated cells.

oxidative stress and protein (de)phosphorylation are
closely related in controlling cell function and differen-
tiation, including cell death, the putative involvement
of protein kinases and phosphatases was investigated
(Table 3). Among the different inhibitors, only sodium
vanadate, a tyrosine phosphatase inhibitor, entirely sup-
pressed cell lysis induced by the association of mena-
dione and ascorbate. The other inhibitors, namely H-7 (a
serine/threonine kinase inhibitor), genistein (tyrosine ki-
nase inhibitor) and okadaic acid (a serine/threonine phos-
phatase inhibitor) were devoid of a protective effect. The
effect of vanadate is unlikely due to redox cycling inter-
ference since 3,4-Et-dephostatin, another tyrosine phos-
phatase inhibitor, was also able to reduce, to a lesser extent,
the cytotoxic effect induced by the association of mena-
dione and ascorbate (Figure 4A). In addition, vanadate
was not able to modify oxygen uptake that takes place
during their redox cycling (data not shown). As shown
in Figure 4B, both vanadate and dephostatin strongly
enhanced protein phosphorylation in both treated- and
untreated-cells indicating that tyrosine phosphatases are,
indeed, inhibited. Since Nuclear Factor kappa B (NF-«B),
a transcription factor that inhibits apoptosis and favours
cancer cell survival, is activated by H,O, and in-
volves protein phosphorylation, its putative role on the
menadione/ascorbate-mediated effect was tested. Figure
5 shows an electrophoretic mobility shift assay (EMSA) of
different nuclear fractions from cells incubated in the ab-
sence or in the presence of menadione and ascorbate either
alone or in combination. Hydrogen peroxide added as a
bolus (200 M) was used as positive control and the effect
of vanadate on both treated- and untreated cells was also
investigated. Unexpectedly, a constitutive activation of
NF-kB was observed in untreated cells as well as in cells
receiving menadione and ascorbate alone. While H,O,
enhance the binding of NF-«B to the probe, the associa-
tion of menadione and ascorbate produced a strong inhi-
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bition. When vanadate was added, a marked activation of
NF-kB was observed in all the experimental conditions
including that cells incubated with menadione/ascorbate.

Discussion

A wide variety of cell lines from human origin have been
shown to be extremely sensitive to the association of mena-
dione and ascorbate,*313-1¢ while non transformed cells
such as human gingival fibroblasts, human periodontal
ligament fibroblast!> or rat hepatocytes (unpublished re-
sults) were highly resistant. This rather selective effect of
the association of menadione and ascorbate to cancer cells
is likely due to their extreme sensitivity to oxidative stress
because of their low activities of antioxidant enzymes.*’+
Actually, our results confirm that, in TLT cells, the ac-
tivities of three major antioxidant enzymes, namely su-
peroxide dismutase, catalase and glutathion peroxidase,
are completely depressed as compared to normal murine
hepatocytes.?’ Since ascorbate is taken up by cancer cells
rather than by normal cells,?®3° this fact could represent
another factor for the selectivity of the treatment towards
cancer cells. This selective activity against TLT cells raised
the question about the mechanisms conditioning the cell
death. It could be argued that the addition of ascorbate
acts merely by suppressing the oxidative injury by mena-
dione, as reported by May et /. in endothelial cells,’!
but such an hypothesis is very unlikely because cell death
induced by the association of menadione and ascorbate
was rather increased than suppressed. In agreement with
Roginsky et al., who reported that ubiquinone (a ben-
zoquinone derivative) displayed a pronounced catalytic
effect on ascorbate oxidation,® we suggest that ascorbate
reinforces the redox cycling of menadione: in solution,
menadione is non-enzymatically reduced by ascorbate to
form dehydroascorbate and the semiquinone free radical.
Such a semiquinone is rapidly reoxidized to its quinone
form by molecular oxygen thus generating reactive oxygen
species such as superoxide anion (O; ), hydrogen perox-
ide (H,03), and hydroxyl radicals (HO"). Since catalase
has a suppressive effect, H,O; is likely the major oxidiz-
ing agent involved in the cytotoxicity by the association of
menadione and ascorbate.*1¢ The key role of H,O; is also
supported by the decrease in the amount of GSH observed
in cells treated by menadione/ascorbate, whereas the in-
cubation of such treated cells in the presence of NAC—

a well-known GSH precursor”?

