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Abstract

Redox dysregulation originating from metabolic alterations and dependence on mitogenic and survival sig-
naling through reactive oxygen species represents a specific vulnerability of malignant cells that can be selec-
tively targeted by redox chemotherapeutics. This review will present an update on drug discovery, target
identification, and mechanisms of action of experimental redox chemotherapeutics with a focus on pro- and
antioxidant redox modulators now in advanced phases of preclinal and clinical development. Recent research
indicates that numerous oncogenes and tumor suppressor genes exert their functions in part through redox
mechanisms amenable to pharmacological intervention by redox chemotherapeutics. The pleiotropic action of
many redox chemotherapeutics that involves simultaneous modulation of multiple redox sensitive targets can
overcome cancer cell drug resistance originating from redundancy of oncogenic signaling and rapid mutation.
Moreover, some redox chemotherapeutics may function according to the concept of synthetic lethality (i.e., drug
cytotoxicity is confined to cancer cells that display loss of function mutations in tumor suppressor genes or
upregulation of oncogene expression). The impressive number of ongoing clinical trials that examine therapeutic
performance of novel redox drugs in cancer patients demonstrates that redox chemotherapy has made the

crucial transition from bench to bedside. Antioxid. Redox Signal. 11, 3013-3069.

l. Introduction
A. The (redox) war on cancer

ALMOST 40 YEARS AFTER THE WAR ON CANCER was de-
clared in 1971, when the National Cancer Act was signed
into United States federal law by then U.S. President Richard
Nixon, the fighting continues with ever increasing intensity
worldwide. Even though many heroic battles have been won
changing the face of this dreadful disease for many patients,
curative chemotherapy of cancer still represents an ultimate
pharmacological frontier to be conquered only by future drug
discovery. The biological revolution of the late 20™* century
has fundamentally changed the way in which this disease is
being understood, diagnosed, treated, and prevented; yet, it is
now evident that the challenge to eliminate the suffering and
death from cancer by 2015 issued in 2003 by Andrew von
Eschenbach, then director of the National Cancer Institute,
will not be met soon (359). Due to increased life expectancy
resulting in a demographic shift towards older populations
worldwide, combined with the age-related increase in cancer
incidence, this disease represents a major medical challenge of
our time. In the United States, cancer and cardiovascular
disease are now competing as the leading cause of death (390).

Therapeutic breakthroughs have been achieved in various
areas including pediatric oncology targeting childhood leu-
kemia and urogenital oncology targeting testicular cancer
where spectacular survival rates can now be achieved by
chemotherapeutic intervention (182). In contrast, marginal
progress has been made in the chemotherapeutic treament of
other important malignancies including metastatic mela-
noma, pancreatic carcinoma, and glioblastoma where no ef-
ficacious chemotherapeutic options are currently available
and patient survival after diagnosis is often measured in
months (249).

Reactive oxygen species (ROS), the key mediators of cel-
lular oxidative stress and redox dysregulation involved in
cancer initiation and progression, have recently emerged as
promising targets for anticancer drug discovery; extensive
research has documented a causative involvement of redox
alterations in tumor progression, particularly for oncological
indications with little treatment options, including metastatic
melanoma and pancreas carcinoma (48, 117, 118, 210, 249,

349). It is now widely accepted that constitutively elevated
levels of cellular oxidative stress and dependence on mito-
genic and anti-apoptotic ROS-signaling in cancer cells repre-
sent a specific vulnerability that can be selectively targeted by
direct- or indirect-acting pro- and antioxidants and redox
modulators that will be jointly referred to as redox chemo-
therapeutics, representing a novel class of promising anti-
cancer agents (Fig. 1). This review will present an update on
drug discovery, target identification, and mechanisms of ac-
tion of experimental redox chemotherapeutics with a focus on
agents that have shown efficacy in advanced preclinical ani-
mal models and have now moved into human clinical trials.

B. Developing anticancer redox chemotherapeutics

Discovery and development of anticancer chemothera-
peutics is a challenging endeavor, and redox chemothera-
peutics are no exception. As with other novel experimental
chemotherapeutics that enter clinical testing, promising
redox-based investigational agents with good efficacy and
selectivity documented in animal studies have failed in early
human trials due to lack of activity or unacceptable adverse
drug reactions (232). Unfavorable pharmacokinetics, unex-
pected off-target activity, and systemic toxicity not predicted
from simple cell culture- and short-term murine xenograft
models may pose serious obstacles during later stages of de-
velopment.

The following specific considerations illustrate both the
formidable challenges and the exciting opportunities associ-
ated with discovery and development of redox chemothera-
peutics as a promising class of novel anticancer agents:

1. Redox chemotherapeutics: More than neocytotoxics?
Remarkably, many of the novel molecularly targeted che-
motherapeutic agents that have entered advanced clinical
trials or received FDA-approval, including the proteasome
inhibitor bortezomib, cyclin-dependent-kinase inhibitors,
MAP-kinase antagonists, and mTOR inhibitors, target mole-
cules essential to normal cells (181). Therefore, these agents
have been referred to as ‘neocytotoxics’, agents that exert
anticancer activity based on the preferential sensitivity of
rapidly dividing cells to cytotoxic agents, a mechanism of
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FIG. 1. Selected redox chemotherapeutics in clinical development for oncological indications. The therapeutic perfor-
mance of redox chemotherapeutics in advanced phases of clinical testing suggests that they represent novel pharmacological
agents that target cancer depicted here as an invasive tumor in the process of metastatic cell dissemination (center insert).
Selected investigational redox chemotherapeutics are depicted (clockwise from upper right): the orally active prooxidants
elesclomol and artemisinin, the infusional redox drug ascorbate, the infusional SOD mimetic mangafodipir, the infusional
redox cycler motexafin gadolinium, the orally active SOD1 inhibitor ATN-224, the infusional thioredoxin inhibitor PX-12, and
the infusional arsenical darinaparsin. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article at www .liebertonline.com/ars).

action that they share with classic cytotoxic anticancer che-
motherapeutics including alkylating agents, spindle poisons,
and topoisomerase inhibitors. Indeed, during early stages of
anticancer drug discovery, general cytotoxicity and cancer
cell-selective induction of cell death are often dealt with syn-
onymously, and in many studies that address anticancer
effects of experimental redox chemotherapeutics, little ex-
perimentation is performed on nontransformed primary cells.
However, as discussed in much detail below, increasing ex-
perimental evidence suggests that redox dysregulation rep-
resents a specific vulnerability associated with many tumors
that provides a therapeutic window of sufficient width for
redox intervention in the absence of unacceptable off-target
effects and systemic toxicity. It is particularly encouraging
that experimental redox chemotherapeutics may function
according to the concept of synthetic lethality (i.e., drug cyto-

toxicity is confined to cancer cells that display loss of function
mutations in tumor suppressor genes or upregulation of on-
cogene expression) (85, 176, 350, 388, 393).

2. Redox chemotherapeutics: Pleiotropic ‘dirty’ drugs?
Pharmacological agents that modulate cellular redox ho-
meostasis through direct or indirect alteration of ROS gener-
ation, signaling, and turnover are generally considered “dirty’
drugs, a term that refers to pharmacological agents that
modulate multiple molecular targets through pleiotropic in-
teractions (111). In the age of molecularly targeted therapy,
development of dirty drugs is generally pursued with re-
duced enthusiasm due to the tendency of these promiscuous
agents to produce toxic off-target effects. Moreover, phar-
macodynamic effects of redox modulators often depend on
the presence of chemically reactive pharmacophores that
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display an obvious potential for uncontrolled reactivity and
untargeted cytotoxicity. Covalent adduction and generation
of reactive intermediates (282) is associated with numerous
reactive pharmacophore contained in redox chemotherapeu-
tics (e.g., bisfunctional Michael acceptors, discussed in Section
I1.G). However, recent research suggests that it is exactly this
pleiotropic mode of action associated with numerous redox
chemotherapeutics (i.e., the simultaneous modulation of
multiple redox sensitive targets) that seems to be uniquely
tailored to overcome cancer cell drug resistance originating
from redundancy of oncogenic signaling and rapid mutation,
as discussed extensively throughout this review (50, 111, 199).
Moreover, lead optimization of prototype redox chemother-
apeutics has led to the development of advanced preclinical
candidates with pharmacophores that display attenuated and
more targeted redox reactivity such as quinones that target
Cdc25 phosphatases with attenuated or absent redox cycler
activity (discussed in Section IILF) (124). Structure-based ap-
proaches are now used to identify redox-silent pharmaco-
phores that modulate cellular redox status and signaling
through ligand-based interactions such as redox-inactive vi-
tamin E analogues (discussed in Section IV.B.1) (257). In ad-
dition, drug discovery strategies that combine the superior
target specificity provided by ligand approaches with potent
target modulation by reactive electrophilic pharmacophores
have now led to the generation of a novel class of anticancer
receptor protein kinase inhibitors including neratinib (dis-
cussed in Section I1.H) (376).

3. Redox chemotherapeutics: Combinatorial or stand-
alone drugs? Many developmental redox therapeutics have
shown a potentiating effect on pharmacodynamic activity of
other anticancer agents and radiation, but offer only modest
or no chemotherapeutic benefit if used as single agents (9, 29,
193). Therefore, many ongoing clinical studies test activity of
these agents as combinatorial drugs, consistent with the
mechanism of action that involves induction of deviations
from redox homeostasis that preferentially sensitize cancer
cells to the cytotoxic effects of chemotherapeutic agents (9, 29,
232, 246, 288). However, other ongoing studies examine fea-
sibility of single agent redox chemotherapy as detailed
throughout this review.

4. Redox chemotherapeutics and personalized medi-
cine. Accumulating evidence gained from preclinical and
clinical studies indicates that the therapeutic benefit provided
by redox chemotherapeutics depends on careful patient se-
lection based on genotypic and phenotypic profiling that
matches the individual patient with a specific redox inter-
vention.

In the emerging age of personalized medicine, complexity
and variability of redox dysregulation in tumors depends on
tumor type and progressional stage, localization, and prior
chemotherapeutic exposure, diminishing the general efficacy
of redox intervention. Indeed, in some tumors, alterations in
redox signaling and metabolic profile may represent mere
epiphenomena downstream of crucial mechanisms that drive
tumor progression, and therapeutic benefit of redox inter-
vention may therefore be compromised in these cases. In
contrast, careful patient selection based on detailed tumor
redox pheno- and genotyping should guide the selection of
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specific drugs that efficiently target the redox Achilles heel of
the individual tumor, a form of personalized redox medicine
that depends on discovery and validation of predictive redox
biomarkers (19, 44, 239, 287, 320).

Recent experimental evidence suggests that total antioxi-
dant capacity measurements from clinical tumor samples
predict paclitaxel chemosensitivity (287). Other advances in
the identification of predictive redox biomarkers have been
achieved recently. For example, circulating thioredoxin is se-
creted by cancer cells and elevated in the plasma of patients
with pancreatic and hepatocellular cancers, and efficacy of
redox chemotherapy using a small molecule thioredoxin
inhibitor has indeed been monitored by following drug-
induced suppression of plasma thioredoxin and VEGF levels,
suggesting that thioredoxin may serve as a redox biomarker
amenable to rapid standard detection (19). In addition, tumor
genotyping for Keapl mutational status is emerging as a po-
tential predictor of therapeutic success associated with redox
intervention targeting Nrf-2 downstream effectors such as
heme oxygenase 1 (as discussed briefly in Section III.D) (320).

It is now established that prooxidant intervention using
metabolic inhibitors and hypoxia-activated agents should be
based on phenotypic profiling measuring tumor glucose up-
take and hypoxia, respectively (as discussed in Sections IV.A
and IV.C.1). Indeed positron emission tomography (PET)
imaging with ['*F]-fluoromisonidazole is clinically used for
selection of hypoxic tumors to be targeted by hypoxia-
activated drugs (239), and tumor glucose uptake can be as-
sessed by ['®F]2-fluoro-2-deoxy-D-glucose PET imaging (44).
Rapid progress in this area suggests that oncological redox
biomarkers provide a unique opportunity for optimization of
personalized redox chemotherapeutic intervention.

C. Redox dysregulation as anticancer drug target

Molecular mechanisms by which redox alterations con-
tribute to cancer cell proliferative control, survival, invasion,
and metastasis are of equal interest to researchers focusing on
fundamental cancer biology or translational anticancer drug
discovery, as expertly reviewed recently (48, 115, 117, 127,
129, 210, 296, 309, 310, 349). The involvement of ROS in cancer
initiation and progression is now firmly established. Apart
from its role as a causative factor in carcinogenesis through
ROS-induced mutagenesis, redox dysregulation contributes
to malignant transformation and progression through ROS-
mediated mitogenic signaling and redox modulation of apo-
ptotic and survival pathways (127, 210, 296). Following early
studies that described increased production of ROS including
superoxide radical anions and hydrogen peroxide (H>O,) by
human tumor cells (335, 348), recent research supports a
causative role of altered redox regulation in tumorigenesis
and has identified numerous cellular sources of ROS pro-
duction in cancer cells, including overexpression of ROS-
generating NOX family members and enhanced electron
leakage from the mitochondrial respiratory chain (115, 133,
134, 252, 356, 389). Indeed, NOX-dependent ROS generation
driving angiogenesis has recently emerged as a promising
target for pharmacological anticancer redox intervention as
suggested by prototype studies performed in murine hem-
angioma (276).

Early studies observed a correlation between expression
of oncogenes and cellular ROS levels (e.g., increased ROS



3018

production in response to ras oncogenic activity has been
described in H-RAS''’-transformed NIH3T3 fibroblasts)
(161). It is now established that constitutive upregulation of
ras protein signaling through overexpression or mutational
activation, one of the most common genetic events observed
in carcinogenesis, is associated with increased ROS produc-
tion, cellular oxidative stress, and mutagenesis observed in
many tumors (198, 315, 349). It is therefore not surprising that
RAS-transformed cells are more sensitive to pharmacological
depletion of glutathione, suggesting that an elevated rate of
constitutive ROS production in Ras-transformed cells may
represent a functional target for pharmacological intervention
that undermines the cellular antioxidant capacity (349, 350).

Another oncogene, the chimeric BCR-ABL tyrosine kinase
responsible for chronic myelogenous leukemia (CML), in-
creases intracellular oxidative stress and causes inactivation
of protein phosphatases and genomic instability in an ROS-
dependent manner, providing another example of oncogene-
controlled redox dysregulation in cancer cells (296, 309, 349).
Interestingly, BCR/ABL activates ROS-producing signaling
pathways leading to oxidative DNA damage and transitional
mutations that encode clinically relevant amino acid substi-
tutions in the BCR/ABL kinase domain causing imatinib re-
sistance (199).

In the same manner, inactivation of tumor suppressor
genes may cause deviations from redox homeostasis that in-
crease mutagenesis and tumorigenesis. For example, recent
mouse studies suggest that p53 mutational inactivation im-
pairs p53 antioxidant function through transcriptional
downregulation of key mediators including TP53INP1 (tumor
protein 53-induced nuclear protein 1) resulting in increased
oxidative stress, accelerated mutational rate, and increased
tumor growth, all of which can be suppressed by antioxidant
supplementation (303). Taken together, these exemplary
studies suggest that numerous oncogenes and tumor sup-
pressor genes exert their functions in part through redox
mechanisms that may be amenable to pharmacological inter-
vention by redox chemotherapeutics.

Redox dysregulation observed in cancer cells is a complex
phenomenon that integrates many aspects of the cancerous
phenotype, including alterations in metabolism, proliferative
control, and anti-apoptotic survival signaling, as reviewed
extensively elsewhere (48, 117, 118, 296, 349). In many human
cancer cell lines and tumors, alterations of proliferative and
apoptotic control have been shown to depend partly on con-
stitutive activation of multiple redox sensitive targets through
autocrine production of ROS, including components of sig-
naling cascades (e.g., Akt/protein kinase B and MAP kinases)
as well as transcription factors [e.g., nuclear factor kB (NFxB)
and activator protein 1 (AP-1)] (141, 296, 330, 349). The role of
ROS-dependent redox dysregulation in tumor progression
has been studied recently in much detail in human melanoma
where overexpression of Akt converts radial (noninvasive)
to vertical (invasive) growth phase tumors with increased
generation of superoxide originating from NOX4 upregula-
tion, preferential glycolytic energy metabolism, and VEGEF-
dependent angiogenesis (115, 134). In this context, it should
also be mentioned that the antagonist of phosphoinositide-
dependent Akt activation and tumor suppressor PTEN and
other members of the protein tyrosine phosphatase super-
family are established molecular targets of ROS signaling,
chemically inactivated by ROS-dependent oxidation of es-
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sential cysteine residues facilitating tumorigenic tyrosine ki-
nase receptor signaling (36, 214, 215, 247, 387).

Paradoxically, apart from being involved in proliferative,
anti-apoptotic, metastatic, and angiogenic signaling, ROS
may also exert cytotoxic and proapoptotic functions that
would limit tumorigenicity and malignant progression (48,
117). For example, changes in cellular redox homeostasis and
ROS levels will affect viability through redox modulation
of the mitochondrial permeability transition pore open-
ing leading to cytochrome C release, apoptosome assembly,
and activation of executioner caspases, if cellular ROS levels
reach a certain threshold incompatible with cellular sur-
vival (117, 349). Consequently, redox homeostasis in cancer
cells that produce ROS at elevated levels due to glycolytic
metabolic adaptations, mitochondrial insufficiencies, and
ROS-dependent survival signaling depends on a concerted up-
regulation of antioxidant defense mechanisms, most notably
the glutathione- and thioredoxin-dependent redox systems
(255, 279), but also involves upregulation of fundamental
stress response signaling including the heat shock response
and the electrophilic stress response mediated by the Nrf2/
Keapl-ARE pathway (discussed in Section IIL.D) (208).

Accumulating evidence suggests feasibility of chemothera-
peutic redox intervention by modulation of constitutively ele-
vated levels of cellular oxidative stress using novel pro- and
antioxidant redox chemotherapeutics that target mitogenic and
anti-apoptotic ROS-signaling (48, 117, 118, 210, 349). It has been
suggested that differential redox set points in cancer cells ver-
sus nontransformed normal cells represent a therapeutic win-
dow of sufficient width permitting redox intervention that
selectively targets cancer cells with constitutively upregulated
levels of ROS. Much attention has therefore focused on the
identification and development of experimental chemothera-
peutics that induce positive deviations from redox homeostasis
through prooxidant action, either by direct production of oxi-
dizing species or by modulation of specific cellular targets in-
volved in redox homeostasis. Theoretically, prooxidant
deviation induces a redox shift that redlines the cancer cell
proliferative engine leading to cell cycle arrest and cell death
without compromising viability of untransformed cells based
on the redox differential between normal and tumor cells
(Fig. 2). Remarkably, the requirements for prooxidant prolif-
erative and survival signaling encountered in rapidly dividing
cancer cells also suggest feasibility of antioxidant intervention
by pharmacological induction of negative deviations from
redox homeostasis expected to attenuate the cancer cell pro-
liferative engine.

D. ROS in cancer chemotherapy: From toxicological
liability to therapeutic asset

It is well established that dose-limiting off-target toxicity of
anthracycline tumor antibiotics can result in potentially fatal
cardiomyopathy, attributed to the generation of free radical-
mediated damage originating from site-specific oxidative me-
tabolism of these anthraquinone-derived redox active drugs in
cardiac sarcoplasmic reticulum and mitochondria (65). Indeed,
considerable effort has pursued the identification of cytopro-
tective metal chelators (e.g., dexrazoxane hydrochloride) and
antioxidant cytoprotective adjuvants (e.g., amifostine) that can
serve as combinatorial agents for prevention of chemotherapy-
associated organ toxicity without compromising chemothera-
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FIG. 2. Targeting cancer cell redox homeostasis by prooxidant therapeutic intervention. Constitutive upregulation of
oxidative stress contributes to genotypic and phenotypic changes characteristic of cancer cells and represents a redox
vulnerabilty that can be targeted by prooxidant therapeutic intervention (POX). Differential redox set points in normal and
malignant cells (as represented in a virtual ‘redox tachometer’) suggest that prooxidant-induced upregulation of cellular ROS
specifically targets cancer cells. This process can be referred to as ‘redlining’ in analogy to the red bar (redline) displayed on
car tachometers denoting the maximum speed at which an internal combustion engine is designed to operate without causing
damage. In malignant cells already at a high setpot of constitutive oxidative stress, prooxidant deviation induces a redox shift
that ‘redlines’” the cancer cell proliferative engine, leading to functional impairment, cell cycle arrest, and cell death. In
contrast, the same prooxidant deviation from redox homeostasis is tolerated by nonmalignant cells. The width of the
therapeutic window will be determined by the redox differential between normal and tumor cells and may limit efficacy of
redox intervention. Exemplary redox chemotherapeutics for POX are depicted in the lower box including (from left to right) the
semisynthetic endoperoxide artemether, the metabolic modulator 2-deoxy-D-glucose, and the synthetic glutathione depleting
agent imexon. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article at www .liebertonline.com/ars).

peutic efficacy of these agents (65, 240). Improvement of the
therapeutic index of anticancer drugs by the superoxide dis-
mutase mimetic mangafodipir has been demonstrated recently
(7), and mangafodipir protective activity against oxaliplatin
neurotoxicity is currently evaluated in a Phase II clinical trial
(ClinicalTrials.gov Identifier: NCT00727922).

Apart from being invoved in mediating undesirable col-
lateral damage in cancer chemotherapy, it has long been
known that formation of genotoxic free radical species is a
crucial mechanism of action associated with potent anticancer
antibiotics including calicheamicin, leinamycin (discussed in
Section ILF), and bleomycin. For example, it is well estab-
lished that the glycopeptide bleomycin, an established com-
ponent of standard combination chemotherapy, destroys
malignant cells based on a metal-dependent prooxidant free
radical mechanism leading to DNA fragmentation (61, 69).

Bleomyecin binds ferrous iron and oxygen and after reduction
in vivo produces an activated intermediate, a Fe>" hydroper-
oxide [BLM-Fe(IlI)-OOH, ferric peroxide complex] that
cleaves DNA by hydrogen abstraction.

