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the Vulnerability of Cancer Cells to Oxidative Stress
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Abstract: Cancer cells are particularly vulnerable to treatments impairing redox homeostasis. Reactive oxygen species (ROS) can indeed
play an important role in the initiation and progression of cancer, and advanced stage tumors frequently exhibit high basal levels of
ROS that stimulate cell proliferation and promote genetic instability. In addition, an inverse correlation between histological grade
and antioxidant enzyme activities is frequently observed in human tumors, further supporting the existence of a redox dysregulation in
cancer cells. This biochemical property can be exploited by using redox-modulating compounds, which represent an interesting approach
to induce cancer cell death. Thus, we have developed a new strategy based on the use of pharmacologic concentrations of ascorbate and
redox-active quinones. Ascorbate-driven quinone redox cycling leads to ROS formation and provokes an oxidative stress that preferen-
tially kills cancer cells and spares healthy tissues. Cancer cell death occurs through necrosis and the underlying mechanism implies an
energetic impairment (ATP depletion) that is likely due to glycolysis inhibition. Additional mechanisms that participate to cell death
include calcium equilibrium impairment and oxidative cleavage of protein chaperone Hsp90. Given the low systemic toxicity of
ascorbate and the impairment of crucial survival pathways when associated with redox-active quinones, these combinations could

represent an original approach that could be combined to standard cancer therapy.
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I. CANCER, ROS SIGNALING AND ANTIOXIDANTS

ROS: Cause or Consequence of Cell Proliferation?

Cell signaling is part of a complex process of communication
that governs the cell response to its microenvironment. If cell sig-
naling was originally considered to be driven mainly by proteins
such as kinases and phosphatases, it becomes clear that other mole-
cules, as simple as ROS, can be involved in the signal transduction
processes. Although ROS were originally considered as unavoid-
able by-products of normal cell metabolism, this point of view has
recently changed and it is now widely accepted that physiological
ROS generation is a tightly regulated process that plays a central
role in cell signaling and participates in cell proliferation.

ROS and cell proliferation are intertwined in a complex web
and it is difficult to know whether they are a cause or a conse-
quence of proliferation. Since the main source of ROS is electron
leakage from the mitochondrial transport chain, it is logical that
increased proliferation (which requires energy and thus an in-
creased metabolic activity) is accompanied by an increase in ROS
generation. However, ROS themselves can also activate prolifera-
tion by different mechanisms.

First, ROS stimulate intracellular tyrosine phosphorylation by
inhibiting various protein tyrosine phosphatases (PTPs) [1]. Indeed,
PTPs contain an essential cysteine residue in their active site, which
exists as a thiolate anion at neutral pH, and that is required to form
a thiol-phosphate intermediate during the catalytic process. This
cysteine residue is highly susceptible to oxidation by ROS, and
especially by hydrogen peroxide, to form sulfenic acid or an intra-
molecular disulfide bond, leading to a reversible inhibition of the
enzymatic activity. The former can be further oxidized to sulfinic
and sulfonic acids, resulting in an irreversible inactivation of PTPs
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[2, 3]. This deactivation of phosphatases by ROS can lead to an
increased activation of proliferation pathways such as the ERK
MAPK pathway. Second, ROS can modulate the intracellular cal-
cium homeostasis. Indeed, it has been shown in plants that muta-
tions in NADPH oxidase impairs plant cell expansion by interfering
with the activity of plasma membrane Ca"" channels and similar
effects have been described in mammalian cells [4, 5]. Alterna-
tively, ROS can also modulate Ca™ release from intracellular
stores. For example, in human vascular endothelial cells, ROS de-
rived from NADPH oxidase exhibit a critical role in the generation
of high intracellular Ca™ concentrations in response to histamine,
most probably by increasing the sensitivity of the endoplasmic re-
ticulum to inositol 1,4,5 trisphosphate [6]. Third, ROS can activate
several transcription factors such as NF-kB [7], of which the activa-
tion leads to a stimulation of cell proliferation.