—suppressed totally the
cytolysis.16 In addition to redox cycling, menadione, a
naphtoquinone with a double bond « to a keto group,
can undergo a Michael addition to form adducts with
sulthydryls and primary amines leading to cell injury and
cell death.>*3> To discriminate which of both pathways
(redox cycling or covalent binding) is involved in the cy-
totoxicity by the association of menadione and ascorbate,
DMNQ (2,3-dimethoxy-naphtoquinone), a menadione
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Figure 4. Effects of vanadate and 3,4-Et-dephostatin on tyrosine phosphorylation and LDH leakage in control and cells treated with
menadione and ascorbate. Cells were incubated for 8 hours in LDH leakage experiments (A) and for 60 min in Western blot experiments
(B), in the absence (lanes 1) or in the presence of 2 mM ascorbate (lanes 2), 10 xM menadione (lanes 3), or a combination of
both compounds (lanes 4). Sodium orthovanadate and 3,4-Et-dephostatin were added at 100 «M and 90 uM, respectively. At the
indicated times aliquots of cell suspension were taken and cellular survival and levels of tyrosine phosphorylation (by immunoblotting of
phosphotyrosines) were evaluated as described under Materials and Methods. Results of LDH leakage represents mean values + SEM
from at least 3 experiments, while the fluorogram is a typical of out of three experiments. *» < 0.05 as compared with control values

(untreated conditions).
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analog without arylation sites, was used. The association
of ascorbate with DMNQ instead of menadione, produced
the same profile of cytotoxicity, underlining the key role
of the redox cycling pathway.'®

Since cancer cells pass across regulatory check-points
and survive to different forms of programmed cell death,
the activation of apoptosis has become a major thera-
peutic cancer cells target. Apoptosis is characterized by
DNA fragmentation thus yielding a characteristic “lad-
dering” on agarose gel electrophoresis.®® It is initiated
by a variety of stimuli, including exposure to a num-
ber of cytokines, removal of growth factors and oxidant

4+— 65kD

(B)

injury.>”* Up to now, the final common element in the
initiation for all of the apoptotic pathways is the activation
of a family of a cysteine-aspartate specific proteases, the
caspases,”>?” and in particular, caspase-3. A number of
studies in various cell lines has suggested that menadione
toxicity is mediated through apoptosis, '~ whereas other
authors reported that both necrosis and apoptosis are in-
volved in menadione cytotoxicity.44 Concerning ascor-
bate, Sakagami et /. reported an induction of apoptotic
cell death in group I cells (such as HL-60, ML-1, U-937,
THP-1), but not in group II cells (such as normal human
leukocytes, and cell lines like K562, Molt-4, EOL-1, Colo
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Figure 5. Activation of NF-«B in cells treated by the association
of menadione and ascorbate. Cells were incubated for 16 hours in
the absence (lanes 1 and 6) or in the presence of 2 mM ascorbate
(lanes 2 and 7), 2 M menadione (lanes 3 and 8), or a combination
of both compounds (lanes 4 and 9). Hydrogen peroxide added as
a bolus at 200 M was used as positive test (lanes 5 and 10). The
activation of NF-xB was assessed in the absence of vanadate
(lanes 1-5) or in the presence of 100 M of vanadate (lanes 6—
10). At the indicated times aliquots of cell suspension were taken
and samples were processed as described under Materials and
Methods. Experiments were performed in duplicate.
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201, etc), most probably by difference in chromatin struc-
ture between both groups of cells.*® In order to identify
the type of cell death caused by the association of mena-
dione and ascorbate, several markers were investigated.
Our results support the hypothesis made by Gilloteaux ez
al.'’ They showed that cell death induced by this asso-
ciation is mainly occurring by autoschizis and rarely by
apoptosis. What experimental data do we have to support
this assessment?

(1) The hallmark of
apoptosis treated
with menadione alone but did not occur in the pres-
ence of the association of menadione and ascorbate.
Conversely, this association was able to cause cell
death whereas menadione alone did not.

(2) Actinomycin D did not induce cell death in a period of
48 hours but it activated caspase-3 after 6 hours incu-

activation
38,39

of caspase-3—a

—was observed in cells

bation. Such an activation was completely suppressed
by the caspase inhibitor Z-DEVD-FMK.

(3) Oxidative stress induced by the association of mena-
dione and ascorbate generates H,O; that can oxidize
the critical cystein residue, within the QACRG mo-

tif in the caspase catalytic site, 40~ 47

rendering the
enzyme inactive.

(4) The severe ATP depletion caused by the association of
menadione and ascorbate'® may prevent the formation
of the apoptosome complex and block the recruitment
and processing of caspztse—9.48

(5) DNA strand breaks are occurring in cells treated with
the association of menadione and ascorbate as shown
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by the TUNEL assay, but such a DNA fragmentation
did not show a DNA laddering, another hallmark of
zlpoptosis.?’6

(6) Asshown previously,lé a complex pattern of cell death
is observed in both treated- and untreated TLT cells.
On the basis of morphological evaluation (Giemsa
staining) and flow cytometry analysis (Annexin-V and
propidium iodide labeling) it is suggested that TLT
cells treated by the association of menadione and ascor-
bate die mainly by autoschizis.