More recently, accumulative evidence suggests that in-
duction of ROS formation and redox dysregulation is causa-
tively involved in the chemotherapeutic efficacy of many
established anticancer drugs that have traditionally not been
associated with a free radical mechamism of action (76). Nu-
merous studies have demonstrated the causative involvement
of ROS formation in the mediation of cancer cell apoptosis
induced by various standard chemotherapeutic agents in-
cluding paclitaxel (5, 6), cisplatin (30), bortezomib (114), and
etoposide (266). Remarkably, it has been demonstrated that
cisplatin apoptogenicity depends on formation of ROS and
occurs independent of nuclear DNA damage, suggesting
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that apoptogenic oxidative stress is the crucial mechanism of
cisplatin-induced cancer cell death (30).

Based on this largely unappreciated prooxidant aspect of
anticancer activity associated with established chemothera-
peutic agents, combination therapy employing a chemothera-
peutic drug with an experimental prooxidant provides a
promising therapeutic strategy for potentiation of cancer cell
cytotoxicity currently examined in clinical trials as discussed
in detail below.

Il. Reactive Pharmacophores
for Anticancer Redox Chemotherapy

Small molecule anticancer redox drugs now in various pha-
ses of preclinical and clinical development are a heterogenous
group of therapeutics distinguished by their ability to alter
cellular redox status. Importantly, target modulation by redox
chemotherapeutics can occur by structure-based mechanisms
(i.e., the activity of molecular targets is altered through binding
of a ligand). However, more often target modulation by redox
chemotherapeutics involves a reactivity-based mechanism, that
is, the activity of a molecular target is altered through a chemical
reaction. Indeed, reactants (reactive molecules) represent im-
portant anticancer redox chemotherapeutics with documented
preclinical and clinical efficacy. These agents produce or inac-
tivate ROS, antagonize or mimic activity of enzymes involved
in redox metabolism, or chemically alter redox sensitive protein
targets involved in proliferative and survival signaling.

The following section discusses mechanism of action,
structure activity relationship (SAR), and preclinical and
clinical efficacy of selected anticancer redox drugs that are
defined by their exemplary reactive pharmacophores. It
should be mentioned that photodynamic pharmacophores
that produce ROS including singlet oxygen by photon-driven
energy and electron transfer reactions, an important class of
FDA-approved prooxidant anticancer chemotherapeutics for
photodynamic therapy (PDT), will not be included here since
they have been covered extensively elsewhere (264, 381).

A. Organic endoperoxides: Artemisinins

Artemisinin (Fig. 3A-1), a sesquiterpene endoperoxide nat-
ural product isolated from Artemisia annua (qinhao, sweet
wormwood), targets malaria protozoa through iron-dependent
induction of oxidative stress (95, 96, 177, 321). Lead optimiza-
tion by medicinal chemistry has led to the development of a
whole range of 1,2,4-trioxane-based, semisynthetic artemisinin-
derivatives with retained endoperoxide pharmacophore and
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improved pharmacokinetic profile and stability, including di-
hydroartemisinin (DHA, Fig. 3A-3), artemether (Fig. 3A-4), ar-
teether (Fig. 3A-5), and artesunate (Fig. 3A-6), which constitute
the most potent and rapidly acting group of antimalarial drugs
available today. Indeed, artemisinin combination therapies
(ACT) combining artemisinin derivatives with longer half-life
drugs (e.g., artemether-lumefantrine), are now used as inter-
nationally approved antimalaria chemotherapeutics of major
global significance. In plasmodia, the cytotoxicity inducing
cleavage of the endoperoxide moiety is triggered by heme iron
released during hemoglobin digestion in host erythrocytes. In
addition, artemisinins are potent inhibitors of the malaria
parasite PfATP6 enzyme, an orthologue of the thapsigargin-
sensitive sarcoendoplasmic reticulum Ca*" (SERCA) ATPase
96).

Recent research has demonstrated that artemisinin and its
semisynthetic derivatives target human cancer cells based on
intracellular prodrug activation with formation of prooxidant
reactive species triggered by redox-active iron ions, the com-
mon pharmacodynamic basis underlying both antimalarial
and anticancer activity of artemisinin-type stable endoper-
oxides (95, 96, 321). Importantly, concentrations required for
antagonizing cancer cells, usually in the upper nanomolar to
low micromolar range, are about one to two orders of mag-
nitude higher than those required for killing plasmodia. The
active moiety of artemisinins is an endoperoxide bridge that
can be activated and fragmented by intracellular iron [Fe(II)]
leading to the formation of carbon-centered electrophilic
radical species and ROS with involvement of Fenton chem-
istry (Fig. 3C). Importantly, earlier studies have shown that
artemisinin cytotoxicity against various cancer cell lines is
completely abolished upon chemical replacement of the en-
doperoxide functional group by an ether bridge producing
the redox-inactive deoxyartemisinin (Fig. 3A-2), a versatile
molecular probe and negative control for the interrogation of
redox mechanisms in artemisinin drug action (177).

The endoperoxide-pharmacophore contained in artemisi-
nin and its derivatives imparts a unique chemical reactivity
(96, 337). Unlike other organic peroxide compounds, artemi-
sinin displays drug-like stability, and the endoperoxide core
does not react with regular reducing agents such as NaBH,,
providing large-scale semisynthetic access to artemisinins
with retained Fe(II)-dependent reactivity via reduction of the
artemisinin lactone group to dihydroartemisinin. Subsequent
esterification and ether formation generate numerous deriv-
atives with improved stability and pharmacokinetic profile.
Recently, a series of experimental antimalarials and anticancer
agents containing synthetically accessible tetraoxane or

«

FIG. 3. Artemisinins: A novel class of endoperoxide-based anticancer redox chemotherapeutics. (A) The sesquiterpene
endoperoxide artemisinin (1) and 1,2,4-trioxane-based, semisynthetic artemisinin-derivatives including dihydroartemisinin
(3), artemether (4), arteether (5), artesunate (6), and artemisone (9) are established prooxidant antimalarial drugs and in-
vestigational chemotherapeutics for oncological indications. Deoxyartemisinin (2) is a redox-inactive artemisinin derivative.
0Z277 (7) and the steroidal tetraoxane 5f-cholan-7¢,120,24-triol-3-spiro-6'-(1,2’ 4',5'-tetraoxacyclohexane)-3'-spiro-cyclo-
hexane (8), are fully synthetic drug-like 1,2,4-trioxolane-derivatives. (B) Artemisinin-glycoprotein bioconjugates for targeted
prooxidant intervention. Artemisinin bioconjugation of transferrin and other glycoproteins (curved line: protein; squares and
circle: oligosaccharide chain) occurs via hydrazone formation using artelinic acid hydrazide (10) after periodate-induced
oxidation of vicinal sugar diol-groups. (C) The free radical mechanism of artemisinin drug action. The pharmacophoric
moiety of artemisinins is an endoperoxide bridge that can be fragmented by intracellular iron [Fe(II)] species, leading to the
formation of carbon-centered electrophilic radical species including a sterically unhindered primary radical (middle panel,
upper left) and a sterically more congested secondary radical (middle panel, upper right). These organic free racicals together
with ROS formed through Fenton chemistry are the suggested key mediators of artemisinin-induced cancer cell inactivation.
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ozonide pharmacophores has been generated (337). These
fully synthetic organic endoperoxide-derivatives either retain
the unique pharmacodynamic characteristics of artemisinin or
display significantly dissociated antimalarial and anti-
proliferative potencies such as OZ277 (Fig. 3A-7), a synthetic
ozonide (1,24-trioxolane-derivative) now in clinical devel-
opment for antimalaria intervention (337), and the steroidal
tetraoxane 5f-cholan-7¢, 120,24-triol-3-spiro-6'-(1',2',4',5'-
tetraoxacyclohexane)-3'-spiro-cyclo-hexane (Fig. 3A-8), a
compound that displays potent antiproliferative effects in the
nanomolar concentration range as determined in the NIH 60
cancer cell line screen without displaying significant antima-
larial effects (268, 337).

Recent studies indicate that induction of cellular oxidative
stress leading to mitochondrial dysfunction and rapid in-
duction of mitochondrially-triggered apoptosis plays a major
role in the anticancer activity of artemisinins (94-96, 321).
Moreover, induction of DNA damage by artesunate based on
rapid formation of DNA comets and y-H2AX phosphory-
lation has been demonstrated (217). Remarkably, cell lines
over-expressing genes that confer resistance to established
antitumor drugs (e.g.,, MDR1, MRP1, dihydrofolate reductase,
ribonucleotide reductase) are not crossresistant to artesunate,
indicating that this drug has a different target and is not
subject to multidrug resistance. Expression of antioxidant
genes, including thioredoxin reductase and catalase, is an
important determinant of artesunate activity against tumor
cells (97). For example, WEHI7.2 cells selected for resistance to
hydrogen peroxide or transfected with thioredoxin, manga-
nese superoxide dismutase, catalase, or Bcl-2 displayed re-
sistance to artesunate compared to the parental cell line (97).
Other research has demonstrated potent antiangiogenic ac-
tivity of artemisinin linked to artemisinin-mediated down-
regulation of hypoxia-inducible factor-lo (HIF-1z) and
vascular endothelial growth factor (VEGF) expression, which
control endothelial cell growth (79, 96). Other research has
demonstrated that dihydroartemisinin increases generation
of ROS and blocks HIF-1a activation and expression of its
downstream target VEGF in C6 glioma cells with little cyto-
toxicity observed in rat primary astrocytes (157).

Recent findings indicate that artemisinin blocks prostate
cancer growth and cell cycle progression by structure-based
interference with Sp1-cyclin-dependent kinase-4 promoter in-
teractions leading to inhibition of CDK4 gene expression, and it
was suggested that this activity occurs independent of a redox
mechanism of action (374). However, promotor binding stud-
ies were performed at very high supratherapeutic concentra-
tions (300 uM) of artemisinin, and no control experiments
employing metal chelators or the redox inactive analogue
deoxyartemisinin (introduced above) were employed to ex-
clude involvement of redox mechanisms.

Most cancer cells display increased rates of iron uptake that
supports rapid proliferation (204), and recent data strongly
suggest that altered iron metabolism occurs in oncogenic Ras-
transformed cells, providing a valid therapeutic window for
prooxidant intervention using artemisinins (393). It is now
well established that the susceptibility of tumor cells to arte-
misinin and its derivative, artesunate, can be enhanced by co-
administration of ferrous iron, and oral co-administration of
dihydroartemisinin and ferrous sulfate retarded implanted
fibrosarcoma tumor growth in rats (253). Recent research
demonstrates that the transferrin receptor (TfR) is overex-

WONDRAK

pressed in tumors, and the effect of ferrous iron on artesunate
can be reversed by a monoclonal antibody that competes with
transferrin for TfR-binding (256). Interestingly, TfR-dependent
cytotoxicity of artemisinin-transferrin conjugates provides
a promising strategy for targeted artemisinin-dependent
prooxidant intervention. Design of artemisinin-bioconjugates
for targeted delivery is facilitated by availability of the
artemisinin-derivative artelinic acid hydrazide (Fig. 3B-10)
that can be covalently attached to any glycoprotein via hy-
drazone adduction after periodate-induced protein carbon-
ylation (256, 265). Artemisinin—transferrin conjugates induce
TfR-dependent cytotoxicity in DU145 prostate cancer cells
with induction of oxidative stress that triggers the mito-
chondrial pathway of apoptosis (256). In a different study,
small artemisinin-heptapeptide conjugates targeting the
transferrin receptor diplayed selective cytotoxicity in molt-4
leukemia cells but not normal human leukocytes (265).

The anticancer activity of artemisinin-drugs in vivo has
been demonstrated employing various murine xenograft tu-
mors models as recently reviewed (96). Growth of fibrosar-
coma in Fisher 344 rats was significantly delayed by the daily
administration of dihydroartemisinin plus ferrous sulfate. In a
rat 7,12-dimethylbenzo[a]anthracene (DMBA) breast carci-
nogenesis model, oral administration of artemisinin delayed
tumor development and reduced tumor multiplicity and
size (205). Growth of subcutaneously injected KS-IMM
Kaposi sarcoma cells in nude mice was strongly suppressed in
artesunate-treated animals (79). Importantly, anticancer ac-
tivity of artemisinins also covers human papilloma virus
(HPV)-induced tumors as demonstrated in a canine model of
oral mucosal papillomavirus-induced tumors that were in-
hibited by topical application of dihydroartemisinin. Earlier
research demonstrated that dihydroartemisinin is cytotoxic to
HPV-infected epithelial cells in vitro and in vivo, and clinical
usefulness of artemisinins as prooxidant chemotherapeutics
targeting HPV-infection and cervical dysplasia has been
proposed (82). Stability and hydrophobicity of certain ar-
temsinine derivatives may also enable topical application,
which could simplify the treatment of early cervical lesions,
including those in immunocompromised patients. A case re-
port on the therapeutic benefit of artesunate chemotherapy in
patients with metastatic uveal melanoma has been published
(28). In an ongoing phase I study of artesunate in metastatic
and locally advanced breast cancer, tolerability of an add-on
therapy using artesunate is evaluated (ClinicalTrials.gov Iden-
tifier: NCT00764036).

In this context it will be fascinating to examine the anti-
cancer activity of novel endoperoxide drugs currently in ad-
vanced clinical testing as antimalaria agents including
artemisone (BAY 44-9585; Fig. 3A-9) and the fully synthetic
1,2,4 trioxane OZ277 (Fig. 3A-7). These investigational drugs,
optimized for improved oral availability, pharmacokinetics,
and drug safety, retain the redox active endoperoxide phar-
macophore and may therefore display potent anticancer ac-
tivity, a hypothesis to be tested by future experimentation
(337).

B. Arsenicals: As>O3 and darinaparsin

1. As;03. Trivalent arsen [As(IIl)]-containing inorganic
and organic compounds are an important class of thiol-
reactive prooxidant redox chemotherapeutics targeting acute
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promyelocytic leukemia (APL) (363). Importantly, the proto-
typical inorganic arsenical arsenic trioxide (AsyOj;) received
FDA-approval in 2000 for treatment of APL in patients who
have relapsed or are refractory to first-line intervention using
retinoid and anthracycline chemotherapy. Clinical use of
As,O5 in APL has recently advanced to first-line therapy.
Remarkably, in newly diagnosed patients, high rates of
complete remission (up to 95%) and 2-year leukemia-free
survival rates (80%) are usually achieved using As,Oj; as
single agent. However, beyond APL, the therapeutic benefit
of As,Oj3 in other hematologic malignancies is very limited.

Based on the known reactivity of trivalent arsenicals to-
wards thiol-containing molecules leading to covalent cross-
linking of vicinal thiols (396), As,O3 exerts antiproliferative
and apoptogenic effects on cancer cells by prooxidant mech-
anisms that include covalent adduction and oxidation of
redox-sensitive cellular cysteine residues in GSH and proteins
(117, 229). Most APL cases are characterized by t(15;17)
(922;q21) chromosomal translocation and the resulating
PML-RARalpha chimeric gene product, the fusion protein
promyelocytic leukemia/retinoic acid receptor, blocks gran-
ulocytic differentiation and induces tumorigenesis (363).
As,Oj3 is a potent inducer of the mitochondrial pathway of
apoptosis causing enhanced electron leakage from the mito-
chondrial respiratory chain (274), but it is not clear how these
activities facilitate rapid degradation of PML-RARalpha ob-
served in As,Os-treated APL (170). Experimental evidence
obtained in IM-9 mutiple myeloma cells has been presented
demonstrating that the voltage-dependent anion channel
(VDAC), an outer mitochondrial membrane protein and
critical component of the permeability transition pore com-
plex, represents a crucial molecular target of As,O; upstream
of cytochrome c release and caspase activation, and As,O3-
induced cross-linking of cysteine residues within the trans-
membrane domain of VDAC may be the crucial molecular
mechanism underlying induction of permeability transition
pore opening (402). Moreover, recent evidence suggests that
irreversible inhibition of thioredoxin reductase 1 by covalent
adduction of critical selenocysteine- and cysteine residues is
the key mechanism of prooxidant redox disturbance under-
lying As;Os-induced breast cancer cell apoptosis (229).

Importantly, the magnitude of As,Os-induced cytotoxicity
is inversely correlated with the intracellular GSH pool of
cancer cells, and molecular interventions that deplete cellu-
lar glutathione levels sensitize cells towards As,Os-induced
apoptosis as observed upon pharmacological downregula-
tion of cellular glutathione levels using L-buthionine-S,R-
sulfoximine or L-ascorbate as reviewed recently (117, 118).
Indeed, potentiation of As,O3 chemotherapeutic efficacy by
combination with BSO was demonstrated in various mouse
xenograft tumor models including an orthotopic model of
prostate cancer metastasis, suggesting that prooxidant inter-
vention using As,O3 in combination with an inhibitor of the
antioxidant GSH system is effective in terms of both efficacy
and selectivity (235). Clinical development of As,O3 for on-
cological applications beyond APL is ongoing. In recently
completed Phase II trials, As,O; did not offer therapeutic
benefit in patients with adenocarcinoma of the pancreas or
patients with metastatic melanoma (17), but promising results
were obtained in a Phase I/II study of As,O5;/bortezomib/
L-ascorbic acid combination therapy for the treatment of re-
lapsed or refractory multiple myeloma (27).
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Based on the clinical success of As,Os, anticancer arsenicals
are an expanding class of experimental redox chemothera-
peutics. Interestingly, the cubic isoform As,O¢ {2,4,6,8,9,10-
hexaoxa-1,3,5,7-tetraarsa-tricyclo[3.3.1.13,7]decane}, a more
potent inducer of apoptosis and inhibitor of tumor growth
than As,O3 in SiHa HPV 16-immortalized human cervical
carcinoma cell xenografted nude mice, has received attention
as an alternative inorganic arsenical for anticancer interven-
tion (55).

2. Darinaparsin. The investigational drug darinaparsin
(S-dimethylarsino-glutathione; ZIO-101; Fig. 4-11) is a syn-
thetic organic arsenical with improved toxicity profile that
displays antitumor activity towards As,Os-resistant and
MRP1/ABCC1-overexpressing cell lines (283). Darinaparsin
treatment results in higher intracellular arsenic accumulation
when compared to AsyO; treatment since As,Oj, but not
darinaparsin, is efficiently exported by ABCC1, suggesting
increased therapeutic efficacy of darinaparsin in ABCCI-
overexpressing tumors (81). Darinaparsin induces high levels
of cellular oxidative stress and apoptosis with more potency
than As,Oj3, but its detailed molecular mechanism of action
remains to be elucidated. Numerous clinical trials in Phases I
and II examine the use of darinaparsin in patients with vari-
ous oncological conditions such as hematological cancers
(ClinicalTrials.gov Identifiers: NCT00592046; NCT00421213)
and advanced hepatocellular carcinoma (ClinicalTrials.gov
Identifier: NCT00423306).

C. Redox cyclers: Motexafin gadolinium

Redox cycling is an important chemical mechanism under-
lying formation of ROS by numerous clinical and experimental
anticancer agents containing quinone pharmacophores (in-
cluding anthracyclines, geldanamycin, and menadione) as well
as other redox active pharmacophores (e.g., texaphyrin mac-
rocycles and polysulfide agents), and drug-induced ROS for-
mation has important toxicological and pharmacodynamic
consequences. Experimental therapeutics that can undergo
spontaneous or enzyme-driven redoxcycling with production
of cytotoxic organic free radicals and ROS can target cancer
cells through selective induction of oxidative stress as reviewed
extensively elsewhere (120, 237, 379). As prooxidant catalysts,
redox cyclers mediate electron transfer from a cellular reducing
agent [e.g., glutathione or NAD(P)H] onto oxygen with pro-
duction of ROS (120, 128, 237, 358, 379). After electron transfer
to oxygen, the redox catalyst is regenerated by spontaneous or
enzyme-driven reduction. Importantly, cancer cell-selectivity
of these agents may be based on (a) the established prooxidant
redox vulnerability of certain cancers (as detailed in Section
L.C), (b) the increased availability of bioreductive equivalents in
glycolytic and hypoxic tumor tissue, and (c) the potential
cancer cell selective expression of bioreductive enzymes such
as NQO1 involved in driving redoxcycling by reductive regen-
eration of the reduced form of the catalyst. Generally, redox
cyclers act in low concentrations due to their catalytic mecha-
nism of action that is based on reversible electron transfer
reactivity as discussed elsewhere (48, 120).

1. Motexafin gadolinium. Motexafin gadolinium (MGd;
Fig. 4-12) is a prototype anticancer redox catalyst far ad-
vanced in clinical studies, as extensively reviewed in (237). It
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is interesting to note that MGd is derived from paramagnetic
probes used for magnetic resonance bioimaging. MGd com-
prises a central paramagnetic gadolinium(III) ion coordinated
by five pyrrole- and imine-derived nitrogens contained in the
planar polyaromatic texaphyrin macrocycle. The amphiphilic
drug-like molecule easily penetrates cellular membranes, and
water solubility depends on hydroxypropyl and triethyle-
neglycol monomethyl ether substituents. It is now established
that redox cycling of MGd depletes cellular antioxidant fac-
tors such as protein-bound and free thiols and ascorbate, and
releases thiolate-bound Zn ions from the antioxidant protein
factor metallothionein. In addition to pharmacodynamic ac-
tivity as redox cycler, MGd is also a potent inhibitor of the key
antioxidant enzyme thioredoxin reductase 1 that is also in-
hibited by free Zn ions that are intracellularly released as a
consequence of MGd-metallothionein interaction, a mecha-
nism of action that may underlie MGd activity as a potent
radiosensitizer (144, 236, 237). Moreover, recent experimental
evidence suggests that MGd targets ribonucleotide reductase
by directly binding and inactivating the redox sensitive R1
subunit of this key enzyme involved in deoxyribonucleotide
biosynthesis (395).