Cancer cells, which exhibit a high proliferation rate, frequently
present increased levels of ROS [8] and several mechanisms have
been proposed to explain this phenomenon. These include the aber-
rant metabolism of cancer cells, but also mitochondrial dysfunc-
tions or loss of functional p53 [9]. In addition, the activation of
some oncoproteins has been shown to promote the generation of
ROS. This is well-known for Ber-Abl, although the precise mecha-
nism, which seems to involve Nox4, still remains unclear [10, 11].
As a consequence of this ROS generation, Ber-Abl bearing cells
exhibit a high genetic instability [12]. The other oncogenic proteins
for which the activity has been linked to increased intracellular
levels of ROS are Ras [13], c-Met and c-myc [14]. Overall, ROS
production promoted by the activity of oncogenic proteins induces
cell proliferation and genetic instability, both of which are favor-
able for cancer progression. However, these are not the only proc-
esses that are facilitated by the high intracellular levels of ROS that
cancer cells harbor. Indeed, ROS also promote angiogenesis, metas-
tasis, and escape from immune attack. Thus, ROS plays an impor-
tant role in mediating neovascularization during tumor growth. The
H,0, generated by Nox1 increases the expression of proteins such
as VEGF (Vascular endothelial growth factor) and its receptor
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(VEGFR), thereby promoting the vascularization and the rapid
expansion of tumors. Explaining this pro-angiogenic effect, it has
been shown that Nox-produced ROS (but also mitochondria-
derived ROS) stabilize and activate the transcription factor HIF-1a
[15-17]. ROS also regulate positively the metastatic potential of
cancer cells [18], whereas antioxidant therapies could attenuate
metastatic progress of cancer cells [19, 20]. In addition, it has been
shown that pretreatment of highly metastatic tumor cells with ROS
scavengers suppresses their metastatic potential in mice [21].

Antioxidants

Normal cells possess a variety of antioxidant systems to cope
with ROS and prevent their damaging effects. However, the level of
many cellular antioxidants is modified in cancer cells, as well as the
activity of some antioxidant enzymes. For instance, decreased lev-
els of manganese superoxide dismutase (MnSOD) have been re-
ported in numerous cancer cell lines compared to the corresponding
normal tissues and the same conclusion can be drawn for copper-
zinc superoxide dismutase (CuZnSOD), although more variability
is observed for this enzyme [22]. We also observed that global SOD
activity was significantly decreased in hepatoma cells when com-
pared to normal hepatocytes [23]. However, it is important to notice
that a great discrepancy exists between the levels of antioxidant
enzymes found in biopsies from cancer patients and those observed
in tumor cell lines. Indeed, studies on SOD expression in human
malignant diseases have shown variable results and no general con-
clusion can be drawn about the SOD activity in human cancerous
tissue [24-28]. As for SOD, catalase is generally decreased in can-
cer cells grown in culture [29]. Accordingly, we observed that both
the expression and the activity of catalase were decreased in hepa-
toma cells compared to normal hepatocytes, as well as and in leu-
kemia cells compared to normal leukocytes [23, 30, 31]. Finally,
low levels of glutathione peroxidase (GPx) are generally observed
in cancer cells grown in culture [23, 30, 32]. However, once again,
no general conclusion can be drawn about the expression of these
two enzymes in human tumors because of the high variability ob-
served in existing studies [33-35]. As nicely discussed by Kinnula
and Crapo, several factors explain why the evaluation of antioxi-
dant enzymes in tumor tissues can be tricky [25]. The localization
and expression of antioxidants in tumor cells are often assayed
using immunocytochemistry, which is a semiquantitative method
directly influenced by the specificity of the antibody. Moreover,
immunoreactivity does not necessarily correlate with the enzymatic
activity. Tumor samples can also be heterogeneous both in terms of
expression of a specific antioxidant enzyme and in terms of cell
types and tissues (presence of vessels or immune cells). Finally, it is
not easy to obtain normal control biopsies to compare the levels of
antioxidant enzymes in malignant tumors with corresponding
healthy tissues.

In comparison to three major antioxidant enzymes described
above, the activity of other antioxidant enzymes is rather increased
in cancer cells. For instance, thioredoxin reductases (TrxR) are
frequently overexpressed in cancer cells and are thus considered as
therapeutic targets by several authors [36-37]. On the other hand,
recent studies have demonstrated that Trx overexpression (immu-
nohistochemically detected) is not necessarily associated to an in-
crease of activity [38]. Regarding peroxiredoxins (PRDX), their
expression is also increased in many human cancers, even if differ-
ences exist between the different isoforms and the type of cancer
tissue [39-42]. We have conversely observed that leukemia cells
had highly decreased levels of PRDX2 and PRDX6 when compared
to normal leukocytes (unpublished results). Glutaredoxins (Grx)
seem to be induced in several cancer types, but differences also
exist between the different isoforms [43]. Glutathione reductase
activity is variable from one to another study [44] but the expres-
sion of glutathione S-transferases is generally increased [45, 46].
Finally, the expression of flavin-dependent quinone reductases
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(NQO) seems to be increased in many types of tumors but some
studies have shown no modification of its expression [47, 48], and
NQO expression is even lost in certain cancer cells [49].