What are the signal transduction pathways involved in au-
toschizis? To answer that question, we focused our study
on protein kinases because it is generally accepted that
they play a major role in controlling cell function and dif-
ferentiation, including cell death.**>° Our results show
that vanadate, a well-known inhibitor of protein tyro-
sine phosphatases, completely suppresses the cytotoxicity
induced by the association of menadione and ascorbate,
while other inhibitors of protein kinases (H7 and genistein
for tyrosine and serine/threonine kinases respectively) and
protein phosphatases (okadaic acid for serine/threonine
phosphatases) did not modify at all such a cytotoxicity.
The complete suppression by vanadate of the cytotoxicity
induced by the association of menadione and ascorbate
might be explained by three different ways: the first one
involves a potential interfering reaction by vanadate in
redox cycling, but is very unlikely due to the vanadate
redox potential. The second is related to the formation
of peroxovanadate, a possible reaction of vanadate with
H,0,.%! Such a reaction might consume most (or all) of
H,0,; thus avoiding its interaction with the intracellu-
lar putative targets. The third possibility is that vanadate
(or peroxovanadate) by inhibiting tyrosine phosphatases,
modifies the phosphorylation state of some critical pro-
teins. The results obtained with another tyrosine phos-
phatase inhibirtor, namely Et-3,4-dephostatin,’® confirms
that the protective effect by vanadate may be attributed
to an inhibition of tyrosine phosphatases. Nevertheless,
the specific proteins that are involved in this process have
not been yet identified.

Finally, among different transcription factors, we in-
vestigated a putative role of NF-kB because it is in-
volved in cell death and proliferation. It has been pro-
posed that NF-« B inhibits apoptosis and favors cancer cell
survival.”>>* For instance, the activation of NF-k'B is pro-
tecting HepG?2 cells against cytotoxicity by menadione.>
Under physiological conditions, NF-kB is present in its
inactive state in the cytoplasm as a complex with I-«B.
This latter is degraded by the proteasome after phosphory-
lation and ubiquitination reactions. This allows the release
of NF-kB and its translocation to the nucleus, where it
binds to the promoter region of DNA and activates genes
that mediate carcinogenesis and metastasis.’® Three lines
of evidence are connecting the cytotoxicity induced by



the association of menadione and ascorbate and NF-«B
activation:

— H,0,, the main oxidizing agent involved in can-
cer cell death by the association of menadione and
ascorbate, has been shown to induce the activation of
NF-«B;’

— N-acetylcysteine, a precursor of GSH, has been shown
to inhibit both the activation of NF-k B>’ and the cy-
totoxicity by menadione/ascorbate. '

— Vanadate increases protein phosphorylation while the
activation of NF-kB needs that I-k B should be phos-
phorylated.

Our results show that the association of menadione and
ascorbate is inhibiting rather than activating NF-« B, that
is the opposite of the expected effect. Interestingly, the re-
sults obtained with other compounds showing a similar
cytotoxicity profile like sanguinarine that also inhibited
NF-«B activation,’® led us to conclude that in some can-
cer cell types, the activation of NF-xB is constitutive,
and by this way cancer cells increase their survival capac-
ity. The inhibition of NF-«B activation represents then
one of the mechanisms explaining the cell death induced
by the association of menadione and ascorbate. A second
question is related to the role played by H,O,, since its
transient addition is producing a totally different effect as
compared to its permanent formation. A direct addition
of H,O5 as a bolus (200 M) results in a strong activation
of NF-kB while its generation during the redox cycling
inhibited the constitutive NF-«B activation. In the pres-
ence of vanadate, the inhibitory effect of the association
of menadione and ascorbate was lost and NF-kB was re-
activated. We do not have a full explanation for such a
difference but it is clear that the exposure-time and H,O,
concentration play an important role. Moreover, although
reactive oxygen species have been proposed to act as sec-
ond messengers to activate NF-kB,>’ several cell types
have been shown to be insensitive to H,O,, suggesting
that activation of NF-kB by H,O; may be the exception
rather than the rule.”’

Conclusion

Our results indicate that cell death resulted from a syn-
ergistic effect from menadione/ascorbate redox cycling,
that it was caspase-3 independent, that it involved tyro-
sine phosphorylation and that it did not require NF-«B
activation. Taking together with previous results'®!? such
as phosphatidylserine asymetry changes (flow cytometry)
and the morphological features of dying cells (Giemsa
staining), and the initial remark made by Gilloteaux
et al. about membrane damage with a progressive loss of
organelles-free cytoplasm,!” we suggest that autoschizis

Cancer cell death by ascorbate-menadione redox cycling

is the predominant form of cell death induced by the as-
sociation of menadione and ascorbate.
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