The SAR of MGd-induced prooxidant effects as determined
by texaphyrin-gadolinium (III) cation interactions is well de-
fined (237). Presence of the gadolinium (III) cation is essential
for drug action and is lost upon replacement by other para-
magnetic cations such as lutetium and europium. MGd dis-
plays spontaneous redox reactivity and reversibly accepts
electrons from cellular redox factors with sufficiently negative
reduction potential (e.g., NAD(P)H, ascorbate, glutathione, and
small molecule and protein-bound vicinal thiols) followed by
electron transfer to molecular oxygen. Gadolinium (III) does
not participate in redox catalysis, which depends on high
electron affinity and oxidizing properties of the extended cat-
ionic n-electron system of the texaphyrin ligand. However, the
paramagnetic properties of the Gd(IIl) cation ensure the
harmless return of the photoexcited molecule to the ground
state and thereby minimize photodynamic activity of the large
texaphyrin chromophore that would interfere with drug ac-
tion. NAD(P)H-driven MGd redox cycling is potentiated by the
presence of intracellular reductases such as P450 reductase,
cytochrome c reductase, and thioredoxin reductase, leading to
extensive ROS formation and cellular oxidative stress.

Importantly, MGd cotreatment exerts potent radio- and
chemosensitization of cancer cells and may induce the mito-
chondrial pathway of apoptosis by prooxidant mechanisms
when used as single agent against cancer cells with constitu-
tively elevated levels of ROS, including human B cell lym-
phoma cells (98, 237). The drug has completed promising
Phases I and II clinical trials (9, 288). In an international ran-
domized Phase III trial patients with brain metastases from
non-small cell lung cancer (NSCLC) given MGd in addition to
whole brain radiation therapy had a median time to neuro-
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logical progression of 15.4 months, compared to 10.0 months
for patients who received only radiation, a trend in favor of
the MGd-treated arm (246). In addition, MGd is now under-
going evaluation as a monotherapy and in various combina-
tions with chemotherapy and monoclonal antibodies for
several tumor types including lymphomas and leukemias
(ClinicalTrials.gov Identifier: NCT00100711; NCT00076401),
lung cancer (ClinicalTrials.gov Identifier: NCT00365183), renal
cell cancer (ClinicalTrials.gov Identifier: NCT00134186) and
glioblastoma (ClinicalTrials.gov Identifier: NCT00305864).

2. Menadione. Redox cycling of quinone pharmaco-
phores contained in experimental and clinical chemothera-
peutics represents an important mechanism underlying
cancer cell directed cytotoxicity and may also induce un-
wanted off-target toxicity associated with established chemo-
therapeutics such as anthracyclin tumor antibiotics (65, 358).
The experimental redox chemotherapeutic menadione (2-
methylnaphthalene-1,4-dione, vitamin Kj; Fig. 4-13) contains
a naphthoquinone pharmacophore that undergoes intracel-
lular single electron reduction to the cytotoxic semiquinone
free radical. The semiquinone radical is rapidly reoxidized to
its quinone form by electron transfer reaction with molecular
oxygen leading to superoxide formation driven by the re-
ducing activity of cellular NAD(P)H-dependent reductases or
redox factors including ascorbate. Feasibility of harnessing
menadione redox cycling for experimental redox chemother-
apy with or without ascorbate potentiation has been sub-
stantiated in various murine Xenograft models (358).
Remarkably, ascorbate/menadione-induced cancer cell death
occurs without caspase-3 activation in an ROS-dependent
mode that involves oxidative DNA damage associated with
massive PARP activation and mitochondrial release of AIF, a
mechanism of cytotoxicity that may overcome chemoresis-
tance in cancer cells with redundant anti-apoptotic survival
signaling. It is important to note that apart from disturbing
cancer cell redox homeostasis by redox cycling, menadione
exerts anticancer activity through covalent electrophilic ad-
duction of the catalytic domain of the redox sensitive Cdc25A
phosphatase leading to Cdk1 hyperphosphorylation and cell
cycle arrest, an important mechanism of anticancer redox in-
tervention (discussed in Section III.F) (382).

Anticancer activity of prooxidant quinone-derivatives has
been documented in many studies but the potential role of
redox cycling in ROS production is not always established.
For example, anticancer activity of the naphthoquinone de-
rivative plumbagin seems to result from ROS formation up-
stream of cell death-associated pathways, including inhibition
of topoisomerase II followed by DNA strand breaks and in-
duction of apoptosis (187). Similarly, shikonin, another
naphthoquinone natural product, induces apoptogenic oxi-
dative stress in human hepatoma cells; ROS-dependent acti-
vation of the stress-related JNK pathway and subsequent
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FIG. 4. A selection of experimental and developmental redox chemotherapeutics and related derivatives. Agents dis-
cussed throughout the text and not shown in other specialized figures: Darinaparsin (11), motexafin gadolinium (12),
menadione (13), toluidine blue O (14), geldanamycin (15), 17-allylamino-17-demethoxygeldanamycin (16), radicicol (17),
2-(phenyltelluryl)-3-methyl-[1,4]Jnaphthoquinone (18), ebselen (19), 4,4'-dihydroxydiphenyl telluride (20), disulfiram (21),
Dp44mT (22), triapine (23), lissoclinotoxin A (24), leinamycin (25), L-ascorbic acid (26), ATN-224 (27), 2-methoxyestradiol
(28), M40403 (29), mangafodipir (30), TEMPO (31), imexon (32), PX-916 (33), auranofin (34), chaetocin (35), ES936 (36), DIBA

(37), and elesclomol (38).
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mitochondrial dysfunction, cytochrome c release, caspase
activation, and preferential apoptosis were observed in CML
cells (238).

3. Acetaminophen and O-acetylsalicylic acid. A recent
report has attributed the experimental antimelanoma activ-
ity of the nonsteroidal anti-inflammatory drug (NSAID)
N-acetyl-para-aminophenol (acetaminophen; Fig. 5-39) to
prooxidant glutathione depletion by the 3-hydroxy-1,4-
quinone-imine-metabolite, a redox active metabolite that
forms specifically by tyrosinase-catalyzed transformation,
suggesting the melanocyte-specific manifestation of this cy-
totoxic effect (352). A Phase I trial of high dose acetaminophen
and carmustine in patients with metastatic melanoma has
been conducted (378), and further testing is ongoing in a
Phase I/II clinical study that assesses the effectiveness of
acetaminophen combination chemotherapy in treating pa-
tients with stage III or stage IV melanoma. (ClinicalTrials.gov
Identifier: NCT00003346). However, a potential for hepato-
toxicity known to be associated with excessive acetamino-
phen quinone-metabolism may compromise the width of the
therapeutic window of acetaminophen-based redox chemo-
therapy and may present an obstacle for future clinical
development. In a similar manner, tyrosinase-dependent
metabolism of the phenolic drug aspirin (O-acetylsalicylic
acid; Fig. 5-40) induces formation of quinone metabolites that
display pronounced redox cycling and oxidative stress-in-
duced cytotoxicity in human melanoma cells (353), providing
an example of experimental redox chemotherapy that may be
based on cancer cell-selective formation of prooxidant qui-
none metabolites of approved drugs with established safety
profile. However, prooxidant activity of NSAIDs targeting
cancer cells may depend on tyrosinase-independent mecha-
nisms (1). Moreover, no epidemiological evidence in support
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of a chemopreventive effect of NSAID use on melanoma in-
cidence has been obtained in a recent large cohort study,
suggesting that NSAID use for potential melanoma chemo-
therapeutic intervention remains speculative and must await
further preclinical and clinical validation (13). In this context it
should be mentioned that the design of nitric oxide (NO) re-
leasing NSAID-prodrugs has recently emerged as a promising
strategy for the targeted induction of oxidative stress in cancer
cells harnessing the cytotoxic activity of reactive nitrogen
species (RNS) (294, 332). Indeed, NO-aspirin has shown an-
ticancer efficacy in murine xenograft models and has now
progressed into early stages of clinical testing for colorectal
cancer chemopreventive activity (ClinicalTrials.gov Identifier:
NCT00331786). However, recent SAR studies have revealed
that the anticancer activity of NO-aspirin does not depend on
the presence of the NO-releasing moiety, but rather originates
from spacer group-dependent formation of quinone-methide
reactive intermediates with the NO-releasing group func-
tioning as an effective leaving group (185).

4. Geldanamycin. The molecular chaperone heat shock
protein 90 (Hsp90) is an important cancer drug target due to its
crucial involvement in folding and activation of signaling
proteins that promote cancer cell proliferation and survival
(121, 324, 329). The benzoquinone antibiotic geldanamycin
(Fig. 4-15) along with its analogues 17-allylamino-17-de-
methoxygeldanamycin (17-AAG; Fig. 4-16) and 17-dimethy-
laminoethylamino-17-demethoxygeldanamycin  (17-DMAG)
targets Hsp90 as a specific inhibitory ligand masking its ATP
binding site. Geldanamycin-induced target inactivation results
in degradation of oncogenic client proteins (such as ErbB2,
Braf, Akt/PKB, CDK4, cyclin D1, Aurora B, Polo-1 kinase, and
hTERT) offering the therapeutic benefit of simultaneously an-
tagonizing multiple targets in tumors (329). Anticancer activity
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FIG. 5. N-Acetyl-para-aminophenol and O-acetylsalicylic acid as tyrosinase-activated prooxidants. In melanoma cells,
phenolic metabolites of the nonsteroidal anti-inflammatory agents N-acetyl-para-aminophenol (39) and O-acetylsalicylic acid
(40) form hydroquinone (HQ), semiquinone free radical (SQ), and quinone (Q) metabolites through tyrosinase-dependent
hydroxylation. These prooxidant metabolites are thought to induce therapeutically relevant glutathione depletion and other
cytotoxic effects directed against tyrosinase expressing cells. Acetaminophen is now an investigational drug in clinical trials

targeting metastatic melanoma.
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of geldanamycin-derivatives is now examined in numerous
clinical trials (324). It has been noted that the Hsp90 inhibitors
geldanamycin, 17-AAG, and DMAG contain a redox-active
benzoquinone pharmacophore, and strong experimental evi-
dence has been presented that supports an involvement of ROS
production in the antitumor effects of 17-AAG and DMAG
(121). In HT29 colon cancer cells, 17-DMAG/DMAG treatment
inactivated the kinase activity of nondegraded BRAF(V600E), a
constitutively active oncogenic kinase, through a mechanism at
least partially dependent on ROS production, suggesting that
Hsp90 client proteins may be exposed to geldanamycin-
induced oxidative stress. The close proximity of both the ROS
generating geldanamycin benzoquinone pharmacophore and
BRAF, while simultaneously bound to HSP90, would facilitate
ROS-induced damage to the client protein enhancing both
substrate degradation and loss of enzymatic activity. Con-
sistent with this hypothesis, other HSP90 inhibitors including
radicicol (Fig. 4-17) and novobiocin devoid of the benzo-
quinone redox pharmacophore, do not induce cellular oxida-
tive stress and also fail to inhibit MAPkinase signaling through
BRAF (V600E) inactivation (121). In this context it is important
to note that bioreduction of the geldanamycin quinone moiety
by NAD(P)H:quinone oxidoreductase 1 increases inhibition of
HSP90 through enhanced binding of the hydoroquinone form
of the drug, a bioreductive potentiation of geldanamycin ac-
tivity independent of potential redox cycling or ROS formation
(140).

5. 3,7-Diaminophenothiazinium redox dyes. Recently, it
has been demonstrated that experimental agents containing a
redox active 3,7-diaminophenothiazinium pharmacophore
including methylene blue and the more potent toluidine blue
(Fig. 4-14) selectively target melanoma and other cancer cells
with induction of mitochondrial apoptosis based on biore-
ductive activation and redox cycling (194, 379). Remarkably,
the phenothiazinium redox cycler (PRC) methylene blue is in
clinical use worldwide as infusional redox antidote against
cyanide poisoning and methemoglobinemia, a therapeutic
application that suggests feasibility of systemic administra-
tion for investigational evaluation of potential oncological
applications (48, 219). PRC compounds are two-electron
redox systems with standard reduction potentials compatible
with nonenzymatic and enzyme-dependent cycling between
the oxidized dye-form and the colorless reduced leuco-form
under cellular redox conditions (188, 293). Spontaneous elec-
tron transfer from the PRC leuco-form to molecular oxygen
may induce the nonenzymatic formation of ROS, including
H,0, (379). Using PRC lead compounds against human
metastatic melanoma cell lines, apoptosis occurred with
phosphatidylserine externalization, loss of mitochondrial
transmembrane potential, cytochrome c release, caspase-3
activation, and massive ROS production. Expression of
NAD(P)H:quinone oxidoreductase (NQO1) enzymatic activ-
ity known to drive PRC bioreductive redox cycling is an im-
portant determinant of PRC cytotoxicity observed in
numerous cancer cell lines (379). Based on the known over-
expression and increased specific enzymatic activity of
NQOT1 in various human tumors (discussed in Section II1.D.2)
(74), PRC compounds may represent a novel class of bior-
eductive experimental anticancer agents that eliminate cancer
cells by NQO1-driven redox cycling with induction of apo-
ptosis in the absence of genotoxic alkylating stress observed
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with conventional bioreductive chemotherapeutic agents (48,
364).

6. 2-(Phenyltelluryl)-3-methyl-[1,4]naphthoquinone. Rec-
ently, drug development of multifunctional redox catalysts
that selectively enhance oxidative stress in cancer cells
through glutathione depletion, ROS formation, and thiol-
oxidation of crucial redox target proteins including tran-
scription factors has been initiated (120, 128). These redox
catalysts, active in the nanomolar range, display both redox
features of quinone-based cyclers and small molecule chal-
cogen-based glutathione peroxidase mimetics. On one hand,
redox catalysts such as the naphthoquinone-derivative
2-(phenyltelluryl)-3-methyl-[1,4]naphthoquinone (Fig. 4-18)
induce cancer cell-selective therapeutic enhancement of oxi-
dative stress based on enzymatically-driven bioreductive
redox cycling leading to ROS formation. Moreover, as catalytic
antioxidants that mimic the action of glutathione peroxidase
based on a pharmacophore that incorporates a selenium or
tellurium atom in an organic scaffold reminiscent of the an-
tioxidant ebselen (Fig. 4-19) (77), these agents can undergo the
same reaction cycle as glutathione peroxidase, but accept any
cellular thiol due to lack of specificity for glutathione. Con-
sequently, pro-oxidant and antioxidant redox effects are
achieved as a function of cellular redox status and glutathione
availability, providing a therapeutic window based on cancer
cell redox dysregulation with elevated cellular peroxide and
decreased glutathione levels. The promiscuous peroxidase
activity of the organochalcogen moiety may result in deple-
tion of cellular thiols and can also lead to oxidative disrup-
tion of redox-sensitive zinc finger transcription factors
including Spl observed with prototype agents including
4,4'-dihydroxydiphenyl telluride (Fig. 4-20) as discussed in
Section III.G (128). The potential therapeutic usefulness of
these promising experimental redox catalysts with transpar-
ent SAR active in cell culture models awaits further validation
in stringent preclinical in vivo models.

D. Metal chelators: Disulfiram and triapine

A number of anticancer redox chemotherapeutics now in
advanced clinical trials are defined by their metal-binding
pharmacophores that display pharmacodynamic effects as a
function of metal binding. The clinically active copper ion
chelator and SOD1 antagonist ATN-224 will be discussed in
the context of anticancer intervention targeting the SOD sys-
tem (Section ITL.A.T).

1. Disulfiram. Disulfiram [Bis(N,N-(diethylthiocarbamoyl)
disulfide, DSF; Fig. 4-21)] is an FDA-approved drug used as
alcohol-abuse deterrant based on inhibitory activity on alde-
hyde dehydrogenase, as discussed elsewhere (53). Disulfiram,
the disulfide form of N,N-diethyldithiocarbamate, undergoes
thiol-disulfide exchange targeting specific protein sulfhydryl
groups (e.g., a critical Cys residue in aldehyde dehydroge-
nase). In addition, S-thiolation and regulatory modulation of
PKC isozymes by thiuram disulfide exposure has been asso-
ciated with DSF anticancer activity (70). Recently it has been
demonstrated that the dithiocarbamate-derivative DSF is a
potent sulfur-based copper chelator, and the redox ac-
tive copper(Il)-bis-N,N-diethyl-dithiocarbamate complex, in
which the metal ion is bound to four sulfur atoms from two
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dithiocarbamate anions, was shown to be the ultimate caus-
ative agent underlying DSF-induced cancer cell apoptosis
(53). It is known that dithiocarbamate cytotoxicity involves
copper-catalyzed conversion to thiuram disulfides, which
then oxidize cellular glutathione in a redox cycle without the
release of ROS (45), and DSF was found earlier to induce
glutathione oxidation, DNA fragmentation, and cell death.
DSF has recently been shown to preferentially target cultured
human melanoma cells by oxidative stress-induced apoptosis
without exerting cytotoxicity in primary melanocytes (53).
Apoptosis occurs with intracellular copper ion accumulation,
and both intracellular copper uptake and DSF-apoptogenicity
were blocked by co-incubation with bathocuproine disulfonic
acid, a nonmembrane-permeable Cu chelator. Recent studies
support an array of relevant molecular targets that mediate
redox dependent disulfiram anticancer effects that include
inhibition of activating transcription factor/cyclic AMP-
responsive element binding protein. In the same study, ac-
tivity in a mouse xenograft model of human melanoma was
demonstrated (39). Moreover, activity of DSF-copper in a
breast cancer mouse xenograft model was recently demon-
strated, butattributed to inhibition of proteasomal activity (60).

The potential role of DSF as a developmental redox chemo-
therapeutic targeting metastatic melanoma with clinically
relevant selectivity has recently been reviewed (117, 118).
Differential redox regulation between untransformed pri-
mary melanocytes and melanoma cells known to display
constitutively elevated levels of ROS seems to originate from
formation of redox-reactive pathological melanins, potential
melanosomal leakage of prooxidant melanin precursors, and
elevated levels of enzymatic ROS production, providing a
rational for preferential apoptogenicity of DSF against mela-
noma cells (248, 249). Safety profile and prior clinical experi-
ence with this approved drug have encouraged ongoing
clinical Phasel/II studies that aim at establishing clinical ef-
ficacy of DSF in human metastatic melanoma (Clinical-
Trials.gov Identifier: NCT00256230). A potential prooxidant
potentiation that results in improved therapeutic benefit may
exist between DSF and arsenic trioxide, another FDA ap-
proved anticancer prooxidant agent (discussed in Section
I.B), a combination currently evaluated in patients with
metastatic melanoma who underwent at least one prior sys-
temic therapy (ClinicalTrials.gov Identifier: NCT00571116). In-
itial assessment of the effect of the addition of disulfiram to
standard chemotherapy in NSCLC is the subject of an ongo-
ing Phase I trial (ClinicalTrials.gov Identifier: NCT00312819).
Moreover, another Phase I study examines disulfiram and
copper gluconate for the treatment of refractory solid tumors
involving the liver (ClinicalTrials.gov Identifier: NCT00742911).

2. Triapine and others. Potent prooxidant effects on
cancer cells can be achieved using small molecule agents that
target cellular iron ions leading to the intracellular formation
of redox active chelates (179). However, it is important to note
that iron chelation can exert anticancer activity without in-
volvement of prooxidant mechanisms, presumably due to
iron depletion of rapidly proliferating tumor cells. For ex-
ample, inhibiton of MDA-MB231 breast tumor growth in
nude mice by the clinically approved iron chelator desferal
has been demonstrated to occur through iron depletion (149).
In contrast to its effect on tumor cells, desferal did not inhibit
growth of normal breast epithelial cells, suggesting that
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desferal may find future application as an adjunctive che-
motherapeutic agent.

The design of potent iron chelators that achieve clinically
useful anti-tumor activity by iron depletion and stimulation of
iron-dependent free radical damage is a rapidly developing
area of anticancer drug discovery (31, 179). Novel iron che-
lators derived from aroylhydrazones and thiosemicarbazones
demonstrate selective antiproliferative activity against tumor
cells (372). Selective anti-tumor activity of iron chelators de-
rived from di-2-pyridylketone isonicotinoyl hydrazone has
been attributed to induction of cellular oxidative stress
by Fenton-type free radical generation, and the SAR of
redox active dipyridyl-thiosemicarbazone chelators has been
elucidated. The higher antiproliferative efficacy of dipyridyl-
thiosemicarbazone chelators relative to the related isonico-
tinoyl hydrazone derivatives correlates with the redox
potentials of their Fe complexes determining their ability to
form ROS (179). The most effective anticancer iron chelators
possess considerable lipophilicity and are charge neutral at
physiological pH, allowing access to intracellular Fe pools.
The iron chelator di-2-pyridylketone-4,4-dimethyl-3-thiose-
micarbazone (Dp44mT; Fig. 4-22) displayed potent anticancer
activity in a number of xenograft tumor models without in-
duction of systemic iron depletion (372). Importantly, anti-
cancer effects of intracellular iron chelation, in addition to its
role in the targeted induction of cellular oxidative stress, may
also originate from the inhibition of crucial iron-dependent
cellular target proteins including ribonucleotide reductase
and topoisomerase Ilo (290). Recently, the iron chelator and
inhibitor of ribonucleotide reductase, 3-aminopyridine-2-
carboxaldehyde thiosemicarbazone (triapine; Fig. 4-23), has
entered clinical trials as an anticancer agent. A multicenter
Phase II trial of triapine and gemcitabine in advanced NSCLC
with pharmacokinetic evaluation using peripheral blood
mononuclear cells was finished recently (232). It was con-
cluded that triapine did not enhance clinical response to
gemcitabine in patients with prior exposure to gemcitabine
for advanced NSCLC. Moreover, further development of
triapine in lung cancer is compromised by adverse drug re-
actions including methemoglobinemia and hypoxia that seem
particularly problematic in patients with reduced pulmonary
reserves. In another Phase II trial of intravenous triapine for
advanced pancreatic adenocarcinoma in both chemotherapy-
naive and gemcitabine-refractory patients, no therapeutic
benefit could be detected (233).

E. Di- and polysulfides: Varacin and diallyltrisulfide

The well-established versatility of sulfur-based redox
chemistry observed under physiological conditions combined
with an increasing body of evidence that demonstrates sig-
nificant chemotherapeutic activity of compounds containing
redox active di-and polysulfide-pharmacophores has stimu-
lated considerable research activity in this area of anticancer
redox drug discovery (166, 281).