Briefly, it is impossible to draw a general conclusion about the
expression of antioxidant enzymes in cancer cells. If many cancer
cell lines seem to have decreased levels of SOD, catalase and Gpx,
things are more variable for samples obtained from cancer patients.
Moreover, certain antioxidant enzymes seem to be overexpressed in
cancer cells. Actually, it is likely that each cancer cell type has a
different pattern of antioxidant enzymes.

As for enzymatic defenses, variable results are encountered in
studies performed on small antioxidant molecules. For instance,
glutathione (GSH) levels are often higher in cancer cells than in
normal cells, contributing to chemotherapy resistance [50-52].
However, the levels of other antioxidants are rather decreased. Se-
rum tocopherol is for example decreased in patients with head and
neck squamous cell carcinoma [53] and low carotenoid levels are
routinely observed in cancer patients, compared to healthy indi-
viduals [54, 55]. However, caution should be taken with these re-
sults because other studies failed to demonstrate a correlation be-
tween serum concentrations and cancer progression [56, 57]. Re-
garding ascorbate (vitamin C), decreased plasma levels are fre-
quently observed in cancer patients and many studies have sug-
gested an inverse relationship between ascorbate intake and the
development of cancer [58]. However, it is worth noting that cancer
patients often experience side effects from chemotherapy such as
nausea, vomiting, diarrhea, and loss of appetite, leading to a lower
intake of dietary constituents which likely explains this deficiency
[59, 60]. Some studies have suggested the intracellular accumula-
tion of ascorbate in cancer cells [30, 61]. This could be explained
by the glycolytic metabolism presented by most cancer cells and
which requires the overexpression of glucose transporters (GLUTS)
[62]. Indeed, dehydroascorbic acid can be transported by GLUTs,
then reduced intracellularly, leading to the accumulation of ascor-
bate in tumors [63]. However, there is no general consensus about
the ascorbate levels in tumors because other studies have reported
decreased levels in cancer cells compared with normal tissue [64].
Interestingly, it has been recently demonstrated that the intracellular
levels of ascorbate dramatically affect tumor metabolism by con-
trolling the activity of the transcription factor hypoxia-inducible
factor (HIF)-1. Low ascorbate levels were associated with elevated
VEGF, GLUT-1, and BNIP3 protein levels, increased activation of
the HIF-1 pathway and with increased tumor size; whereas tumors
with high ascorbate levels had lesser levels of HIF-1 activation
[65].

II. OXIDATIVE STRESS IN CANCER TREATMENT

Anticancer Compounds Based on Redox Mechanisms

Cancer cells exhibit an abnormal redox status associated with
increased basal levels of ROS and frequent alterations of the anti-
oxidant systems. Thus the use of redox-modulating compounds
appears as an interesting therapeutic approach taking advantage of
this biochemical particularity to selectively target tumors. Indeed,
normal cells maintain redox homeostasis with a low level of basal
ROS because they tightly control the balance between ROS genera-
tion and elimination. As a consequence, normal cells can tolerate a
certain level of exogenous ROS whereas cancer cells cannot [9]. As
illustrated in Fig. (1), two strategies can be employed to disturb the
cellular redox equilibrium: (1) the use of exogenous ROS-
generating agents; (2) the use of compounds that inhibit the anti-
oxidant systems.

Many agents inducing cancer cell death through redox mecha-
nisms are actually under preclinical and/or clinical evaluation
(Table 1). For instance, agents such as arsenic trioxide (As,03)
which impair the function of the respiratory chain are known to
increase the production of superoxide [66]. In addition, As,Os
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Fig. (1). Strategies to target cancer cells through ROS-mediated mecha-
nisms. Exogenous agents that increase ROS generation or decrease ROS
elimination can lead to significant ROS accumulation in cancer cells, lead-
ing to oxidative damage and subsequent cell death, which occurs either by
necrosis (cell death represented on the right) or apoptosis (cell death repre-
sented on the left).

strongly inhibits the thioredoxin antioxidant system thereby provid-
ing a second mechanism by which this compound exerts pro-
oxidative effects [67]. Redox cyclers such as daunorubicin, doxoru-
bicin, or other quinones such as menadione generate superoxide
anion by reducing molecular oxygen.

Isothiocyanate compounds such as benzylisothiocyanate
(BITC), phenylethylisothiocyanate (PEITC), and sulphoraphane
rapidly conjugate with GSH, the major ROS-scavenging system in
cells, causing a depletion of the GSH pool [9]. Alternatively, it is
possible to deplete GSH by inhibiting its synthesis. This is achieved
by molecules like buthionine sulphoximine that inhibit v-
glutamylcysteine synthetase, the rate-limiting enzyme in GSH syn-
thesis [68]. Sulphasalazine, an inhibitor of the cystine/glutamate
antiporter, can also provoke GSH depletion by inhibiting the uptake

Table 1. Clinical Trials of ROS-Modulating Agents for Cancer
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of cystine, the precursor of cysteine, which is a rate-limiting sub-
strate for GSH synthesis [69]. Adaphostin is another ROS-
generating agent that induces cancer cell death by inhibiting the
complex III of the mitochondrial respiratory chain, leading to mito-
chondrial ROS generation [70].

The Ascorbate/Menadione Combination

Ascorbate is a powerful reducing agent. It can donate either one
or two electrons in redox reactions, yielding ascorbate free radical
(ascorbyl radical) and dehydroascorbic acid, respectively [71].
Along with high mM intracellular levels, these properties allow
ascorbate to directly scavenge physiologically relevant ROS and
RNS such as hydroxyl radicals, superoxide anions, aqueous peroxyl
radicals, hypochlorous acid, singlet oxygen and peroxynitrite. In
addition, ascorbate can regenerate other small molecule antioxi-
dants, such as o-tocopherol, glutathione (GSH), and B-carotene,
from their respective radical species. Ascorbate can be regenerated
from ascorbyl radical and dehydroascorbate by enzyme-dependent
and independent pathways: the ascorbyl radical can be reduced by
an NADH-dependent semidehydroascorbate reductase (in plants)
and the NADPH-dependent selenoenzyme thioredoxin reductase,
whereas dehydroascorbate can be reduced back to ascorbate nonen-
zymatically by GSH and lipoic acid as well as by thioredoxin re-
ductase and the GSH-dependent enzyme glutaredoxin [72].

Remarkably, ascorbate can also reduce some quinones, generat-
ing a semiquinone form that can be re-oxidized by molecular oxy-
gen. As shown in Fig. (2), the final result of this reaction is the
production of superoxide anion, which is then converted into hy-
drogen peroxide. Based on this observation, our laboratory has
developed a combination of ascorbate with such a redox active
quinone, namely menadione, as a ROS-generating system that in-
duces the death of various cancer cell types. This combination ex-
hibits a synergistic effect which clearly indicates that redox cycling

ROS-Modulating Agents Mechanism of Action

Current Status

Inhibitors of the antioxidant defenses

Phenylethylisothiocyanate * Inhibition of GPx
*  Conjugation to GSH

*  Phase I trials in lymphoproliferative disorders

redox-cycling

Buthionine sulphoximine * Inhibition of GSH synthesis * Phase I studies in combination with melphalan in
neuroblasoma and melanoma
2-methoxyestradiol * Increases superoxide levels in tumor *  Phase II trials in multiple myeloma, glioblastoma,
cells prostate, ovarian and renal cancers
ROS-generating agents
B-lapachone *  Production of O,”and H,0, through *  Phase II trials in squamous cell carcinoma of the head and
redox-cycling neck, leiomyosarcoma and pancreatic cancer.
Ascorbic acid *  Generation of H,O, through its *  Phase I/Il studies in pancreas and prostate cancers, non-
oxidation by a metalloprotein catalyst Hodgkin’s lymphoma and myeloproliferative disorders,
either alone or in combination with standard
chemotherapies
Motexafin gadolinium * Inhibition of TrxR e Phase I/IV/III studies in brain and central nervous system