Organic disulfides can undergo reductive clevage to two
thiol-group containing moieties leading to the oxidation of the
reducing reaction partner (e.g., two adjacent thiol residues in a
protein forming a disulfide bridge). Moreover, disulfide ex-
change reactions can occur upon reaction of a disulfide with a
nucleophilic thiol, where the attacking thiol forms a new
disulfide bond and a thiol-moiety is released from the initial
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disulfide. These simple reactions can dramatically modulate
the biological function of a target peptide or protein as ex-
emplified by the redox chemotherapeutic PX-12, a disulfide-
pharmacophore containing inhibitor of the redox factor
thioredoxin (discussed in detail in Section III.C.1). Other im-
portant examples of redox active chemotherapeutic agents
with an essential disulfide-pharmacophore are represented by
the developmental drug NOV-002 (discussed in Section I11.B)
and the anticancer epipolythiodioxopiperazines chaetocin
and gliotoxin (discussed in Section III.C.4).

Polysulfide-based redox chemistry displays more com-
plexity than disulfide-related reactivity, and accumulating
experimental evidence suggets that polysulfide-based redox
reactivity may serve as the crucial cytotoxic determinant of
experimental anticancer agents, including varacin (Fig. 6-41)
and diallyltrisulfide (Fig. 6-42) (57, 58, 166, 281). Moreover,
polysulfide-related reactions may merely provide an up-
stream redox active switch that initiates a molecular re-
arrangement activating a cytotoxic pharmacophore as
observed with the enediyne-tumor antibiotic calicheamicin ;"
(Fig. 7-43) (260).

Polysulfide redox chemistry displays a wide range of che-
mical reactivity that can lead to bioreductive formation of
superoxide radical anions after reaction of the polysulfide
with a cellular thiol such as glutathione (Fig. 6). Remarkably,
polysulfide-dependent formation of oxidizing species can
occur in a quasi-catalytic redox cycle that will generate large
amounts of ROS until reducing thiols that drive redox cycling
are depleted (57, 58, 166). The reaction of polysulfides with
glutathione or protein-bound thiols will generate mixed di- or
polysulfides and additional reactive sulfur species (RSS) in-
cluding hydropersulfide or hydropolysulfide species (R-S,,H,
n>2) that display enhanced acidity, nucleophilicity, and
redox reactivity compared to the original thiol compound
(R-SH). In particular, due to their increased acidity a large
fraction of hydroper- and polysulfides occurs in the strongly
reducing, anionic form (R-5,-S°, n>1) under conditions of
physiological pH. Moreover, formation of protein-bound
mixed polysulfide species formed upon nucleophilic attack of
protein-cysteine residues on polysulfide agents induces
functional alterations of target proteins and could initiate the
next cycle of ROS formation in close proximity to target pro-
teins.

1. Calicheamicin y1'. An early focus on polysulfide-
based anticancer drug discovery was initiated by identifica-
tion and subsequent structural and mechanistic studies of the
polysulfide calicheamycin y;" isolated from micromonospora
echinospora (Fig. 7-43) (260). Calicheamicin ylis a potent
genotoxic agent that induces oxidative DNA strand scission at
pyrimidine-rich recognition sites. The trisulfide substituent
serves as a bioreductive trigger activated through trisulfide-
exchange reaction with reducing intracellular thiols after the
compound has reached the intracellular compartment. In-
tramolecular Michael addition then induces cycloaromatiza-
tion of the enediyne warhead, forming a highly reactive
diradical species (1,4-dehydrobenzene) that abstracts hydro-
gen atoms from the sugar backbone of DNA, followed by
oxidative strand cleavage. A calicheamycin antibody conju-
gate, gemtuzumab ozogamicin, contains a recombinant
humanized anti-CD33 monoclonal antibody linked to cali-
cheamicin (326). CD33 antigens are expressed on acute mye-
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logenous leukemia (AML) cells and hematopoietic progenitor
cells, but not on nonhematopoietic cells or pluripotent hema-
topoietic stem cells. Consequently, gemtuzumab selectively
targets CD33-presenting cells and spares nonhematopoietic
cells and stem cells from toxicity. In the United States, the drug
is FDA-approved for use in patients with relapsed AML who
are not considered candidates for standard chemotherapy.

2. Varacin and other polysulfides. Hydropolysulfide-
dependent redox chemistry associated with formation of
electrophilic ROS has been implicated in the cytotoxic
mechanism of action of the anticancer agent varacin A (Fig.
6-41) (57, 58, 166). The marine natural product varacin is
a benzopentathiepin-type pentasulfide, representative of a
number of polysulfides isolated from natural sources
including (I) the linear compounds allylmethyltrisulfide, 2-
hydroxyethyltrisulfide, diallyltrisulfide (Fig. 6-42), diallyte-
trasulfide, and (II) the cyclic polythianes leptosins A, B, E, and
F, sirodesmins B and C, lissoclinotoxin A (Fig. 4-24), and NN,
dimethyl-5-(methylthio)varacin. This class of polysulfides ca-
pable of releasing ROS and RSS after bioreductive activation
is associated with potent cytotoxic properties targeting bac-
teria, fungi, and cancer cells. Using the synthetically accessible
prototype pharmacophore 7-methylbenzopentathiepin, it has
been demonstrated that polysulfides, in the presence of re-
ducing thiols and transition metal ions, are thiol-dependent
DNA-cleaving agents, a reactivity dependent on formation
of hydropolysulfides as crucial reactive intermediates and
blocked in the presence of metal chelators and antioxidants
(Fig. 6). It was also suggested that the positively charged
aminoethyl substituent present in the natural benzo-
pentathiepin derivatives may facilitate DNA-binding through
electrostatic interactions and may also be involved in cata-
lyzing the initial thiol attack that induces reductive opening of
the polysulfur ring. Additional experimental evidence sup-
ports the formation of strongly electrophilic neutral sulfur
species (S,,, 1 <n < 8) including S;, an isoelectronic analogue
of the ROS ozone, extruded from polysulfide anion species,
supporting the involvement of another class of RSS in poly-
sulfide-induced cellular oxidative stress (136).

3. Leinamycin. The 1,2-dithiolan-3-one-1-oxide pharma-
cophore contained in the Streptomyces-derived experimental
tumor antibiotic leinamycin (Fig. 4-25) is another thiol-
activated pharmacophore capable of releasing a disulfide
anion thought to induce the reductive formation of ROS in-
volved in DNA cleavage by this highly cytotoxic redox che-
motherapeutic. In addition to ROS formation, further
rearrangement of bioreductively activated leinamycin gener-
ates an electrophilic episulfonium ion that can alkylate gua-
nine residues in duplex DNA leading to the formation of
abasic sites after spontaneous depurination of 7-alkylguanine
bases (59, 166).

Even though the sulfoxide leinamycin displays impres-
sive cytotoxicity in the low nanomolar concentration range
directed against cancer cell lines, its potential for further
development as anticancer chemotherapeutic beyond pre-
clinical experimentation seems to be limited by the high gen-
eral cytotoxicity associated with nonselective bioreductive
activation of the alkylating pharmacophore. Research aiming
at the develoment of leinamycin-derived molecules that
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A

FIG. 7. Free radical mechanism
of DNA cleavage by the poly-
sulfide derivative calicheamicin
71" (A) Calicheamicin y,' (43) with
enediyne warhead and trisulfide
bioreductive trigger. (B) After in-
tracellular bioreductive activation
of the trisulfide trigger by formation
of a thiolate intermediate (1), an
intramolecular Michael adduction
enables subsequent Bergman cy-
cloaromatization of the enediyne
warhead (b), leading to the genera-
tion of a highly reactive diradical
intermediate (c) in close proximity
to target DNA. Oxygen-dependent
DNA cleavage is initiated by hy-
drogen abstraction, leading to the
formation of an unreactive reaction
product (d).

trisulfide trigger | \
g [s—s

display attenuated alkylating properties with retention of
persulfide-dependent prooxidant reactivity has recently
demonstrated that the nonsulfoxide leinamycin-derivative
S-deoxyleinamycin containing the modified 1,2-dithiolan-3-
one pharmacophore is markedly less cytotoxic than leinamycin
but retains thiol-activated persulfide-dependent prooxidant
activity inducing oxidative cleavage of target DNA (322). It
has been suggested that the 1,2-dithiolan-3-one heterocycle
may provide a new redox pharmacophore for targeted de-
livery of therapeutically active polysulfides, hydrogen sul-
fide, and ROS to the interior of cancer cells.

4. Diallyldisulfide and diallyltrisulfide. Diallyldisulfide
(DADS) and diallyltrisulfide (DATS; Fig. 6-42), formed among
other polysulfides as secondary products in mechanically
processed garlic after allinase-catalyzed conversion of alliin
(S-Allyl-L-cysteine sulfoxide) to the alkyl alkanethiosulfinate
allicin (2-propene-1-sulfinothioic acid S-2-propenyl ester),
have been studied extensively as dietary factors displaying
significant chemopreventive and chemotherapeutic antican-
cer activity. The involvement of oxidative stress in anticancer
action of these and other organosulfur compounds has re-
cently been reviewed (11, 281). Rapid induction of cellular
ROS formation and disruption of calcium homeostasis have
been implicated in DADS- and DATS-induced cancer cell
apoptosis. In human glioblastoma T98G and U87MG cells,
diallylsulfide (DAS), DADS, and DATS induced ROS forma-
tion associated with increases in intracellular free calcium
ions, expression of calreticulin, activation of caspase-4 indic-
ative of endoplasmic reticulum stress, signaling through
stress kinase pathways (p38 and JNKI1), and activation of
cysteine proteases including calpain, caspase-9, and caspase-3
(75). DADS-induced apoptosis in SH-SY5Y neuroblastoma
cells, accompanied by ROS formation and oxidation of cel-

lular lipids and proteins, was efficiently reversed by over-
expression of CuZn-superoxide dismutase or pretreatment
with the spin trap 5,5-dimethyl-1-pyrroline N-oxide (105).
DATS has also been shown to induce superoxide-dependent
Gy-M arrest targeting cultured human DU145 and PC-3
prostate cancer cells associated with proteasomal ferritin
degradation and relase of labile, Fenton-active iron ions (10).
In this study, DATS-induced inhibition of G,-M cell cycle
progression in human PC-3 and DU145 prostate cancer cells
was shown to result from ROS-induced Ser**® hyperpho-
sphorylation of the dual specificity phosphatase Cdc25C
(discussed as an anticancer redox drug target in Section IIL.F).
Ser?'®-phosphorylated Cdc25 undergoes 14-3-3 mediated cy-
toplasmic sequestration, resulting in blocked entry into mi-
tosis due to maintained inactivating phosphorylation of the
Cdc25 substrate complex Cdk1/cyclin B1.

Detailed target identification studies suggest a crucial in-
volvement of covalent adduction and functional alteration of
the microtubule component f-tubulin in the anticancer ac-
tivity of DATS with specific oxidative modification of cysteine
residues Cys-12f and Cys-354f with formation of a protein-
bound S-allylmercaptocysteine resulting from a thiol-disulfide
exchange reaction (153). These data suggest that pharmaco-
logical suppression of spindle dynamics blocking cell mitosis
at the transition from metaphase to anaphase, an important
mechanism of action of standard cancer chemotherapeutics
including vinca alkaloids and paclitaxel, can also be achieved
by the dietary prooxidant DATS. In a subsequent detailed
SAR study, it was demonstrated that the alkenyl group is a
necessary component of the pharmacophore responsible for
disrupting the microtubule network in human HT29 colon
cancer cells (154).

Anticancer activity of the experimental redox chemother-
apeutics DADS and DATS In murine xenograft models has
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been widely documented (11, 281). DADS and DATS ad-
ministered intraperitoneally or intragastrically suppressed
growth of human HCT-15 colon tumor cell xenografts in
athymic nude mice (153). DATS was active against PC-3
human prostate cancer xenografts associated with Bax and
Bak induction, increased the effectiveness of TRAIL inhibiting
prostate cancer growth in an orthotopic model, and prevented
development of poorly differentiated prostate cancer and
pulmonary metastasis multiplicity in TRAMP (transgenic
adenocarcinoma of mouse prostate) mice (313). Anti-tumor
effects of hepatic targeted polybutylcyanoacrylate nano-
particles of DATS, prepared by an emulsion polymerization
method with polybutylcyanoacrylate as carrier material, were
demonstrated in a murine orthotopic transplantation tumor
model of human hepatocellular carcinoma (400).

F. Isothiocyanate organosulfur agents:
[-Phenylethylisothiocyanate

It is now widely accepted that preferential induction of
apoptosis in aberrant cells contained in precancerous lesions
is an important mechanism of chemopreventive activity
during early stages of carcinogenesis, as reviewed extensively
elsewhere (11, 143). Prooxidant biofactors that induce devia-
tions from bioenergetic and redox homeostasis incompatible
with rapid proliferation and survival signaling of malignant
cells are therefore promising experimental chemopreventive
agents; in addition, their apoptogenic activity also imparts
direct chemotherapeutic efficacy as discussed below.

Isothiocyanates are electrophilic organosulfur compounds
containing a reactive isothiocyanate (R-N=C=§5) pharma-
cophore underlying the prooxidant and thiol-adducting
reactivity of these molecules. Dietary isothiocyanates includ-
ing sulforaphane (R-1-isothiocyanato-4-methylsulfinylbutane),
f-phenyethyl-isothiocyanate (PEITC), benzyl-isothiocyanate,
and 6-methylsulfinylhexyl-isothiocyanate are important che-
mopreventive factors that display preferential apoptogenicity
towards premalignant and cancer cells associated with their
pleiotropic prooxidant effects that involve ROS formation
(189), mitochondrial functional impairment (384), adduction,
export and depletion of cellular glutathione, oxidation of mi-
tochondrial peroxiredoxin 3 (43), and adduction of cysteine-
thiols in crucial target proteins, including p-tubulin and
Keap1 (151, 250). In this context it is also important to note
that anticancer activity of benzyl-isothiocyanate has recently
been attributed to complex III inhibition of the mitochondrial
respiratory chain upstream of ROS formation and apoptotic
elimination of breast cancer cells (384), a molecular mecha-
nism of action that links respiratory and functional mito-
chondrial impairment with ROS production (as discussed in
Section IV.B.1). Recently, proteomic analysis has provided
experimental evidence that relative tubulin binding affinity of
isothiocyanate-electrophiles correlates with their potency of
cell growth inhibition and apoptosis induction in A549
NSCLC cells (250).

It is well established that chemopreventive isothiocyanates
activate the cellular electrophilic/oxidative stress response
mediated by the redox-sensitive Nrf2/Keapl-ARE pathway
that controls expression of many antioxidant and phase II-
detoxification target genes thought to interfere with carcino-
genesis (discussed as a redox drug target in Section III.D)
(208). For example, it has been shown that sulforaphane acts
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through thionoacyl-adduction of Cys151 in Keap1 (Kelch-like
ECH-associated protein 1), the negative regulator of Nrf2
(nuclear factor-E2-related factor 2), with formation of a
thionoacyl-alkylation product that compromises Keapl
function (151). Interference with Keapl-dependent Nrf2-
degradation by ubiquitination induces Nrf2 nuclear translo-
cation followed by Nrf2-dependent transcriptional activation
of target genes containing an antioxidant response element
(ARE)-promotor sequence (208, 319, 362).

An increasing number of studies conducted in cell culture
and animal models demonstrates that prooxidant chemo-
preventive factors containing electrophilic isothiocyanate and
other pharmacophores including Michael acceptors may be
useful as interventional redox chemotherapeutics, particu-
larly at apoptogenic concentrations that exceed those needed
to activate chemopreventive signaling through the Nrf2/
Keap1-ARE pathway (143).

1. Sulforaphane. Sulforaphane-induced apoptosis asso-
ciated with ROS formation has been observed in many cancer
cell lines. Moreover, systemic administration of sulforaphane
significantly inhibits growth of numerous murine xenograft
models and is also the subject of early clinical trials for cancer
chemoprevention, as recently reviewed (11, 71). Recent ex-
perimental evidence suggests that sulforaphane targets
highly therapy-resistant pancreatic tumor-initiating cells by
interference with NFxB-induced survival signaling (180). In a
pancreas carcinoma xenograft model, sulforaphane blocked
tumor growth and angiogenesis, and in combination ther-
apy with TRAIL (tumor necrosis factor-related apoptosis-
inducing ligand) sulforaphane had an additive effect without
cytotoxic effects on normal cells. Identification and synthesis
of a chemical library of improved glucosinolate sulforaphane
prodrugs for potential oral anticancer intervention has been
described (245).

2. p-Phenylethylisothiocyanate. A  recent landmark
study suggests that isothiocyanate-induced cellular oxidative
stress selectively kills oncogenically transformed cells, pro-
viding a striking example of a molecular Achilles heel pre-
sented only by oncogene-expressing cancer cells that display
increased constitutive levels of oxidative stress and prefer-
ential vulnerability to prooxidant redox intervention accord-
ing to the concept of synthetic lethality (176, 349, 350, 393).
Oncogenic transformation of ovarian epithelial cells with
H-Ras (V12) or expression of Ber-Abl in hematopoietic cells
caused elevated ROS generation and rendered the malig-
nant cells highly sensitive to redox intervention using /-
phenylethylisothiocyanate (PEITC). Excessive ROS formation
and GSH depletion observed in oncogene-expressing cells
exposed to PEITC was associated with oxidative mitochon-
drial damage and cardiolipin oxidation, inactivation of glu-
tathione peroxidase, inhibition of basal and TNFa-stimulated
NF-xB (p65/50) DNA binding activity, and massive non-
apoptotic cell death. Importantly, PEITC exhibited chemo-
therapeutic activity in a human ovarian clear cell carcinoma
xenograft model. In a related study, PEITC displayed strong
cytotoxicity even in imatinib-resistant CML cells with T315I
mutation associated with induction of oxidative stress and
redox-mediated degradation of the BCR-ABL protein, leading
to massive death of wild-type or mutant BCR-ABL-expressing
leukemia cells (397). More detailed studies elucidating
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pharmacokinetics and potential off-target toxicity associated
with isothiocyanate pharmacophore-containing biofactors
are needed before these promising findings can be translated
into trials that assess the potential use of organosulfur elec-
trophiles for redox chemotherapeutic intervention in human
cancer patients (11).

G. Electrophilic Michael acceptors:
Parthenolide and neratinib

Selective prooxidant redox intervention that substantially
increases cellular ROS and modulates specific redox sensitive
targets can be achieved using small molecule electrophiles
containing a Michael acceptor («, f-unsaturated carbonyl)
pharmacophore contained in numerous experimental anti-
cancer agents such as parthenolide (Fig. 8A-45) (123), curcu-
min (Fig. 8B-47) (323), dimethylfumarate (225), inuviscolide
(299), and cinnamic aldehyde (Fig. 8C-50) (47). Generally,
Michael acceptors target thiol-group containing reaction
partners through covalent adduction (thioalkylation), and
Michael acceptor-induced redox alterations in target cells can
therefore originate from glutathione adduction and ROS for-
mation downstream of glutathione depletion. Moreover, Mi-
chael acceptor-dependent redox modulation can occur by
covalent adduction of critical thiol residues in redox-sensitive
target proteins that regulate celluar redox status such as
components of the NF«B signaling or thioredoxin redox sys-
tem. For example, the novel thioredoxin antagonist PMX464
can act as a dual-Michael acceptor that alkylates cysteine
residues contained in the thioredoxin active site thereby in-
ducing dramatic redox alterations in cancer cells (as discussed
in Section II1.C).

Much research has focused on Michael acceptor containing
anticancer agents, sequiterpenelactones in particular, as re-
flected by abundant coverage in the research literature. It has
to be mentioned that the SAR underlying cytotoxicity and
potential anticancer activity associated with experimental
agents that contain an electrophilic Michael acceptor func-
tional group is often obscure and poorly understood. For ex-
ample, isoobtusilactone A, a novel natural product
butanolide-type «-methylene-lactone Michael acceptor, dis-
plays impressive cancer cell apoptogenicity and chemother-
apeutic efficacy in a MDA-MB-231 breast cancer xenograft
model, attributed to the rapid induction of oxidative stress
and activation of the apoptosis signal-regulating kinase 1
(ASK1) upstream of c-Jun NH(2)-terminal kinase and p38
MAPkinase (201). Antioxidants decreased apoptosis by in-
hibiting ASK1 dephosphorylation at Ser-967 and by promot-
ing interaction of ASK1 with thioredoxin or 14-3-3 proteins,
and siRNA target modulation of ASK1 completely sup-
pressed isoobtusilactone A-induced apoptosis. However,
SAR and molecular target of isoobtusilactone A are unknown,
and the mechanistic role of the Michael acceptor pharmaco-
phore contained in this prooxidant chemotherapeutic is un-
resolved, a situation that applies to many oxidative stress
inducing anticancer agents with Michael acceptor functional
groups.

The following section will focus on a representative selection
of experimental therapeutics that contain a Michael acceptor
pharmacophore with established functional significance and
are currently in preclinical and clinical phases of development
for oncological indications.
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1. Parthenolide. The sesquiterpene lactone parthenolide
(Fig. 8A-45), a natural product isolated from feverfew (Tana-
cetum parthenium), contains an electrophilic «-methylene-y-
lactone pharmacophore thought to be the crucial determinant
of anticancer activity associated with this Michael acceptor
electrophile. Interestingly, the structurally related sesquiter-
pene lactone helenalin (Fig. 8A-44), a bisfunctional Michael
acceptor, displays unacceptable systemic toxicity associated
with a potential for bifunctional target alkylation and cross-
linking. It is now established that parthenolide is a potent
inhibitor of the NF«B signaling pathway in cancer cells where
ROS-dependent constitutive activation of NFxB transcrip-
tional activity is involved in tumor progression through up-
regulation of anti-apoptotic genes (including Bcl-2, Bel-xL,
survivin, XIAP) and the chemoresistance-conferring trans-
porter P-glycoprotein (mdrl) (349). Parthenolide targets the
DNA binding domain of p65 by covalent cysteine adduction
(Cys 38) (123). Moreover, parthenolide shows inhibitory ac-
tivity on IxB degradation through inhibition of IKKf, in-
activated through Michael addition reaction between
parthenolide and Cys179 of IKKf (203). Parthenolide ad-
ministered as single or combinatorial agent displays potent
anticancer activity in numerous xenograft models (267, 334).