*  Production of O,” and H,0, through

tumors, in combination with radiation therapy

*  Phase I/Il studies in non-Hodgkin’s lymphoma, pancreatic
and kidney cancers

Based on other mechanisms

Arsenic trioxide (As,O;) * Inhibition of TrxR

* Inhibits the mitochondrial transport

*  Standard of care in relapsed or refractory acute
promyelocytic leukemia

chain *  Phase I/II trials in melanoma, multiple myeloma, brain
and endometrium tumors
Bleomycin Formation of a Fe’* hydroperoxide *  Approved to treat malignant pleural effusion
complex (BLM-Fe(III)-OOH) that *  Used in Hodgkin lymphoma, head, neck and testicular

cleaves DNA by hydrogen abstraction.

cancers
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Fig. (2). The ascorbate-driven menadione redox cycling. From Beck ez al [31].

is the major event in the mechanism of cytotoxicity. However, it
should be noted that menadione, which is a naphtoquinone with a
double bond a to a keto group, can undergo a Michael addition to
form adducts with sulfhydryls and primary amines that also lead to
cell injury and cell death. To discriminate which of both pathways
(redox cycling or covalent binding) are involved in the cytotoxicity
induced by the ascorbate/menadione combination (asc/men), we
used DMNQ (2,3-dimethoxy-naphtoquinone), a menadione analog
without arylation sites. The combination between ascorbate and
DMNQ produced the same profile of cytotoxicity as observed with
asc/men, underlining the key role of the redox cycling pathway
[73].

The first in vivo studies with asc/men were performed in the
eighties, using a single dose of 1g/kg and 10 mg/kg for ascorbate
and menadione, respectively. These studies demonstrated a potent
antitumor effect of the combination, as well as a potentiation of
chemotherapy in a model of hepatoma-bearing mice (TLT, trans-
plantable liver tumor) [74]. Interestingly, the potentiating effect was
not specific for a particular class of chemotherapeutic agents. In-
deed, the five classes tested (alkylating agents, antimetabolites,
mitotic inhibitors, intercalating agents, and asparaginase) were po-
tentialized by asc/men. It rapidly became clear that hydrogen perox-
ide (H,0,) was involved in the asc/men antitumor effects because
the addition of catalase totally suppressed the toxicity of asc/men in
cultured cancer cells [75]. These first studies also demonstrated that
asc/men was also able to potentiate radiotherapy [76]. From these
experiments, it can be concluded that neither ascorbate nor menadi-
one alone induced an inhibitory effect on tumor growth. Actually,
results obtained in further studies have shown that repeated i.v.
injections of very high dosage of ascorbate (up to 4g/kg, every day)
can decrease but do not suppress tumor growth rate, as shown by
preclinical and clinical data [77-78]. The advantages of combining
ascorbate and menadione compared of using each compound by
separate therefore rely on a stronger antitumoral effect, due to the
synergism, and the possibility to reduce the doses of each com-
pound, thus decreasing the possibility of undesirable side effects.

Further studies were performed to elucidate the molecular
mechanisms involved in the cancer cell death induced by asc/men.
These data demonstrated that asc/men-induced cell death was in-
deed dependent on the formation of H,O, and was necrotic rather
than apoptotic [23, 79, 80]. It was also shown that cell death oc-
curred because of the inhibition of glycolysis and the subsequent
depletion in intracellular ATP levels. This inhibition of glycolysis is
due to a depletion in NAD levels, itself provoked by a
poly(ADPribose) polymerase (PARP) activation that occurs in re-
sponse to DNA damage [81]. However, further studies have shown
that other events were involved in the molecular mechanisms lead-

Verrax et al.

Semiquinone form

o
_ L °,
CH,
OH

o}

02_' — H,0;

CH,
o

Menadione

ing to cell death in asc/men-treated cancer cells. Indeed, asc/men
also induces a dysregulation of calcium homeostasis and an endo-
plasmic reticulum (ER) stress in cancer cells [82]. Calcium is rap-
idly released from the endoplasmic reticulum to the cytosol follow-
ing treatment of cells with asc/men, inducing an ER stress that par-
ticipates in the death of cancer cells. Accordingly, we observed that
BAPTA-AM, a calcium chelator, partially inhibited cell death in
asc/men-treated cancer cells [83]. These results indicate that
asc/men disrupts ER calcium homeostasis, a mechanism that also
participates in asc/men toxicity, even if it is not the main process
explaining cell death.

In addition, we also showed that asc/men affects the MAPK
pathway and the activity of the chaperone protein HSP90. Asc/men
induces a strong deactivation of the ERK proliferation pathway
(namely ERK1/2 and its upstream kinase c-Raf) and the activation
of p38 [83]. Since the ERK pathway, which promotes cell prolifera-
tion, is activated in many cancers [84], we hypothesized that its
inhibition could contribute to the cancer cell death induced by
asc/men. We further showed that asc/men induced the cleavage of
HSP90 and the degradation of its client proteins, such as RIP, Akt,
or Ber-Abl [85]. Due to the major role played by HSP90 in the
stabilization of many oncogenic proteins, its cleavage by asc/men
could have a potential interest in anticancer therapy. We postulated
that the mechanism by which asc/men induces the cleavage of
HSP90 relies on the in situ formation of ROS by a Fenton-type
reaction located at the N-terminal nucleotide binding pocket of
HSP90. The local generation of hydroxyl radical forms a Hsp90
protein radical, which, by rearrangement, causes the rupture of the
peptide backbone, prevents the chaperone activity and leads to the
degradation of client proteins that are critical for cancer cells [Beck
et al., submitted]. Given that HSP90 stabilizes oncoproteins such as
Ber-Abl, and due to the appearance of mutations in Ber-Abl, ren-
dering cells resistant to standard small molecule inhibitors (i.e.
imatinib), we hypothesized if asc/men could be cytotoxic in this
particular context. For that purpose, we used cells expressing mu-
tated (and thus resistant) forms of Ber-Abl. Our results showed that
asc/men, by inducing an oxidative cleavage of HSP90, is cytotoxic
against cells expressing either the wild type or mutated forms of
Ber-Abl, therefore representing a novel therapeutic strategy to
overcome resistance to classical Ber-Abl inhibitors [31].

Given the encouraging results obtained in preclinical studies,
the use of asc/men for the treatment of metastatic or locally ad-
vanced, inoperable transitional cell carcinoma of the urothelium
(stage III and IV bladder cancer) has been granted by the FDA.
Recently, an oral combination of ascorbate and menadione (Apa-
tone©) has been evaluated as an anticancer agent in a clinical study
in prostate cancer patients who had failed standard therapy. Promis-
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ing delay in the biochemical progression of the disease was ob-
served in Apatone-treated patients. Indeed, a significant increase in
the PSA (Prostate Serum Antigen) doubling time was induced by
Apatone treatment. More importantly, no dose-limiting adverse
effects were observed [86]. Up to now, this study is the first that
explored the toxicity profile of the asc/men combination, however,
many data are available for each compound used separately. Thus,
pharmacokinetic studies have demonstrated that ascorbate concen-
trations in plasma and tissue are tightly controlled as a function of
the oral dose. Therefore, oral administration of ascorbate cannot
achieve plasma concentrations higher than 50-100 uM [87, 88].
However, parenteral administration of high doses of ascorbate,
similar to that used in preclinical trials with the asc/men combina-
tion (~1g/kg), bypasses tight control and produces plasma concen-
trations up to 20 mM [77, 78, 89]. At these pharmacologic concen-
trations, ascorbic acid can potentially induce some adverse effects:
hyperoxaluria, urine acidification or hemolysis in patients suffering
from glucose-6-phosphate dehydrogenase deficiency [90-92]. Nev-
ertheless, the first rigorous phase I trial of i.v. ascorbate, performed
in cancer patients, showed a good tolerability and minimal adverse
effects [78]. Concerning menadione, phase I and II trials that were
conducted in the 90’s established the maximum tolerated dose at
2.5 g/m®, when given as a continuous intravenous infusion [93-95].
The adverse effects consisted of hypersensitive reactions, facial
flushing, burning feelings, chest pain and dyspnea. At higher doses
(4 and 8 g/m?), menadione induced hemolysis, despite the presence
of red blood cell glucose-6-phosphate dehydrogenase. Even if the
doses described above are 5 to 10 times higher than those used with
the asc/men combination, it is tempting to replace menadione by
other, less toxic, redox active compounds bearing a quinone moiety.
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The rationale is that the combination of both the reducing agent and
the redox cycler is more potent than each compound by separate.
We have thus developed a research project exploring new mole-
cules acting as redox-cyclers.