Parthenolide lead optimization has led to the identification
of an orally available derivative with improved pharmaco-
kinetic profile and 1,000-fold increased water solubility,
dimethylamino-parthenolide (DMAPT, LC-1; Fig. 8A-46),
that selectively eradicates acute myelogenous leukemia stem
and progenitor cells (142). Remarkably, DMAPT most likely
represents a Michael inactive prodrug that regenerates the
electrophilic Michael pharmacophore after systemic uptake
and spontaneous dimethylamine elimination. DMAPT in-
duced death of primary human AML, ALL, and CML cells,
but not normal hematopoietic cells, and DMAPT-based che-
motherapy, associated in vivo with induction of an oxidative
stress response, inhibition of NF«xB, and activation of p53,
displayed activity in mouse xenograft models and spontane-
ous acute canine leukemias (142). Using global gene expres-
sion analysis of CD34+ primary AML specimens, strong
upregulation of Nrf2 and its transcriptional target genes heme
oxygenase 1 (HO-1) were detected in response to parthenolide
treatment, suggesting that expression analysis of these genes
may serve as a potential biomarker for parthenolide-based
drug responses in tumors.

2. Curcumin. Another natural product containing an
electrophilic Michael acceptor-pharmacophore is the dietary
factor curcumin (diferuloylmethane; Fig. 8B-47). This multi-
pharmacophore bearing natural product, containing
p-dicarbonyl, o,f-unsaturated carbonyl, and phenolic sub-
structures, is a classic pleiotropic redox modulator displaying
reactivity as pro- and antioxidant, metal chelator, and elec-
trophilic Michael acceptor, as recently reviewed (227). Many
studies have documented curcumin chemopreventive and
chemotherapeutic activity observed in numerous cell culture
and animal systems as a function of these reactive pharma-
cophores modulating various molecular targets, including
thioredoxin reductase, NFkB, AP1, and topoisomerase II.
Moreover, curcumin can also modulate molecular targets
through ligand activity (227). Multiple p53-dependent and
-independent pathways of curcumin-induced cancer cell
death have been elucidated, and mitochondrial release of
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FIG.8. Michael acceptors as experimental redox chemotherapeutics. Selective prooxidant redox intervention through ROS
upregulation and covalent modification of redox sensitive target proteins can be achieved using Michael acceptor pharma-
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(45) represents a lead compound containing a Michael acceptor pharmacophore that imparts anticancer activity through
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associated with its dual Michael acceptor pharmacophore. The Michael-inactive prodrug dimethylamino-parthenolide (46)
represents a clinical candidate with improved solubility, oral bioavailability, and pharmacokinetic profile. (B) The pleiotropic
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acceptor activity including DHCA (51), COH (52), and CAC (53), displays antimelanoma activity in vivo accompanied by
induction of a complex oxidative stress response, as revealed by gene array analysis performed on cultured A375 melanoma
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oxygenase-1 (HMOX1; 129-fold), glutathione peroxidase 2 (GPX2; sevenfold), sulfiredoxin 1 homolog (SRXN1; sevenfold), thio-
redoxin reductase 1 (TXNRD1; fourfold); early growth response gene 1 (EGR1,; fivefold), DNA-damage-inducible transcript 3 (DDIT3;
13-fold), and cyclin-dependent kinase inhibitor 1A (CDKIN1A; 11-fold) (modified with permission from (47)).
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proapoptogenic factors including cytochrome ¢ and AIF as
well as the activation of the extrinsic Fas receptor/caspase-8
death pathway have been observed in response to curcumin
treatment (46, 184, 314). Recently, Michael acceptor-based
covalent adduction and inactivation of thioredoxin reductase
1 at cysteine 496 and selenocysteine 497 by curcumin have
been demonstrated (99), and based on detailed SAR studies
more potent simplified Michael acceptor inhibitors of thior-
edoxin reductase 1 derived from the curcumin structural
scaffold including a bisbenzylidenecyclopentanone deriva-
tive (Fig. 8B-48) have been designed (223). EF24 {3,5-bis
(2-fluorobenzylidene)piperidin-4-one; Fig. 8B-49}, a drug-like
fluorinated Michael active analogue of curcumin, displays
potent apoptogenicity associated with induction of cellular
oxidative stress in vitro and in vivo (3).

A recent phase II clinical trial has examined curcumin
chemotherapeutic efficacay in pancreatic cancer (80). Out of 21
evaluable patients, an anti-tumor response was observed in
only two patients, a response rate that may originate from low
bioavailability. However, given the lack of efficacious chemo-
therapeutic agents that provide therapeutic benefit in patients
with advanced pancreatic cancer, even this moderate response
rate led to the suggestion that curcumin derivatives with more
favorable bioavailability may be attractive drugs targeting
pancreatic cancer. Anticancer chemotherapeutic efficacy of
curcumin as single or combinatorial agent is currently evalu-
ated in numerous clinical trials, including multiple myeloma
(ClinicalTrials.gov Identifier: NCT00113841), rectal cancer (Clin-
icalTrials.gov Identifier: NCT00745134), metastatic colon cancer
(ClinicalTrials.gov Identifier: NCT00295035), advanced osteo-
sarcoma (ClinicalTrials.gov Identifier: NCT00689195), and pan-
creatic cancer (ClinicalTrials.gov Identifier: NCT00192842).

3. Cinnamaldehyde. Prototype Michael acceptors of the
a,f-unsaturated aldehyde-class including acrolein, croto-
naldehyde, and trans-4-hydroxy-2-nonenal display very high
electrophilicity and chemical reactivity that are associated
with cytotoxicity, carcinogenic potential, and an acute toxicity
profile unacceptable for controlled systemic delivery and
therapeutic testing in vivo (54). Interestingly, it has been
shown that acrolein targets and inactivates the p50 subunit of
NFxB by covalent modification of Cys-61 and Arg-307, two
amino acids residing in the DNA binding domain, suggesting
a therapeutically useful activity of related Michael acceptors
with attenuated reactivity and improved safety profile (206).

In search for a drug-like Michael acceptor with potential
anticancer activity and established animal pharmacokinetics
devoid of dose-limiting systemic toxicity, recent studies have
focused on the acrolein-derivative trans-cinnamic aldehyde
(cinnamaldehyde, trans-3-phenylpropenal, CA; Fig. 8C-50)
(47, 152, 169, 380). CA contains a Michael acceptor pharma-
cophore that displays attenuated reactivity towards thiol
adduction due to aromatic conjugation with the adjacent
benzene ring. CA spontaneously forms covalent adducts with
model thiols and activates Nrf2-regulated antioxidant re-
sponse element (ARE)-mediated gene expression (380). Non-
aldehyde cinnamoyl derivatives with further attenuated
Michael acceptor reactivity have been designed serving as
noncytotoxic experimental Nrf2 activators for skin cell pro-
tection against photooxidative stress (380). Remarkably, CA,
but not closely related CA-derivatives devoid of Michael ac-
ceptor activity, impairs melanoma cell proliferation, viability,

3035

invasiveness, and NF«B transcriptional activity, and high oral
doses of CA display significant antimelanoma activity in vivo
with induction of a complex oxidative stress gene expression
response (Fig. 8C) (47).

The molecular targets of the CA derivative 2’-hydroxycin-
namaldehyde (HCA), a compound that displays anticancer
activity in murine xenograft models, were elucidated recently
by proteomic analysis of a biotinylated HCA derivative
(biotin-HCA) revealing five different proteasomal subunits
as predominant protein targets modified by covalent ad-
duction (152). Therefore, it was proposed that HCA- and
CA-associated proteasomal alterations interfere with IxB
degradation, thereby antagonizing NF«B transcriptional ac-
tivity. Optimization of the lead compound HCA has led to the
identification of novel experimental chemotherapeutics with
potent prooxidant apoptogenic activity as demonstrated in a
human colon tumor model in nude mice (169).

4. Neratinib. Lead optimization of Michael acceptor
pharmacophore-containing drug candidates aims at attenu-
ating electrophilic reactivity associated with unselective
adduction of protein targets and general cytotoxicity. Addi-
tionally, dramatic improved target selectivity can be achieved
by attaching an attenuated Michael acceptor pharmacophore
to a ligand moiety that guides the electrophilic pharmaco-
phore to a specific binding site and a particular target cysteine
residue as illustrated by the development of the investiga-
tional cancer chemotherapeutic neratinib (376, 398). Even
though this ligand-guided electrophilic Michael acceptor
pharmacophore exerts anticancer activity independent of
modulation of cancer cell redox regulation, the molecular
design of neratinib provides a prototype approach for the
future development of redox chemotherapeutics with reactive
pharmacophores that display high target selectivity through
ligand-based interactions.

Based on the rapidly emerging complexity and causative
involvement of dysregulated kinase signaling in tumorigen-
esis, small molecule inhibitors of oncogenic kinases are now
an important class of novel cancer chemotherapeutics (398).
As mentioned above, Inhibition of the tyrosine kinase activity
of the oncogenic BCR-ABL1 fusion protein by imatinib, the
first clinically available member of this novel class of thera-
peutic agents, represented a breakthrough in the treatment of
CML and has set an early precendent for the structure-based
design and development of molecularly-targeted cancer
chemotherapeutics. Guided by the prospect of generating
drugs that target cancer cells with superior potency and se-
lectivity and driven by insufficient efficacy or rapid emer-
gence of resistance associated with available kinase inhibitors,
this class of cancer chemotherapeutics has undergone rapid
expansion with over 10 different agents available in the clinic
by early 2009 and numerous molecules in advanced clinical
trials (376, 398).

The clinically available anilinoquinazoline drugs gefitinib
(Fig. 9A-54) and erlotinib (Fig. 9A-55) are ATP-competitive
inhibitors of EGFR kinases, overexpressed or mutated in
many cancer types (376, 398). These receptor tyrosine kinases
are composed of an extracellular ligand-binding domain, a
single membrane-spanning region, and intracellular tyrosine
kinase and regulatory domains. Recently, the structure-based
design of small molecule kinase inhibitors containing an
electrophilic Michael acceptor pharmacophore has been
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described, and lead compounds that act as suicide ligands of
the ErbB family of receptor tyrosine kinases are now under-
going phase I clinical evaluation targeting NSCLC and breast
cancers (351, 376, 377).

In an attempt to develop improved inhibitors of the epi-
dermal growth-factor receptor [EGFR (ErbB-1)] and human
epidermal growth factor receptor-2 (HER2 (ErbB-2)], 4-anilino-
3-cyano quinoline derivatives were recently designed to
irreversibly inhibit the kinase domain, a valid strategy for
overcoming drug resistance and binding competition due to
high intracellular concentrations of ATP associated with
reversibly binding ligands. Structure- and reactivity-based
strategies led to the development of two investigational drugs,
HKI-272 (neratinib; Fig. 9B-56) and EKB-569 (peltinib; Fig. 9B-
57), that inhibit the function of the kinase domains of these
proteins by forming a covalent bond with a conserved cysteine
residue, Cys-773 (or Cys-797) and Cys-805 in EGFR and HER-2,
respectively (351, 376, 377). The suicide ligands neratinib and
peltinib contain a Michael-acceptor pharmacophore with at-
tenuated electrophilic reactivity [4-(dimethylamino)crotona-
mide] that assures target-specific activation by intramolecular
amine catalysis of a Michael reaction facilitated by target
binding (Fig. 9C and D). Thus, EGFR/HER-2-target inactiva-
tion by these 4-anilino-3-cyanoquinoline derivatives occurs as a
result of structure-based target binding and reactivity-based
target-adduction. This novel class of electrophilic kinase in-
hibitors that target the chemical reactivity of a specific cysteine
residue (Cys-773) in the ATP binding region of the active site
illustrates a specific anticancer drug design strategy that com-
bines ligand-based selectivity with the attenuated reactivity of
an electrophilic warhead pharmacophore. This approach
avoids toxicity due to untargeted reactivity, a limitation asso-
ciated with many reactivity-based pharmacophores contained
in redox chemotherapeutics.

Promising clinical interim results have been obtained with
HKI-272 and EKB-569 in human colon, lung, and breast can-
cers; antitumor activity of these inhibitors in NSCLC patients is
enhanced by their potential to overcome drug resistance ob-
served with gefitinib and erlotinib, as recently reviewed (376).

H. Sacrificial antioxidants: L-ascorbate

Consistent with recently performed genetic target valida-
tion studies that demonstrate the significant tumor suppres-
sive effects of overexpression of cellular antioxidant enzymes
including catalase and SOD (108, 371), sacrificial and catalytic
antioxidants may display potent anticancer activity in cellular
systems and xenograft models. Pro- and antioxidant phar-
macodynamic effects observed with small molecule SOD
mimetics will be discussed in the context of anticancer inter-
vention targeting the SOD system (Section III.A.2). Sacrificial
antioxidant agents, including amifostine [2-(3-aminopropy-
lamino)ethylsulfanyl phosphonic acid] and MESNA (sodium
2-sulfanylethanesulfonate), are important palliative drugs,
FDA approved for the suppression of free radical-induced
chemotherapy- and radiation-associated collateral tissue
damage from oto-, cardio, and nephrotoxicity (65). However,
modest or negligible chemotherapeutic efficacy has been ob-
served with sacrificial antioxidants, including NAC, tiron
(4,5-dihydroxy-1,3-benzenedisulfonic acid disodium salt),
and sodium thiosulfate (NaS,03) tested in murine xenograft
models, as discussed in detail elsewhere (48).

WONDRAK

Anticancer activity associated with oral administration of the
prototype antioxidant vitamin and reducing agent ascorbic acid
(Fig. 4-26) is generally disappointing. However, recent preclin-
ical animal studies suggest a significant anticancer activity of
infusional ascorbate delivered at very high doses that raise
plasma concentrations to millimolar levels not achievable by
oral administration (62-64). It was demonstrated that pharma-
cological doses of ascorbate exert prooxidant activity generating
H,0O,-dependent cytotoxicity in a variety of cancer cell lines
in vitro, without adversely affecting normal cells including
lymphocytes, monocytes, and fibroblasts. The semidehydro-
ascorbyl free radical and H,O, formed selectively within tumor
interstitial fluid as assessed by real-time parenchymal micro-
dialysis performed upon acute parenteral administration of
ascorbate in mice bearing glioblastoma xenografts (64). Upon
chronic pharmacological treatment, tumor growth rates were
significantly reduced in ovarian, pancreatic, and glioblastoma
murine xenografts. In a number of ongoing exploratory Phase I
clinical trials in human cancer patients (ClinicalTrials.gov Iden-
tifier: NCT00284427, NCT00441207, and NCT00626444) infu-
sional ascorbate is administered at doses that achieve millimolar
peak plasma concentrations (327). Paradoxically, anticancer
activity of very high doses of intravenous ascorbate is most
likely based on prooxidant effects via H,O, formation through
autoxidation that occurs in the extracellular fluid but not in
whole blood, indicating that ascorbate at chemotherapeutic
concentrations in blood serves as a prodrug for H,O, delivery to
tissue (62-64). It is also possible that, after spontaneous oxida-
tion of ascorbate to the semidehydroascorbyl free radical, che-
mical dismutation generates ascorbic acid and dehydroascorbic
acid, the oxidized form of ascorbate actively transported into
cells and transformed to ascorbic acid in a reductive enzymatic
process that is glutathione-dependent and may therefore induce
cellular glutathione depletion (367). Indeed, ascorbic acid-
induced glutathione depletion enhances As,O; induced apo-
ptosis in animal models of lymphoma and leukemia, and the
minimal toxicity of infusional ascorbic acid compares favorably
with other glutathione-depleting agents discussed below (18,
135). On the basis of these promising preclinical data, various
Phase I/II clinical trials examine ascorbic acid potentiation of
As;0O; chemotherapeutic effects (56), for example, in the treat-
ment of adult non-APL acute myelogenous leukemia (AML)
(ClinicalTrials.gov Identifier: NCT00184054). In addition to pro-
oxidant potentiation based on glutathione depletion, anticancer
activity of ascorbic acid observed in animal tumor models may
also result from its ability to reductively drive redox cycling of
cytotoxic quinone species, including the experimental antican-
cer quinone menadione (358), providing an example of anti-
oxidant-dependent reductive induction of oxidative stress, a
paradoxical prooxidant effect observed with many reducing
antioxidants.

lll. Molecular Targets
for Anticancer Redox Chemotherapy

Rapid progress in the areas of fundamental cancer and
redox biology, combined with the increasing availability of
powerful drug discovery tools that allow rapid genetic and
pharmacological target validation and lead compound iden-
tification, has generated an ever increasing number of valid
molecular cancer targets amenable to redox intervention, as
highlighted in the following section (48).
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FIG. 9. Neratinib and peltinib: ligand-guided Michael acceptors targeting a specific cysteine residue in oncogenic
tyrosine receptor kinases. (A) ATP-competitive inhibitors of EGFR kinases such as the established anilinoquinazoline drugs
gefitinib (54) and erlotinib (55) are ligands that inactivate receptor tyrosine kinases through reversible binding. (B) The
4-anilino-3-cyano quinoline derivatives neratinib (56) and peltinib (57) are investigational receptor tyrosine kinase inhibitors
that act as irreversible suicide ligands of ErbB-1 and ErbB-2, combining ligand-based selectivity (ATP-competitive ligand
moiety) with irreversible target inactivation through covalent adduction by an electrophilic pharmacophore (Michael
acceptor moiety). (C) A conserved cysteine residue (Cys-805 in HER-2) contained in the ATP active site attacks the 4-
(dimethylamino)crotonamide Michael acceptor pharmacophore (blue) of the suicide ligand neratinib facilitated by in-
tramolecular amine catalysis. (D) Model of neratinib (Michael acceptor moiety in blue, covalently bound to Cys-805 (thiol in
yellow) in the ATP active site of the HER-2 kinase catalytic domain (ATP-competitive ligand moiety in red). (Panel D adapted
from (376) with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article at www liebertonline.com/ars).

A. Targeting the SOD system

Modulation of SOD enzymatic activity for anticancer in-
tervention is a multifaceted therapeutic approach that can be
based on both pharmacological down- or upregulation of
SOD activity, and many studies have provided evidence that

pharmacological agents that either inhibit or mimic SOD ac-
tivity are promising redox chemotherapeutics.

1. SOD inhibitors: ATN-224. Consistent with the estab-
lished role of SOD1 and 2 in cellular antioxidant defense,
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pharmacological inhibition of cellular SOD activity may en-
hance oxidative stress and induce cytotoxic effects preferen-
tially in cells already exposed to high levels of ROS from
endogenous sources such as mitochondrial leakage and
NAD(P)H oxidases (34, 117). Consistent with this hypothesis,
it has been observed that SOD1 knockdown using RNAi in-
duces senescence in untransformed fibroblasts, whereas the
same intervention causes cell death in cancerous cells (35).
Moreover, targeting Mn-SOD (SOD2) using antisense oligo-
deoxynucleotides sensitizes melanoma cells to tumor necrosis
factor-alpha-induced mitochondrial apoptosis in a murine
B16 metastasis model (25). Paradoxically, pharmacological
inhibition of the antioxidant enzyme SOD1 can also result in
suppression of prooxidant proliferative and survival signal-
ing since formation of the SOD reaction product H,O,, an
essential prooxidant signaling molecule in cancer cells, will be
impaired by SOD1 inhibition. Indeed, in A431 and other
cancer cells SOD1-derived H,O, oxidizes and thereby inacti-
vates redox-sensitive thiol residues in the active sites of
tumor-suppressive tyrosine phosphatases that anatagonize
signaling in response to tumor-associated growth factors such
as EGF, IGF-1, PDGF, and VGEF, providing another rational
for anticancer intervention based on pharmacological inhibi-
tion of SOD1 (174).

a. TETA. Recent research suggests therapeutic efficacy of
targeting SODI1 for anticancer intervention based on copper
chelation. For example, cisplatin sensitization of human
ovarian cancer cells by triethylenetetramine (TETA) has been
attributed to inhibition of SOD1 enzymatic activity (41), but
anticancer effects of this copper (II) ion chelator may originate
from off-target activities associated with this pleiotropic
agent, including general depetion of cellular copper and tel-
omerase inhibition by G-quadruplex binding (224).

b. ATN-224. The bis-choline salt of tetrathiomolybdate
(ATN-224; Fig. 4-27), a copper chelator with antiangiogenic
activity, specifically targets and inactivates the CuZn-enzyme
SOD1 in tumor and endothelial cells leading to elevation of
intracellular superoxide levels and induction of tumor cell
apoptosis, as demonstrated in various cellular and animal
models (173). In cellular studies it has been shown that SOD1
inhibition by ATN-224 is accompanied by attenuation of
growth factor signaling thought to originate from protection
of protein phosphatases such as the EGFR antagonist PTP1B
against SOD1-controlled oxidative inactivation by H,O, (174).
Interestingly, A549 cells expressing constitutively activated
Ras associated with highly upregulated SOD-independent
ROS production were resistant to ATN-224. Thus, ATN-224
anticancer effects seem to originate from a complex pattern of
redox alterations including prooxidant (increased levels of
superoxide radical anion) and antioxidant (reduced levels
of H,0,) effects.

Suppression of angiogenesis and tumor growth observed
with ATN-224 can be causatively attributed to SOD1 inhibi-
tion, since effects of ATN-224 on endothelial and tumor cells
are substantially reversed using the SOD mimetic MnTBAP
(173). Moreover, ATN-224 selectively induces apoptosis in
tumor cells but targets endothelial cells only by inhibition of
proliferation, thus affecting tumor cell survival and angio-
genesis in different but potentially synergistic ways. How-
ever, anticancer activity of this SOD1 inhibitor may at least in
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part originate from copper depletion known to exert anti-
angiogenic and antiprolferative effects, and systemic copper
depletion has indeed been observed in a recent Phase I study
that examined pharmacokinetic profile and dose-limiting
toxicity in patients with advanced solid tumors (228). How-
ever, in a recent biomarker study in mice and macaques
aiming at the identification of clinical routine parameters that
indicate antiangiogenic and antitumor activity of ATN-224, it
was found that inhibition of angiogenesis occurred before a
measurable decrease in systemic copper as followed by
tracking ceruloplasmin, a biomarker for systemic copper (87).
In the same study, a rapid drop in blood cell SOD1 activity
was observed upon ATN-224 exposure, supporting the im-
portance of SOD1 inhibition as an early pharmacodynamic
effect of this investigational cancer drug.

After successful completion of a Phase I trial (228), ATN-
224 is currently completing various advanced clinical tri-
als, including a multicenter Phase II study to evaluate the
safety and efficacy of oral ATN-224 plus temozolomide in
patients with advanced melanoma (ClinicalTrials.gov Identifier:
NCT00383851), a multicenter Phase II study of the safety and
efficacy of two dose levels of oral ATN-224 in patients with
prostate cancer (ClinicalTrials.gov Identifier: NCT00405574),
and a Phase II trial using exemestane with or without
ATN-224 in treating postmenopausal women with recurrent
or advanced breast cancer (ClinicalTrials.gov Identifier:
NCT00674557).

c. 2-Methoxyestradiol. Interestingly, the cancer cell-
selective apoptogenicity of estrogen derivatives including
2-methoxyestradiol (2-ME; Fig. 4-28) against human leukemia
and ovarian carcinoma cells has been attributed to their ability
to serve as specific inhibitors of SOD], leading to free radical-
mediated damage to mitochondrial membranes followed
by release of cytochrome c (156). Among structurally re-
lated estrogen derivatives, 2-ME, 2-hydroxyoestradiol, and 2-
methoxyoestrone substantially inhibited SOD activity, whereas
17-f-estradiol and estrone showed minimal activity against
SOD, indicating a structural requirement for a 2-OH or 2-OCHj
substituent. However, a subsequent study has questioned the
specific inhibitory activity of 2-ME on SOD1, and anticancer
activity of the improved derivative 2-methoxyestradiol-3,17-
O,0-bis-sulfamate (STX140) was attributed to microtubular
disruption (175, 336). Anticancer efficacy of a 2-methox-
yestradiol nanocrystal colloidal dispersion is currently evalu-
ated in a series of Phase II clinical trials targeting metastatic
renal cell carcinoma (ClinicalTrials.gov Identifier: NCT00444314)
and relapsed or plateau phase myeloma (ClinicalTrials.gov
Identifier: NCT00592579).

2. SOD mimetics: Mangafodipir. Recent experiments
using various cellular transfection systems have demon-
strated that SOD, both the mitochondrially located Mn-SOD
and the cytosolic CuZn-SOD, inhibits cancer cell growth in
mouse Xxenograft tumor models (371). Importantly, adeno-
virus vector-mediated CuZnSOD- or MnSOD-gene transfer
via intratumoral injection of the adenoviral vector in nude
mice bearing human pancreatic tumor xenografts resulted in
tumor growth suppression not observed in the control group
treated with empty adenovirus vector only, providing a
prototype example of redox directed anticancer gene therapy
(340). Based on this stringent genetic target validation, small
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molecule SOD mimetics, antioxidant catalysts that display
SOD activity and combine catalytic efficacy of the enzyme
with favorable drug-like properties of small molecules, are
promising anticancer agents (48). Indeed, antioxidant anti-
proliferative intervention using small molecule SOD mimetics
may be based on downregulation of cellular levels of mito-
genic superoxide levels. Moreover, it also possible that
pharmacological agents that act as SOD mimetics exert
prooxidant cytotoxic effects through increased generation of
H,0,, which may occur in cells with insufficient peroxide
metabolism, providing a rational for prooxidant cytotoxic
intervention using small molecule SOD-mimetics.

Due to the established involvement of superoxide in various
disease states associated with redox dysregulation and in-
creased oxidative stress, small molecules with SOD mimetic
activity are attractive therapeutics, and discovery and devel-
opment of small molecule SOD mimetics is an area of intense
investigation. Small molecule mimetics of SOD, including
nonmetal based nitroxide free radicals and metal-based
agents such as manganese(Ill) salens, manganese(III) meso-
porphyrins, and copper(Il) diisopropylsalicylate, are more
potent than regular chemical antioxidants and may circumvent
the pharmacokinetic difficulties associated with a SOD-protein
drug, including deliverability, inaccessibility of intracellular
targets, chemical stability, and immunogenicity. SAR and de-
velopmental aspects of drug-like SOD mimetics have been
discussed in detail elsewhere (48). It should be mentioned that
small molecule catalase mimetics are another important class of
catalytic antioxidants with emerging therapeutic applications
in the nononcological areas of anti-inflammatory, neuro-, and
cardioprotective intervention, as reviewed recently (77). Re-
markably, most small molecule catalase mimetics such as the
salen EUK-134 display dual SOD- and catalase-activity and
will therefore not be covered separately (83).

a. M40403. In humans, the macrocyclic manganese-
based SOD mimetic M40403 (Fig. 4-29) has shown efficacy
in the palliative management of radiation therapy-induced
side effects, and in 2008 the FDA has granted orphan drug
designation for M40403 for prevention of radiation- or
chemotherapy-induced oral mucositis in cancer patients.
Moreover, M40403 has shown promise as a cotreatment for
prevention of side effects associated with interleukin-2 (IL-2),
an immune-stimulating cytokine drug that is approved for
use in metastatic melanoma and renal cell carcinoma (306).

In addition to using SOD mimetics as combinational anti-
oxidants for the management of oxidative stress-related side
effects of chemotherapy, recent evidence suggests that co-
administration of SOD mimetics with cytotoxic anticancer
agents enhances their prooxidant activity, since SOD-derived
H,0O, may preferentially target rapidly dividing cancer cells
with compromised peroxide metabolism and high levels of
endogenous oxidative stress (7, 210).

b. Mangafodipir. Mangafodipir ~ [N,N’-bis(pyridoxal-5-
phosphate)ethylenediamine-N,N’-diacetic acid: Fig. 4-30], a
chelate of manganese (II) and the vitamin Be-derived dipyr-
idoxyl diphosphate ligand fodipir, is an approved clinical
contrast agent for magnetic resonance imaging (MRI) of the
liver. As a potent antioxidant, mangafodipir limits oxidative
tissue damage and protects normal liver cells against ROS-
induced apoptosis. Experimental combination therapy using
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this SOD mimetic improves the therapeutic index of anti-
cancer drugs by both protecting normal cells and increasing
antitumoral activity, leading to decreased hematotoxicity and
enhanced cytotoxicity of anticancer agents as demonstrated
recently in a tumor xenograft model (7). Mangafodipir has
catalase, SOD-, and glutathione reductase-like properties,
suggesting a multifunctional interference with cancer cell
redox homeostasis.

c. cis-FeMPy2P2P. The SOD mimetic cis-FeMPy2P2P {([5,
10-bis(N-methyl-4-pyridyl)-15,20-diphenyl]porphinato-iron(III)}
displays strong prooxidant apoptogenicity against various
cancer cell lines that inversely correlates with cellular total
SOD enzymatic activity. Moreover, genetic antagonism of
SOD1 expression using antisense technology sensitized cells
towards cis-FeMPy2P2P cytotoxicity (12). Further studies
suggest that rather than behaving as an SOD mimetic,
cis-FeMPy2P2P generates superoxide through cytochrome
P45-reductase driven redox cycling in cancer cells, a proox-
idant reactivity documented earlier for cationic mangano-

porphyrins.

d. MnTBAP and others. SOD mimetics, including cop-
per(Il) diisopropylsalicylate and manganese(Ill) tetrakis-
(5,10,15,20)-benzoic acid porphyrin (MnTBAP), are able to
potentiate the cytotoxicity of anticancer drugs by increasing
intracellular levels of H,O, (210). The SOD mimetic Mn(III)
tetrakis(N-ethylpyridinium-2-yl)porphyrin [Mn(IlI)TE-2-Py
(P5+)] has been shown to protect normal tissue from radiation
injury and also enhances tumor radio-responsiveness. Indeed,
various rodent tumor and endothelial cell lines exposed to
MnTE-2-PyP(5+) displayed enhanced radiosensitivity in vitro,
and combined treatment with radiation and MnTE-2-PyP(5+)
achieved synergistic tumor devascularization in vivo and also
resulted in synergistic tumor growth delay.

e. TEMPO and others. Small molecule nitroxides are stable
free radicals able to scavenge radicals and act as radical chain
terminators. The SAR of nonmetal nitroxide-based catalytic
antioxidants is well understood and many prototype agents
amenable to lead optimization have been synthesized (200).
Based on one-electron redox cycles, which allow the reversible
formation of the oxoammonium cation or the hydroxylamine,
nitroxides can act catalytically as SOD and catalase mimetics.
Antioxidant activity can also be based on the hydroxylamine
form of this triple state redox sytem that acts as potent reducing
agent. Selective cytotoxicity of the nitroxide TEMPO (2, 2, 6, 6-
tetramethyl-piperidine-1-oxyl; Fig. 4-31) against various cancer
celllines is well documented and the chemotherapeutic efficacy
of TEMPO and the TEMPO-derivative 4-ferrocenecarboxyl-
2,2,6,6-tetramethyl piperidine-1-oxyl (FC-TEMPO) has been
demonstrated in various xenograft models including human
hormone-dependent and -independent prostate carcinoma
(333). Delayed onset of thymic lymphoma was observed in
Atm(—/—) mice using the nitroxide antioxidant 5-carboxy-
1,1,3,3-tetramethylisoindolin-2-yloxyl (CTMIO) (138).

B. Targeting the glutathione redox system:
Imexon and NOV002

The cellular glutathione-based antioxidant redox system
is a major determinant of the cellular redox status (40, 76,
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218, 310). Millimolar intracellular concentrations of reduced
glutathione are maintained by pentosephosphate shunt-
dependent NADPH generation linking biosynthesis of nuc-
leic acid pentoses, glucose energy metabolism, and cellular
thiol redox status. This central redox system requires gluta-
thione reductase-dependent regeneration of glutathione by
NADPH that allows metabolism of electrophilic species and
ROS by enzymes such as glutathione peroxidases, glutar-
edoxins, and glutathione transferases. Moreover, glutathione-
dependent redox signaling can also involve covalent target
modification (e.g., by S-glutathionylation), affecting signal-
ing through key pathways including PKA, PKC, ASK1, and
NFxB involved in cancer cell proliferation and survival (40,
76, 218).

Pharmacological or genetic disruption of crucial molecular
components of the glutathione redox system induces oxida-
tive stress through impairment of intracellular metabolism
of H,O, and lipid peroxides and may also weaken the cellu-
lar defense to NO and associated RNS. Importantly, this
intervention weakens the cellular defense against other
electrophilic species including chemotherapeutic agents, a
promising therapeutic strategy for overcoming tumor che-
moresistance often associated with upregulation of the glu-
tathione redox system that occurs as a consequence of an
adaptive or genetic upregulation of the Nrf2/Keapl-ARE
signaling pathway (208).

1. NOV-002. Experimental evidence obtained in pre-
clinical and clinical studies demonstrates that pharmacologi-
cal administration of the oxidized form of glutathione,
glutathione disulfide (GSSG), exerts significant anticancer
activity based on modulation of cellular redox homeostasis, as
reviewed recently (346, 347). A complex of glutathione dis-
ulfide with cis-platinum at an approximate ratio of 1000:1
(NOV-002) has shown clinical efficacy in combination with
chemotherapy in the treatment of NSCLC, a significant redox
chemotherapeutic intervention currently being evaluated in
an ongoing pivotal Phase I trial that builds on earlier studies
that indicated therapeutic benefit of NOV-002 codaministra-
tion in patients with advanced NSCLC receiving cisplatin and
paclitaxel standard chemotherapy (ClinicalTrials.gov Identifier:
NCT00347412). In HL-60 human leukemia, NOV-002 or GSSG
administered in the absence of cisplatin induced a significant
prooxidant deviation from redox homeostasis based on in-
creased intracellular levels of H,O,, a decreased GSH:GSSG
ratio, and extensive S-glutathionylation of intracellular
proteins, including actin associated with a changed cyto-
skeletal morphology (346). Moreover, GSSG-induced protein
S-glutathionylation was accompanied by activating phos-
phorylation of the MAPK pathway kinases JNK, ERK, and
P38, consistent with earlier work on MAPK activation by
GSSG administration. In promonocytic U937 cells, GSSG ad-
ministration resulted in pro-oxidant activation of the p38
MAPK apoptotic pathway (106), and superoxide-induced
JNK-dependent apoptosis was triggered by GSSG in human
SH-SY5Y neuroblastoma cells previously depleted of GSH
(104). Extensive oxidation of cell surface protein thiols
resulted from NOV-002 and GSSG treatment, suggesting
that cell surface proteins are primary targets of the cell-
impermeable disulfide GSSG in cancer cells, specifically the
enzymes y-glutamyl transpeptidase, involved in enzymatic
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production of H,O, and S-thiolation (86), and protein dis-
ulfide isomerase (PDI), an important redox modulator of
cancer cell adhesion and invasiveness located in cytoplasmic
and endoplasmatic membranes (132).

2. Imexon. The electrophilic cyanoaziridine-derivative
imexon (4-imino-1,3-diazabicyclo-[3.1.0]hexan-2-one; Fig. 4-
32) is another prooxidant agent holding significant promise as
a potent redox chemotherapeutic that has been studied in-
tensely as an anticancer agent in vitro and in vivo (92, 278). In
leukemia, myeloma, and pancreatic cancer cell lines in vitro,
this very small thiol-reactive organic electrophile (molecular
weight=111.1Da) induces apoptotic cell death by causing
oxidative stress and mitochondrial changes involving spon-
taneous formation of thiol-adducts with cellular glutathione
and protein-bound cysteine residues depleting glutathione in
the absence of nuclear genotoxic stress (92, 93). The SAR of
thiol reactivity of imexon and related electrophilic cyanoa-
ziridines has been elucidated in detail (165), and accumulative
data suggest that intracellular thiol conjugation and subse-
quent depletion may be a crucial factor determining Imexon
pharmacodynamic effects on cancer cells. Interestingly, thiol
depletion from erythrocytes may serve as a potential clinical
biomarker of imexon drug action.

Recently, using cDNA expression array analysis, it has been
demonstrated that imexon activates a broad antioxidant gene
expression response and that a change in redox state can be
detected in surrogate normal tissues, for example, in peripheral
blood mononuclear cells (PBMC), including increased DNA
binding of redox-sensitive transcription factors (AP-1, Nrf2)
and increased antioxidant gene expression (thioredoxin
reductase-1, glutaredoxin-2, and peroxiredoxin-3) (21).

A Phase I trial of imexon in patients with advanced ma-
lignancy has recently been completed, defining the maximum
tolerated dose and demonstrating that imexon exposure is
accompanied by a decrease in plasma thiols (89). Imexon is
currently in Phase I/II clinical trials in patients with advanced
solid tumors. Combination chemotherapy using gemcitabine
and imexon is being evaluated in previously untreated pan-
creatic adenocarcinoma [ClinicalTrials.gov Identifier: NCT
00327327], and safety of chemotherapy using imexon plus
docetaxel is examined in lung, breast, and prostate cancer
patients [ClinicalTrials.gov Identifier: NCT00327288].

3. L-Buthionine-S,R-sulfoximine. Pharmacological inhi-
bition of glutathione biosynthesis by L-buthionine-S,R-
sulfoximine (BSO) has long been known to induce cellular
oxidative stress by depletion of cellular glutathione levels. Its
use in experimental combination chemotherapy in order to
overcome cancer cell resistance to cytotoxic anticancer agents
including arsenic trioxide, cisplatin, doxorubicin, and mel-
phalan has been covered elsewhere (117, 119, 394). Efficacy of
BSO-mediated chemosensitization has been demonstrated in
various experimental tumor models (119). BSO drug action is
based on specific inhibition of y-glutamylcysteine synthetase
catalyzing the reaction of L-glutamate with MgATP with
formation of y-glutamylphosphate as an enzyme-bound in-
termediate followed by reaction of y-glutamylphosphate with
the a-amino group of L-cysteine (137). BSO is a structural
mimic of the y-glutamylphosphate cysteine adduct and ser-
ves as a suicide substrate that forms an irreversible buthio-



REDOX-DIRECTED CANCER THERAPEUTICS

nine sulfoximine-phosphate adduct with the enzyme. Based
on promising results achieved with the prototype agent
BSO and the availability of a y-glutamylcysteine synthetase
crystal structures, rational design of more potent human -
glutamylcysteine synthetase inhibitors structurally unrelated
to BSO has been achieved (147).

4. PABA/NO. Glutathione-S-transferase 7 (GSTn), a
protein that possesses both catalytic and ligand properties, is
expressed abundantly in many solid tumors and its over-
expression is associated with cancer cell drug resistance (345).
A structure-based prodrug, Oz-[2,4—dinitro-5—(N—methyl—N—4-
carboxyphenylamino) phenyl] 1-N,N-dimethylamino)diazen-
1-ium-1,2-diolate (PABA/NO), has recently been designed
that induces JNK- and p38-dependent cell death after me-
tabolism to nitric oxide by GSTr catalysis (302). Moreover,
PABA/NO displayed antitumor effects in a human ovarian
cancer xenograft in SCID mice (109). A peptidomimetic GSTn
inhibitor, y-glutamyl-S-(benzyl)cysteinyl-R-phenylglycine die-
thylester (TLK199) stimulated both lymphocyte production
and bone marrow progenitor proliferation associated with ele-
vated activities of JNK1 and ERK1/ERK2, consistent with
TLK199 disassociating GSTn from its binding partner JNK
followed by kinase phosphorylation and signaling through this
kinase cascade (301). In contrast, 7-nitro-2,1,3-benzoxadiazole
derivatives, representing a novel class of mechanism-based
non-GSH peptidomimetic suicide inhibitors that eliminate GST
enzymatic activity through covalent binding, trigger apoptosis
in several P-glycoprotein expressing human cancer cell lines,
and specifically overcome multidrug resistance in MDRI-
expressing NSCLC and leukemia cells (107). These data pro-
vide prototype evidence that supports feasibility of using
GSTr inhibitors with low systemic toxicity as novel redox
chemotherapeutics for the selective treatment of MDR1 P
glycoprotein-positive tumors.
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C. Targeting the thioredoxin system:
PX-12 and PMX464

The cellular thioredoxin redox system contributes to alter-
ations of redox balance in cancer cells associated with en-
hanced mitogenic signaling and suppression of apoptosis
(191, 229, 255, 259, 370). As crucial factors involved in cancer
cell redox control, all components of the thioredoxin redox
system including (a) the thioredoxin (Trx) family of small
redox proteins, (b) thioredoxin reductases, the family of cor-
responding seleno-enzymes involved in NADPH-dependent
Trx regeneration, (c) the endogenous thioredoxin inhibitor
thioredoxin-interacting protein, and (d) peroxiredoxins
(thioredoxin peroxidases) are important cancer drug targets
for redox chemotherapeutic intervention validated by num-
erous mechanistic studies (20, 122, 259, 262, 279). Cancer cell
survival is regulated by Trx-1-dependent inhibition of proa-
poptotic factors including ASK1 (305), and pharmacological
inhibition of Trx-1 may induce apoptosis (191, 192). Moreover,
Trx-1 overexpression has been shown to increase VEGF pro-
duction and promote tumor angiogenesis (369). Importantly,
Trx-1 is overexpressed in many human tumors where it is
associated with decreased patient survival (178, 255).

1. PX-12. Muchresearch has aimed at the rational design
and development of specific inhibitors that interfere with
cancer cell redox regulation by either targeting Trx-1 or
thioredoxin reductase (191, 255, 370). Small molecule proto-
type agents with promising efficacy in various animal tumor
models are currently evaluated in clinical trials. Among var-
ious prototype agents that would antagonize these novel
redox targets, alkyl-2-imidazolyl disulfides that inactivate
thioredoxin by thioalkylation of critical cysteine residues
(Cys73) or oxidative protein dimerization have been devel-
oped (Fig. 10) (191, 192). In an early landmark study that
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FIG. 10.

Thioredoxin: A redox target for anticancer intervention. The small redox protein thioredoxin (Trx-1) is an

important cancer drug target for redox chemotherapeutic intervention. Akyl-2-imidazolyl disulfides including the investi-
gational drug PX-12 (58) inactivate thioredoxin by disulfide exchange leading to thioalkylation of a critical cysteine residue
(Cys73) or oxidative formation of a disulfide bridge between Cys32 and Cys35. PMX464 (59) is an electrophilic double-
Michael pharmacophore containing 4-hydroxycyclohexa-2,5-dien-1-one that targets cysteine residues 32 and 35 of the
thioredoxin active site, potentially through dual Michael adduction.
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detailed the rational process of anticancer redox drug dis-
covery, development of PX12 (1-methylpropyl-2-imidazo-
lyldisulfide; Fig. 10-58) started with parallel combinatorial
synthesis of disulfides that were first screened for biological
activity assessing inhibition of thioredoxin-dependent re-
duction of insulin by thioredoxin reductase and NADPH
(191). Hit compounds that displayed activity in this rapid
biochemical in vitro screen were then assessed for apopto-
genicity against HT-29 colon cancer cells. In a confirmatory
screen, acquisition of drug resistance after thioredoxin trans-
fection of compound-sensitive wild-type MCF-7 cells was
examined in order to confirm that compound apoptogenicity
occurs as a direct mechanistic consequence of thioredoxin-
antagonism. Further assessment of anticancer activity was
then performed in human MCF7 breast cancer and HL-60
xenografts growing in SCID mice. PX-12 has advanced suc-
cessfully through Phase I clinical assessment (370). An ongo-
ing Phase Ib trial examines PX-12 administered as a 72-h
infusion every 21 days in patients with a histologically or
cytologically confirmed diagnosis of advanced or metastatic
cancer that is refractory to standard treatment (Clinical-
Trials.gov Identifier: NCT00736372). PX-12 is currently evalu-
ated in a randomized Phase II open-label study at two
different dose levels in patients with advanced carcinoma of
the pancreas whose tumors have progressed on gemcitabine
or on a gemcitabine-containing combination. (Clinical-
Trials.gov Identifier: NCT00417287).