Since the higher redox potential of quinones has been correlated
with enhanced DNA strand breaks [96], we explored the ability
of several diversely substituted 1,4-benzoquinones, 1,4-
naphthoquinones and pyrimido[4,5-c]isoquinoline-7,10-quinones to
induce cell death, when used in combination with ascorbate.
Briefly, the results we obtained may be summarized as follows:

- A first set of results clearly showed that cancer cell death in-
duced by the cycling of ascorbate with redox active quinone re-
lies on the generation of ROS. This oxidative stress-mediated
cytotoxicity may be predicted on the basis of the reduction
potentials of quinone compounds [79].

- The antitumoral effects of Euryfuryl-1,4-benzoquinones (Fig.
(3)), are potentiated by ascorbate, leading to necrotic-like
cancer cell death in TLT, a murine hepatoma cell line [97].

- Since we had the possibility to use a variety of furan-2-yl 1,4-
quinones having a wide range of redox capability [98, 99], we
investigated the mechanism of cytotoxicity of these quinones in
combination with ascorbate. To this end, we focused on 2-furyl-
1,4-naphthoquinones and its 5- and 5,8-hydroxyderivatives. Our
hypothesis was that the electron donor effect of the peri-
hydroxyl substituent on furylnaphthoquinones and the hydrogen
bond between the peri-hydroxy and the quinone carbonyl
groups (Fig. (4)) will influence the electron-acceptor capability
of the quinone nucleus and thus modifies the electron transfer
from ascorbate to the electroactive quinone nucleus [100].

OH OH
HO OH o OH
| O | O
HO HO

Y Y
X
H
2 R=H o —
© 0, 0,
Q3 R=NO,

Fig. (3). Redox-cycling of 2-euryfuryl- and 2-euryfuryl-3-nitro-1,4-benzoquinone (compounds Q2 and Q3) in the presence of ascorbate

C,=R" R?=H
C,=R'=0H; R?=H
C;=R'=0H; R?=OH

Fig. (4). Probable structure of the radical anion semiquinones and hydroquinone dianion generated from C, and C;.
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Based on previous data acquired on the aminoquinone scaffold
from a variety of synthetic and natural antitumor agents [101-104],
we also explored whether synthetic molecules derived of 8-
phenylaminopyrimido[4,5-c]isoquinolinequinone, may also act as
redox-cyclers inducing a cytotoxic activity in cancer cells. We ob-
served that the addition of ascorbate strongly enhances the cytotox-
icity of quinones leading to cancer cell death [101]. The quinones
for which the cytotoxic effect was potentiated by ascorbate had
their first half wave reduction potential (EIIQ) values within the
range -480 to -680 mV vs NHE [as measured in non-aqueous solu-
tions by Vasquez et al., submitted]. For the aqueous systems more
relevant to in vivo medium, the values for menadione were reported
to be -335 or -203 mV vs SHE for quinone/semiquinone redox cou-
ple (aqueous medium, 1 M concentration, pH 7,...) [105, 106].
While thermodynamics would not favor coupling of quinone with
ascorbate, the fast oxidation of semiquinone is driving cycling with
ascorbate [107].

CONCLUSION

Taken together, the data we have acquired during these past ten
years strongly suggest that targeting the altered redox status of can-
cer cells by the combinations of redox-active quinones and pharma-
cologic doses of ascorbate is an interesting approach to potentiate
chemotherapy. However, to favor the effectiveness of this strategy
and define the proper chemotherapeutic association, it is important
to understand the biological consequences of the chronic exposure
of cancer cells to ROS. Studies are therefore in progress to explore
this critical issue.

ABBREVIATIONS

Asc/men =  Ascorbate and menadione combination
ATP = Adenosine triphosphate

BITC = Benzylisothiocyanate

BLM = Bleomycin

ER =  Endoplasmic reticulum

GLUT = Glucose transporter

GPx = Glutathione peroxidase

Grx = Glutaredoxin

GSH = Glutathione

HIF-1 = Hypoxia-inducible factor-1

NQO = NADPH: quinone oxidoreductase
PARP = Poly(ADPribose) polymerase
PEITC = Phenylethylisothiocyanate

PRDX = Peroxiredoxin

PSA = Prostate specific antigen

PTP = Protein tyrosine phosphatase
ROS = Reactive oxygen species

RNS = Reactive nitrogen species

SOD = Superoxide dismutase

TLT = Transplantable liver tumor

TrxR = Thioredoxin reductase

Trx = Thioredoxin

VEGF = Vascular endothelial growth factor
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