2. PMX464. Recent medicinal chemistry has identified
the quinol PMX464 ({4-benzothiazol-2-yl)-4-hydroxy-2,5-
cyclohexadien-1-one; Fig. 10-59}, an electrophilic dual-Michael
acceptor that targets cysteine residues 32 and 35 of the thior-
edoxin active site as revealed by mass spectrometry of the co-
valently adducted target protein (Fig. 10) (38). SAR of the
reactive 4-hydroxycyclohexa-2,5-dien-1-one pharmacophore
contained in this heteroaromatic quinol has been elucidated in
much detail, and further lead optimization has generated num-
erous potent anticancer quinols (255). PMX464 displays potent
cytotoxicity directed against many human cancer cell lines and
in vivo antitumor activity against subcutaneously growing
human RXF 944XL renal cancer cells (254). Anticancer activity
in tumor xenografts displayed by various heteroaromatic-
substituted 4-hydroxycyclohexa-2,5-dienone-derivatives has
also been attributed to covalent adduction and inactivation
of thioredoxin reductase through direct quinol attack on the
penultimate C-terminal selenocysteine residue (32, 67). More-
over, as typically observed with reactivity-based redox
chemotherapeutics that execute target modulation through
chemical reactions, PMX464 displays a certain target promis-
cuity, for example, PMX464 modulation of proinflammatory
signaling through NFxB as observed in alveolar epithelial
cells seems to occur without mechanistic involvement of thior-
edoxin (49).

3. PX-916. PX-916 (Fig. 4-33) is a prodrug optimized for
water solubility by glycyl derivatization of the thioredoxin
reductase lead inhibitor palmarumycin, a napthoquinone-
spiroketal natural product. PX-916 is a potent inhibitor of
thioredoxin reductase-1 activity in tumor cells, antagonizing
the downstream targets of Trx-1 signaling including HIF-1a
and VEGF in tumors (280). Moreover, PX-916 showed pro-
nounced activity in several animal tumor models.
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Interestingly, other redox agents with considerable anti-
cancer activity have been shown to modulate thioredoxin
reductase-1 including the texaphyrin MGd discussed above
(237), the promiscuous anticancer polyphenol curcumin (99),
redox active gold thiosugars including auranofin (Fig. 4-34)
(241), and the prooxidant anticancer drug As,Oj3, as detailed
above (229). Remarkably, auranofin, a drug approved for
anti-inflammatory intervention targeting rheumatoid arthri-
tis, has recently been shown to inhibit IKK by modifying Cys-
179 of the IKKf subunit (168), consistent with a pleiotropic
mechanism of action characteristic of many redox chemo-
therapeutics. Auranofin also exerts potent antimalarial ac-
tivity based on inhibition of plasmodial thioredoxin reductase
(307), providing another example of a prooxidant redox drug
with combined antiprotozoal and anticancer activity, a situ-
ation reminiscent of the artemisinin class of chemotherapeutic
endoperoxides.

4. Chaetocin and gliotoxin. Chaetocin (Fig. 4-35) and
gliotoxin (Fig. 11-60) are prooxidant antineoplastic members
of the epipolythiodioxopiperazine class of fungal secondary
metabolites that have recently been associated with thera-
peutic interference with the thioredoxin redox system. The
toxicity of these epipolythiodioxopiperazine mycotoxins has
been attributed to the presence of a disulfide bridge, which
can inactivate proteins via oxidation or covalent thiol ad-
duction, generate ROS by redox cycling, and cause glutathi-
one depletion (365). Recently, it has been demonstrated that
the antineoplastic epipolythiodioxopiperazine chaetocin is a
competitive and selective substrate of thioredoxin reductase 1
(TrxR1) (343). Chaetocin displays lower Km than the TrxR1
native substrate thioredoxin, thereby attenuating reductive
regeneration of thioredoxin resulting in the induction of cel-
lular oxidative stress. Transient overexpression of the down-
stream TrxR1 substrate Trx rescues cancer cells from
chaetocin-induced, but not from doxorubicin-induced cell
death, providing strong evidence for chaetocin target validity.
Importantly, chaetocin does not act as a pure inhibitor of
TrxR1, but rather as a competitive TrxR1 substrate. Chaetocin
has been tested as a promising new antimyeloma agent with
in vitro and in vivo activity mediated via imposition of oxi-
dative stress (163).
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FIG. 11. Gliotoxin: A prooxidant peroxiredoxin mimetic
and experimental redox chemotherapeutic. The disulfide-
based mycotoxin gliotoxin (60) causes catalytic oxidation of
thioredoxin [reaction cycle (1)] and glutathione depletion
with ROS formation [redox cycle (2)]. In addition, gliotoxin
inactivates target proteins by either covalent modification or
free radical damage mediated by redox cycling.
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Gliotoxin, a virulence factor associated with invasive as-
pergillosis in immunocompromised patients, causes apopto-
tic and necrotic cancer cell death. Gliotoxin inactivates alcohol
dehydrogenase and NF«B by either covalent modification or
free radical damage mediated by redox cycling (365). Necrosis
of thymocytes caused by gliotoxin has been attributed to in-
creased cellular calcium levels thought to result from inter-
action of gliotoxin with a redox-sensitive thiol residue in the
plasma membrane calcium channel (158). Calcium dys-
regulation may then cause subsequent oxidative damage.
Gliotoxin has recently been shown to display potent pero-
xiredoxin mimetic activity at nanomolar concentrations,
catalyzing thioredoxin oxidation with concomitant H,O, re-
duction to water, a redox activity that results in decreased
intracellular levels of H,O, in HeLa cells and antiangiogenic
effects in cultured human endothelial cells (Fig. 11) (68).
Moreover, as observed with other epipolythiodioxopiper-
azines, gliotoxin can be involved in one-electron redox cy-
cling, leading to formation of superoxide and other ROS.
Interestingly, glutathione promotes gliotoxin-induced cyto-
toxicity, probably by facilitating gliotoxin redox cycling
through reduction of the disulfide bridge followed by su-
peroxide formation upon reaction of the dithiol with molec-
ular oxygen, and glutathione intensifies gliotoxin-induced
cytotoxicity in human neuroblastoma SH-SY5Y cells. Pre-
clinical efficacy of gliotoxin as redox chemotherapeutic has
been observed against human MCF7 breast and C1-2 colon
carcinoma xenografts in SCID-mice (271). Fluorinated analogs
of gliotoxin have been prepared by fluorophenylalanine-
based microbial biosynthesis in order to improve pharmaco-
kinetic profile and to enhance antimicrobial and tumoricidal
activity (160).

D. Targeting the Nrf2/Keap1-ARE pathway

Cancer cell resistance to chemotherapeutic agents poses a
major obstacle to effective anticancer intervention. Recent
research suggests that molecular inhibition targeting the
redox sensitive Nrf2 /Keap1-ARE signaling pathway may be a
promising strategy to achieve chemo- and probably radio-
sensitization of human tumors (208, 319, 362). As mentioned
above (Section II.G), Nrf2, a redox-sensitive cap ‘n’ collar basic
leucine zipper transcription factor, mediates the expression of
key enzymes involved in antioxidant protection and detoxi-
fication of xenobiotics. Nrf2-target genes encode antioxidant
proteins and enzymes including y-glutamyl cysteine synthe-
tase catalytic subunit, glutathione reductase, glutathione
peroxidase, thioredoxin-1, thioredoxin reductase, and perox-
iredoxins (341). With particular relevance to cancer cell
chemoresistance, Nrf2 controls xenobiotic metabolism and
efflux through upregulation of enzymes such as NQO1, UDP-
glucuronosyltransferase, and glutathione-S-transferase family
members, and also controls expression of ATP-dependent
multidrug-resistant drug efflux pumps, including ABCC1
and ABCC2 (208, 319).

It was recently demonstrated that stable overexpression of
Nrf2 resulted in enhanced resistance of cancer cells to chemo-
therapeutic agents, including cisplatin, doxorubicin, and
etoposide (362). Nrf2 was validated as a potential drug target
for chemosensitization of cancer cells by demonstrating that
downregulation of the Nrf2-dependent response by over-
expression of the Nrf2 inhibitor Keapl or Nrf2-siRNA inter-
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vention sensitized cancer cells to chemotherapeutic drugs
(319, 362). Importantly, it has been shown that loss of function
mutations in Keapl result in constitutive activation of Nrf2
function in NSCLC that promote tumorigenicity and confer
chemoresistance by upregulation of glutathione, thioredoxin,
and drug efflux pathways (320). Inhibiting Nrf2 expression by
intratumoral delivery of naked siRNA duplexes in combina-
tion with carboplatin significantly inhibited tumor growth in
a subcutaneous murine model of lung cancer, an example of
experimental anticancer redox therapy based on genetic in-
tervention using siRNA technology in vivo (319).

Small molecule inhibitors of the Nrf2 /Keap-1 pathway may
therefore represent a promising class of adjuvant agents for
tumor chemosensitization. However, apart from the recent
finding that ascorbic acid restores sensitivity to imatinib via
suppression of Nrf2-dependent gene expression in imatinib-
resistant cancer cells, no prototype agents that qualify as
specific inhibitors of Nrf2-induced transcriptional activation
have been identified (338). Interestingly, in striking contrast to
the emerging situation in NSCLC, Nrf2 downregulation has
been demonstrated in human prostate tumors where the loss
of Nrf2 function initiates a pathological cascade of increased
levels of constitutive oxidative stress, genetic instability, and
tumorigenesis, demonstrating the complexity of Nrf2 in-
volvement in cancer cell redox dysregulation (116).

In the absence of specific small molecule inhibitors that
would undermine Nrf2-controlled tumor antioxidant defense
for chemosensitization, agents that target crucial downstream
effectors of Nrf2 including HO-1 and NQO1 may offer ther-
apeutic benefit for prooxidant intervention targeting tumors
with constitutive Nrf2 upregulation.

1. Targeting HO-1: Zinc protoporphyrin IX.  Another class
of experimental agents that target specific components of the
antioxidant defense system of cancer cells is represented by
prototype inhibitors of heme oxygenase-1 (HO-1) that have
shown preclinical efficacy in animal models of human cancer
(84). HO-1, a stress inducible enzyme under Nrf2 transcrip-
tional control that belongs to the heat shock protein (Hsp32)
family, represents an important cellular defense enzyme that
protects mammalian cells from oxidative damage, and recent
experimental evidence suggests that HO-1 is an essential
antioxidant defense enzyme involved in cancer cell resistance
to oxidative stress imposed by prooxidant anticancer agents
and host leucocytes (84). Importantly, chemosensitization of
cancer cells has been achieved using prototype HO-1 inhibi-
tors, including competitive antagonists of the metallopor-
phyrin type such as zinc protoporphyrin and more soluble
pegylated derivatives (PEG-ZnPP) with improved tumor de-
livery (101). Moreover, HO-1 inhibitors administered i.v.
suppressed intratumoral HO-1 activity and displayed cyto-
toxic activity in a murine hypoxic solid tumor model (100). In
another study, zinc protoporphyrin IX administered perorally
or intraperitoneally displayed potent antitumor effects
against C-26 adenocarcinomas in mice but did not potentiate
antitumor effects of standard chemotherapeutics (263).

It should also be noted that HO-1 upregulation can protect
cardiomyocytes from anthracycline-induced oxidative stress
and cell death, suggesting that the therapeutic index of an-
thracycline cancer chemotherapeutics can be improved by
protecting cardiomyocytes by cotreatment with HO-1 upre-
gulators including specific metalloporphyrins (197). In
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isolated rat cardiac cells, HO-1 enzyme overexpression pre-
vented doxorubicin-induced mtDNA depletion and apoptosis
via activation of Aktl/PKB and guanylate cyclase, while
HO-1 gene silencing exacerbated doxorubicin-induced
mtDNA depletion and apoptosis (331).

2. Targeting NQO1: Dicoumarol and ES936. The Nrf2-
downstream target NQO1 (EC 1.6.99.2, also referred to as DT-
diaphorase) is an important antioxidant defense enzyme and
modulator of cellular redox homeostasis; in addition, NQO1
functions as a regulator of p53 degradation and p53-mediated
apoptosis (130, 297). This flavoprotein catalyzes the obliga-
tory two-electron reduction of quinones and quinone imines
using NAD(P)H followed by phase-II conjugation (e.g., glu-
curonidation) and excretion of redox-inactive metabolites,
thereby preventing redox cycling of endogenous and xeno-
biotic quinones that can form ROS via the intermediate
semiquinone anion radical (73, 74, 216, 297).

In addition to antioxidant activity through reductive inhi-
bition of quinone redox cycling, recent experiments have
elucidated the NAD(P)H-dependent superoxide scavenging
activity associated with purified NQO1, suggesting a new role
of this enzyme in cellular antixodant defense (316). Moreover,
it has recently been demonstrated that NQO1 regulates the
ubiquitin-independent pathway of p53 degradation through
the 20S proteasome (130). Upregulated expression of NQOL1 is
associated with various human malignancies, including
NSCLC, pancreas carcinoma, and breast and colon adeno-
carcinoma (74, 297).

NQO1 upregulation in tumor tissue provides a therapeutic
window for the bioreductive activation of cytotoxic redox
cyclers and alkylating agents (48, 74, 297). The SAR of re-
ductive activation under physiological conditions is particu-
larly well understood in the area of bioreductively activated
quinone-type alkylating agents including the aziridinyl-1,4-
benzoquinone mitomycin C, the indolequinone EO9, and the
nitroarene radiosensitizer misonidazole as reviewed exten-
sively (74, 364).

a. Dicoumarol. Recent research suggests that pharmaco-
logical and genetic strategies that target NQO1 over-
expression in tumors may exert potent anticancer effects.
Dicoumarol is a potent inhibitor of NQOI1 that competes with
NAD(P)H for binding to NQO1. In addition, dicoumarol also
disrupts the binding of NQO1 to p53, p73, and ornithine
decarboxylase and induces ubiquitin-independent proteaso-
mal degradation of these binding partners (14). Using this
prototypic NQO1 antagonist, cell proliferation and growth in
soft agar were suppressed in cultured pancreatic carcinoma
cells that displayed high levels of drug-induced superoxide
radical anion formation (73, 90). Pilot studies performed in
orthotopic pancreatic tumors implanted into nude mice
demonstrated the feasibility of targeting NQOT1 for interven-
tion in human pancreatic carcinoma (216). Dicoumarol is a
promiscous agent with off-target activity, including uncou-
pling of mitochondrial electron transport, and experimental
evidence has been presented suggesting that dicoumarol-
induced anticancer effects may occur independent of NQO1-
inhibition (90).

b. ES936. Development of novel NQO1 inhibitors is an
active area of current anticancer drug discovery (261). Recent
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advances in NQOL structural biology have facilitated prog-
ress in the rational design of structure-based and mechanism-
based inhibitors. The crystal structure of human NQOI1 in
complex with dicoumarol at 2.75 A resolution was reported
recently facilitating the rational design of potent inhibitors
of NQOL1 activity (14). Identification of a mechanism-based
indolequinone-type inhibitor of NQO1, 5-methoxy-1,2-
dimethyl-3-[(4-nitrophenoxy)methyl]indole-4,7-dione (ES936;
Fig. 4-36) has been reported recently (375). In a subsequent
SAR study on NQO1-inhibitory and noninhibitory indol-
equinone analogues, it was demonstrated that NQO1 inhibi-
tory activity can be dissociated from growth inhibitory
activity in MIAPaCa-2 pancreas carcinoma cells, suggesting
additional or alternative targets apart from NQOI1 that are
responsible for the growth inhibitory activity of this series of
indolequinones (292). ES936 has displayed significant che-
motherapeutic activity in a MIA PaCa-2 xenograft model of
pancreas carcinoma (78).

E. Targeting APE/Ref1: E3330 and PNRI-299

Apurinic/apyrimidinic endonuclease/redox effector fac-
tor-1 (APE/Ref-1) is a redox enzyme that facilitates DNA
binding of redox-sensitive transcription factors including AP-
1, NFkB, and EGR-1 through reductive activation (230, 391,
392). Importantly, APE1/Ref-1 is also the major apurinic/
apyrimidinic (AP) endonuclease in human cells and was
originally identified as a DNA repair enzyme. After removal
of damaged bases by glycosylases, APE/Ref-1 introduces a
nick at AP sites that allows further processing for DNA repair.
Activation of redox signaling through APE/Ref-1 occurs in
response to intra- and extracellular prooxidant alterations of
redox homeostasis facilitating transcription of stress response
genes and efficient repair of oxidative DNA damage.
APE/Ref-1 overexpression in human melanoma cells has been
interpreted as an adaptive mechanism maintaining prolifer-
ative and survival signaling under conditions of constitu-
tively elevated cellular oxidative stress, and upregulation of
APE/Ref-1 is now recognized as a major mechanism of redox-
dependent chemo- and radioresistance in melanoma and
other cancer cells (391).

APE/Ref-1 is a promising target for anticancer intervention
that has been validated by the demonstration that genetic
knockdown induces chemosensitization (209). For example,
pronounced inhibition of ovarian tumor growth was achieved
using siRNA-based genetic intervention targeting APE/Ref-1
(110). Recently, identification of various small molecule in-
hibitors of specific Apel functions has been reported, and
feasibilty of pharmacological target modulation for anticancer
intervention has been examined (Fig. 12) (392).

1. E3330. The quinone-derivative E3330 ({(E)-3-(4,5-
dimethoxy-2-methyl-3,6-dioxocyclohexa-1,4-dienyl)-2-nonyl-
propenoic acid; Fig. 12A-63} was recently identified as a
specific inhibitory ligand antagonizing APE1-redox function
(230). In the same study, E3330 displayed inhibitory activity in
NFxB and AP-1 transactivation reporter assays in ovarian
cancer cell lines, caused redox-dependent functional inter-
ference in EMSA studies of AP-1 or HIF-1a binding, and
suppressed retinal vascular endothelial cell angiogenesis.
Importantly, E3330 redox inhibition of APE1 had no effect on
DNA repair function.
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FIG. 12. Apurinic/apyrimidinic endonuclease/redox effector factor-1 (APE/Ref-1): A redox target for anticancer inter-

vention. Reductive activation of DNA binding of redox-sensitive transcription factors that are involved in tumor initiation
and progression depends on APE/Ref-1 enzymatic activity. (A) DNA repair activity of APE/Ref-1 is specifically inhibited by
lucanthone (61) and CRT0044876 (62), investigational drugs that may confer tumor chemo- and radiosensensitization. E3330
(63) and resveratrol (64) are ligands that suppress redox-dependent transcription factor activation by APE/Ref-1, but do not
interfer with DNA repair function of the enzyme. (B) PNRI-299 (65) is a small molecule inhibitor of APE/Ref-1 redox function
that contains a redox active enedione pharmacophore that covalently traps (step a) and potentially oxidizes (step b) cysteine
nucleophiles contained in the target protein APE/Ref-1, leading to functional inhibition of inflammatory signaling through

the APE/Ref-1 client protein AP-1.

2. PNRI-299 and resveratrol. Using a structure-based
approach involving molecular docking studies resveratrol
(Fig. 12A-64) has recently been identified as a potent lead
compound that acts as inhibitory ligand of the APE/Ref-1
redox domain, resulting in interference with APE/Ref-1 redox
function in human melanoma cells (391). In another study, an
unbiased chemogenomics approach that screened for small
molecule inhibitors of AP-1 transcriptional activity using a
chemical template that incorporates an enedione moiety to
trap reactive cysteine nucleophiles in the active sites of redox
proteins identified a small molecule AP-1 inhibitor, PNRI-299
(Fig. 12B-65). This molecule showed in vivo activity in an in-
flammatory asthma mouse model (258). Based on subsequent
affinity-labeling studies, APE/Ref-1 was determined as the
molecular target of PNRI-299.

3. Lucanthone and CRT0044876. The radiation sensi-
tizer lucanthone {1-{[2-(diethylamino)ethyl]amino}-4-methyl-
9H-thioxanthen-9-one; Fig. 12A-61} is a potent inhibitor
of APE/Ref-1-mediated APE repair activity and increases
chemosensitivity of breast cancer cells to alkylating agents
without affecting APE/Ref-1 redox activity or exonuclease
function (231). However, no research has addressed the im-
portant question if pharmacological inhibition of APE repair
activity may increase the incidence of therapy-related cancers
as a consequence of therapy-induced genomic instability
conferred by loss of DNA repair in healthy tissue (8). Using a
high-throughput screen for the rapid identification of test com-
pounds that inhibit AP site-processing enzymes by cleaving the
phosphodiester backbone, 7-nitro-1H-indole-2-carboxylic acid
(CRT0044876; Fig. 12A-62), a novel chemical inhibitor of APE1
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AP-endonuclease, 3'-phosphodiesterase, and 3'-phosphatase
functions active at low micromolar concentrations has been
identified (234). As suggested by in silico modeling involving
docking to two X-ray crystal structures of APE1, CRT0044876
targets the active site in the APE1 DNA repair domain where
the indole ring of CRT0044876 is located in the abasic deoxy-
ribose binding pocket. At noncytotoxic concentrations,
CRT0044876 potentiates the cytotoxicity of several DNA base-
targeting compounds associated with an accumulation of un-
repaired AP sites, suggesting feasibility of rational design of
APE1-targeting drugs for antitumor therapy.

F. Targeting Cdc25 phosphatases:
NSC 67121 and F-NSC 67121

Cell division cycle 25 (Cdc25) phosphatases are redox-
sensitive key activators of cyclin-dependent kinases that regulate
mammalian cell cycle progression (300). In various human ma-
lignancies including head and neck, colon, NSCLC, and breast
cancers, expression of the oncogenic Cdc25A and Cdc25B iso-
forms is strongly upregulated, resulting in hyperproliferative
dysregulation and mitotic progression through removal of in-
hibitory protein phosphotyrosine groups on cyclin-dependent
kinases/cyclin complexes, including CDK2/cyclin E and
CDK1/cyclin B involved in G2-M and G1-5 cell cycle transitions,
respectively (124). The catalytic cysteine residue (Cys473 in
Cdc25B) occurs as a nucleophilic thiolate anion in the active site
of the Cdc25 dual specificity phosphatases and forms a covalent
phosphocysteine intermediate during catalytic phosphate re-
moval. The active site thiolate renders Cdc25 phosphatases
susceptible to covalent modification by organic electrophiles and
oxidation by ROS leading to enzymatic inactivation and inter-
ference with cell cycle progression (300). Cdc25 phosphatases
may therefore represent promising molecular targets for anti-
cancer redox chemotherapeutics (124, 211).
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1. NSC 67121 and F-NSC 67121. Various small mole-
cule agents containing electrophilic pharmacophores that act
directly through sulfhydrylarylation or indirectly through ROS
formation have been designed as specific inhibitors of Cdc25
phosphatases displaying significant anticancer activity (Fig. 13).
Active site binding and cysteine-adduction by electrophilic
pharmacophores was optimized based on molecular docking
studies using the crystal structure of the Cdc25B catalytic do-
main (124, 183, 212). It is interesting to note that the naptho-
quinone menadione (vitamin Ks) discussed above in the context
of prooxidant redox cycling (Section II.C) represents an early
prototype inhibitor of Cdc25 phosphatase enzymatic activity
(382). Other naphthoquinones including 2-(2-mercaptoethanol)-
3-methyl-1,4-napthoquinone (NSC 67121; Fig.13-66) displayed
significant growth inhibition against human and murine carci-
noma cells. Redox cycling and ROS formation of napthoqui-
nones were reduced by introduction of four fluorine substituents
at the benzene moiety (F-NSC 95397; Fig. 13-67) preventing
superoxide formation due to the increased reduction potential of
the fluorinated derivative originating from the inductive effect of
the electronegative fluorine substutuents. In contrast, active
site cysteine-adduction was enhanced with the fluorinated de-
rivatives. Another potent Cdc25 phosphatase inhibitor, the
electrophilic quinoline-5,8-dione  DA3003-1 [6-chloro-7-(2-
morpholin-4-yl-ethylamino)-quinoline-5,8-dione, NSC 663284],
inhibited the growth of subcutaneous human colon HT29 xe-
nografts in SCID mice (124, 139). Based on detailed SAR and
molecular docking studies, a multiple action mode involving
irreversible active site cysteine oxidation with sulfonic acid for-
mation through redox cycling, but also reversible and irrevers-
ible target binding, have been suggested as a mechanism of
action underlying Cdc25B inactivation by NSC 663284 (139).

In an attempt to further reduce ROS-induced nonspecific
cellular toxicity, nonquinoid electrophilic pharmacophores
that inactivate Cdc25 phosphatases by alkylation of the active

a ROS production
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yl]-2,5-dihydroxy-1,4-benzoqui-
none (68).
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site cysteine residue have been designed, including 4-di-
methylamino-2-methoxy-6-(methyl-[2-(4-nitrophenyl)-ethyl]-
aminomethyl)-phenol (BN82002) and various maleimide
derivatives such as N-(4-biphenyl)3,4-bis-(2-hydroxy-ethyl-
sulfanyl)-maleimide (PM-20) that display activity in various
tumor xenograft models (183). Equally, the redox-silent non-
quinone sulfone analog of vitamin K3 H32 inhibits hepatoma
cell growth by targeting the catalytic cysteine residue of
Cdc25A without involvement of ROS production (124).

2. Indolyldihydroxyquinones. Inaddition, structure-based
inhibitors that inactivate Cdc25 through reversible bind-
ing have been identified including 7-[(2-methylbenzyl)-1H-
indol-3-yl]-2,5-dihydroxy-1,4-benzoquinone (Fig. 13-68), an
electron-rich quinone-derivative with strongly attenuated elec-
trophilicity and pronounced intramolecular hydrogen bonding
that acts as a specific ligand without covalent binding or redox
cycling. Optimized derivatives of a similar lead compound
{2,5-dihydroxy-3-(1H-indol-3-yl)[1,4]benzoquinone} have been
designed following a lead optimization strategy of redox
chemotherapeutics that aims at transition from reactivity-
based to ligand-based target inhibition (124, 211).

G. Targeting zinc finger transcription factors: DIBA

Zinc fingers consitute a large superfamily of protein do-
mains that can bind to DNA based on a central zinc ion co-
ordinated by cysteine (and sometimes histidine) residues
contained in two antiparallel f strands and an « helix (366).
Steroid hormone nuclear receptors and redox-sensitive tran-
scription factors including AP1, Sp1, EGR-1, NFkB, and p53
interact with their DNA target sequences through zinc fingers
contained in their DNA binding domain. Importantly, the
zinc-coordinated cysteine thiolates of zinc fingers are poten-
tially vulnerable to oxidative inactivation and represent a
promising target for pharmacological modulation of gene
expression by small molecule redox therapeutics (52).

1. DIBA. Earlier research has demonstrated that virus-
encoded zinc fingers can selectively be targeted without
affecting host cell zinc finger proteins. Antiretroviral drug
development targeting the HIV-1 nucleocapsid zinc finger pro-
tein NCp7 containing a Zn(Il) ion tetrahedrally coordinated
by the thiolate of three Cys residues and the imidazole nitro-
gen of one histidine residue was based on NCp7-inactivation
by chemical induction of zinc extrusion from the zinc finger
resulting in suppression of viral replication (311). The redox
mechanism of action associated with experimental anti-
retrovirals including the 2,2’-dithiobisbenzamide-derivative
DIBA (NSC 654077; Fig. 4-37) that inactivates HIV-1 by NCp?7
zinc finger disruption has been elucidated in much detail (52,
155). Initially, the antiviral agent forms an intermolecular
disulfide bond via disulfide exchange through electrophilic
attack on one of the sulfur atoms coordinating the Zn(II) ion of
the zinc finger. This process is followed by ejection of the
metal ion from the zinc finger that occurs as a result of the
destabilized Zn(Il) ion coordination sphere. A similar phar-
macological approach has been taken to target the oncogenic
human papilloma virus HPV-16 by disrupting the E6 onco-
protein containing two Cys—[X],~Cys—[X]>o—Cys—[X].—Cys
zinc fingers (23). In a large series of redox-active di- and
polysulfides, including 4,4'-dithiodimorpholine-derivatives,
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potent anti-HPV compounds were identified that produced a
release of zinc from E6 with induction of cytotoxicity selective
for the HPV-infected cells. Thus, the therapeutic disruption of
zinc finger domains by experimental redox drugs represents a
validated approach for the design of antiviral agents, and has
also been pursued successfully for the design of anticancer
redox chemotherapeutics.

About two-thirds of human postmenopausal breast carci-
noma is estrogen receptor-positive (ER+), rendering these
tumors sensitive to pharmacological intervention by anties-
trogens and selective estrogen receptor modulators (72). It is
therefore tempting to speculate that estrogen-dependent
cancer cells can be targeted through redox disruption of zinc
finger-dependent ER transcriptional activity. Indeed, recent
experimental evidence obtained in a murine xenograft model
of hormone-dependent breast cancer suggests feasibility of
chemotherapeutic intervention based on targeting redox
sensitive zinc fingers in the ER DNA binding domain (360,
361). Electrophilic derivatives of benzamide-disulfide, in-
cluding DIBA and the benzisothiazolone BITA, were identi-
fied as chemical inhibitors capable of oxidatively disrupting
Zinc finger integrity and estrogen-dependent proliferative
signaling and breast carcinoma progression (360, 361).

The selectivity of electrophilic agents toward zinc fingers
depends on multiple physicochemical parameters including
redox potential, reactive proximity, and noncovalent ligand-
binding affinity (23, 52, 361). For example, electrochemical
analysis of the Sp1 zinc finger by cyclic voltammetry revealed
a redox potential that thermodynamically favors preferential
oxidative disruption of this particular thiol target by redox
cycler prototype organochalcogens in oxidatively stressed
cells with lowered glutathione content (128). In analogy,
computational analysis of steric and electrostatic screening
parameters in zinc finger cores revealed the preferential redox
vulnerability of the estrogen receptor C-terminal zinc finger
that was disrupted through electrophilic zinc ejection by
prototype agents, including DIBA and BITA (361). Zinc finger
disruption by these compounds efficiently inhibited estrogen
receptor dimerization and complex formation with the es-
trogen responsive element (ERE) promotor sequence up-
stream of ER-target genes leading to inhibition of functional
transactivation in human breast cancer cells transfected with
an ERE-reporter gene construct and exposed to estradiol.
Moreover, significant variation in the structural environments
of nuclear receptor zinc finger cores of known nuclear re-
ceptor DNA binding domains suggests feasibility of targeting
estrogen receptor DNA binding with minimal effect on other
nuclear receptors that depend on similar binding domains.

Importantly, DIBA-based experimental chemotherapy
has recently been shown to block ligand-dependent and
-independent cell growth of tamoxifen-resistant breast cancer
in vitro and in vivo, demonstrating feasibility of overcoming
tamoxifen resistance, a notorious obstacle to successful treat-
ment of ER-positive human breast cancer (360).

The combined evidence provided by multiple studies on (a)
antiviral intervention targeting zinc finger domains in viral
oncogenic proteins (23), (b) Spl zinc finger inactivation in
oxidatively stressed cells by prooxidant glutathione peroxi-
dase mimetics (128) and (c) pharmacological disruption of the
ER DNA-binding domain by small molecule prooxidant
modification of the ER zinc finger (360, 361) strongly suggests
feasibility of disrupting oncogenic transcriptional control
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through redox-based inactivation of specific DNA-binding
zinc fingers. Further research will determine if these early
reports may herald a new era of nongenotoxic redox chemo-
therapeutics that selectively target nuclear hormone receptors
and other transcription factors.

H. In search of a molecular target: elesclomol

The investigational redox chemotherapeutic elesclomol
(Fig. 4-38), a symmetric thiobenzoylhydrazide-derivative [N-
malonyl-bis (N'-methyl-N'-thiobenzoylhydrazide, STA-4783),
was originally derived from a differential phenotypic screen
that assessed potentiation of in vitro cytotoxicity of paclitaxel
against human tumor cell lines (29, 118, 193). Early preclinical
studies indicated that the growth of human tumor xenografts
in CD-1 nude mice was unaffected by treatment with ele-
sclomol administered as single therapeutic agent (7, 25, 26). In
contrast, combination therapy with paclitaxel significantly
potentiated antitumor activity over paclitaxel administered as
single agent without altering host toxicity, and synergistic
enhancement of chemotherapeutic efficacy with paclitaxel
was then demonstrated in murine tumor xenograft models of
human lymphoma, breast, and lung cancer. Earlier experi-
mentation performed on cultured cells revealed a potent
apoptogenicity of elesclomol directed against human mela-
noma and other cancer cell lines, not observed in primary
human keratinocytes (193). Remarkably, apoptotic cell death
was preceded by induction of massive oxidative stress sug-
gesting a prooxidant mode of anticancer activity reminiscent
of other redox chemotherapeutics such as DSF, imexon, and
MGd, but no molecular target of this experimental chemo-
therapeutic has been identified. Transcriptional expression
profiling of Hs294T melanoma cells exposed to elesclomol
revealed upregulated expression of genes encoding heat
shock proteins, metal-activated transcription factor MTF1-
dependent metallothionein subtypes, and Nrf2-dependent
antioxidant response proteins. Importantly, inhibition of oxi-
dative stress by the antioxidants N-acetylcysteine or tiron (4,5-
dihydroxy-1,3-benzenedisulfonic acid disodium salt) com-
pletely blocked drug-induced apoptosis and stress-
associated gene transcription. It has been proposed that
various molecular pathways may be involved in oxidative
stress-induced apoptogenicity of elesclomol including acti-
vation of p53 proapoptotic signaling and ROS-activation of
ASK1 kinase function upstream of proapoptotic JNK and p38
signaling (193). It may also be speculated that the symmetric
bis-thiobenzoylhydrazide group contained in elesclomol can
serve as a polydentate metal ion chelator pharmacophore.
This would be consistent with metal-dependent induction
of cellular oxidative stress, a situation similar to copper ion-
dependent antimelanoma activity of DSF (discussed in Sec-
tion ILE) and reminiscent of structurally related bis-isatin
thiocarbohydrazone copper ion complexes that display anti-
cancer activity against murine Ehrlich Ascites carcinoma
(308).

Importantly, elesclomol displayed a benign toxicity profile
and pharmacokinetic compatibility when tested in a Phase I
clinical trial designed to establish the maximum tolerated
dose in combination with paclitaxel in patients with refractory
solid tumors (27). In a subsequent double-blinded, random-
ized, controlled Phase II clinical trial that included 81 patients
with stage IV metastatic melanoma, elesclomol, in combina-
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tion with paclitaxel, doubled median progression-free sur-
vival compared with paclitaxel alone (p = 0.035), suggesting a
significant therapeutic benefit that may be achieved in this
notoriously chemoresistant malignancy characterized by very
poor prognosis and insufficient chemotherapeutic options
(193, 249). However, a global, pivotal Phase Il melanoma trial
assessing prolonged progression-free survival and overall
survival was discontinued in February of 2009 due to serious
safety concerns raised by the Data Monitoring Committee
(DMC) after more patients died in the group taking elesclomol
in combination with paclitaxel than in the control group
taking paclitaxel alone. (SYMMETRY, ClinicalTrials.gov Iden-
tifier: NCT00522834). Other trials with elesclomol, including a
trial in combination with docetaxel in hormone-refractory
metastatic prostate cancer (ClinicalTrials.gov Identifier: NCT
00808418), are also suspended pending further analysis of the
results of the SYMMETRY trial, a recent development that
seriously compromises the potential for future clinical de-
velopment of this investigational redox drug.

IV. Functional Targets for Anticancer
Redox Chemotherapy

Functional targets for anticancer intervention are broadly
defined as phenotypic alterations that represent a vulnera-
bility of the specific tumor amenable to pharmacological
modulation, including changes in tumor glucose metabolism,
mitochondrial energy production, and tissue vascularization.
Pharmacological interference with cancer cell energy metab-
olism has been referred to as metabolic targeting (125, 251,
270, 275, 325). Accumulative evidence strongly suggests that
metabolic targeting represents an indirect route of prooxidant
chemotherapeutic intervention successfully harnessed for
radio- and chemosensitization of tumors. Prooxidant meta-
bolic targeting can occur through administration of alterna-
tive energy substrates or small molecule modulators that
anatagonize or redirect cancer cell metabolic pathways lead-
ing to induction of energy crisis, oxidative stress, and apo-
ptotic sensitization.

In this context it is interesting to note that the tumor sup-
pressor gene p53 simultaneously orchestrates cellular energy
metabolism and redox homeostasis (26, 51, 244, 303). For ex-
ample, p53 upregulates expression of TIGAR (TP53-induced
glycolysis and apoptosis regulator) encoding a fructose-
bisphosphatase that attenuates glycolytic flux by reducing
cellular levels of fructose-2,6-bisphosphate, a potent posi-
tive allosteric effector of the glycolytic pacemaker enzyme
6-phosphofructose-1-kinase. Simultaneously, TIGAR antag-
onizes cellular oxidative stress by upregulation of glucose flux
through the pentose phosphate pathway associated with
NADPH generation and glutathione reduction (26). More-
over, p53 promotes energy generation through oxidative
phosphorylation by upregulating expression of the cyto-
chrome ¢ oxidase assembly gene SCO2 (synthesis of cyto-
chrome c oxidase 2), and a glycolytic phenotype characteristic
of p53-deficient tumor cells is generated by genetic disruption
of SCO2 in cancer cells that express wild-type p53 (244).

Based on the seminal observation that glucose deprivation
induces oxidative stress and cytotoxic effects that seem to
target cancer cells with sufficient selectivity, small molecule
modulators of cancer cell energy metabolism that induce
phenotypic changes consistent with induction of oxidative
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FIG. 14. Prooxidant anticancer intervention targeting glucose metabolism. Metabolic targeting can occur through ad-
ministration of alternative energy substrates or small molecule modulators. These anatagonize or redirect glucose flux
through the glycolytic and pentose phosphate pathways with induction of energy crisis and oxidative stress in cancer cells.
Redox chemotherapeutics for metabolic targeting include 2-deoxy-D-glucose (69) and its improved derivative 2-fluoro-
2-deoxy-D-glucose (70), 3-bromopyruvate (71), dichloroacetic acid (72), and oxythiamine (73).

stress are an important class of indirect acting prooxidants
(Fig. 14) (4, 125, 167, 251, 270, 325).

A. Prooxidant intervention targeting glucose
metabolism: 2-DG and DCA

1. 2-Deoxyglucose. 2-Deoxy-D-glucose (2-DG; Fig. 14-69)
is a glucose analogue and antimetabolite thought to mimic the
effects of glucose deprivation by inhibition of glycolytic flux
resulting from noncompetitive inhibition of hexokinase and
competitive inhibition of phosphoglucose isomerase by the
2-DG metabolite 2-DG-6-phosphate, as reviewed in ref. 286. A
high rate of glucose uptake by tumor cells, exploited clinically
for tumor imaging using ['®F]2-fluoro-2-deoxyglucose-PET
scanning, favors 2-DG accumulation in tumors (44, 339).

Importantly, 2-DG exposure preferentially induces in-
creased levels of superoxide and H,O, in cultured cancer cells
versus nontransformed cells, a prooxidant metabolic effect
that seems to result from 2-DG-induced increased ROS leak-

age from mitochondrial sources and glutathione depletion,
amplifying preexisting oxidative deviations from redox ho-
meostasis found constitutively in tumors cells (15). It has been
suggested that under conditions of increased mitochondrial
respiratory activity imposed by the metabolic modulator
2-DG, alterations of mitochondrial structure and DNA in-
tegrity that result in constitutively increased electron leakage
are further enhanced in cancer cells. Recent studies suggest an
increasingly complex mechanism underlying 2-DG anticancer
action beyond activity as a metabolic blocking agent (286,
328). The crucial 2-DG metabolite 2-DG-6-phosphate has been
shown to act as a strong activator of the glucose-sensing
MondoA:MiIx heterdimeric transcription factor involved in
expression of the negative regulator of glucose uptake and
thioredoxin  antagonist thioredoxin-interacting protein
(TXNIP), suggesting that 2-DG-induced oxidative stress may
also result from interference with the thioredoxin-based cel-
lular antioxidant defense, an exciting hypothesis be substan-
tiated by future experiments (328). Moreover, interference
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with N-linked glycosylation has been identified as an addi-
tional causative factor contributing to 2-DG apoptogenicity
under normoxic conditions (202).

Numerous preclinical studies performed in cell culture and
animal xenograft models (including head and neck cancer and
pancreatic carcinoma) indicate that 2-DG is a potent sensitizer
of cancer cells towards ionizing radiation and chemothera-
peutic agents such as cisplatin, adriamycin, and paclitaxel (167,
242, 318). Based on an acceptable systemic toxicity profile and
promising clinical prototype data, safety and efficacy of the
investigational radio- and chemosensitizer 2-DG are being
studied in a large number of ongoing human Phase I and II
clinical trials (ClinicalTrials.gov Identifiers: NCT00247403,
NCT00096707, NCT00633087). It is interesting to note that a
series of synthetic 2-halogenated 2-DG analogs has been gen-
erated aiming at lead optimization based on in silico modeling
of molecular interactions between 2-DG and hexokinase I.
2-Fluoro-2-deoxy-D-glucose (Fig. 14-70) was identified as a
novel preclinical candidate with significantly increased target
affinity and more potent hypoxia-selective apoptogenicity than
2-DG (207).

In this context it should be stressed that human tumors
display a significant metabolic heterogeneity. For example, in
prostate cancer, energy production through fatty acid oxida-
tion is a dominant bioenergetic pathway that can render tu-
mors undetectable by 2-'*F-fluoro-2-deoxyglucose-PET and
their sensitivity to pharmacological intervention using 2-DG
may therefore be limited (221).

2. 3-Bromopyruvate. The alkylating agent 3-bromopyr-
uvate (3-BrPA; Fig. 14-71) is another potent glycolytic inhib-
itor that displays activity both in vitro and in vivo (195, 385,
386). Anticancer activity of 3-BrPA seems to depend on irre-
versible adduction and inactivation of hexokinase II, the key
enzyme maintaining high glycolytic fluxes in cancer cells
(243). Moreover, 3-BrPA antagonizes ADP-stimulated mito-
chondrial respiratory rate and energy production, leading to
energy crisis by depletion of cellular ATP in hepatoma and
leukemia cell lines. The role of ROS-mediated mitochondrial
dysregulation in 3-BrPA induced cell death has recently been
examined in hepatoma cells (190). 3-BrPA-mediated cell death
occurred through a signaling pathway initiated by ATP de-
pletion, followed by ROS production, loss of mitochondrial
membrane potential, PARP-1 hyperactivation, and AIF nu-
clear translocation. The potent antiglycolytic effects of 3-BrPA
on rats bearing RMT mammary tumors have been demon-
strated by examining reduction of ['®F]2-fluoro-2-deoxy-D-
glucose uptake after intravenous administration of 3-BrPA,
and therapeutic efficacy of 3-BrPA has been demonstrated in
various animal models including the rabbit VX2 model of
liver cancer (195, 243, 354).

3. Dichloroacetate. Another prooxidant metabolic mod-
ulator that has shown promising anticancer activity in
preclinical animal models is the pyruvate analogue dich-
loroacetate (DCA; Fig. 14-72), an inhibitor of mitochondrial
pyruvate dehydrogenase kinase isoforms (PDK1 and PDK2)
(186, 251, 295). PDK1 is transcriptionally controlled by HIF1«
and antagonizes mitochondrial energy production by inhibi-
tory phosphorylation of its substrate pyruvate dehydroge-
nase (PDH) enhancing glycolytic flux into lactate (37). In
cancer cells, this shift towards respiration favors depolariza-
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tion of the mitochondrial membrane with induction of ROS
production and release of proapoptotic factors. DCA-induced
generation of mitochondrially-derived ROS is also thought to
activate the redox-sensitive K* channel Kv1.5 in the plasma
membrane, involved in caspase activation and induction of
cancer cell apoptosis through reduction of intracellular po-
tassium ion concentrations. Importantly, molecular inhibition
of PDK2 by siRNA mimics DCA anticancer effects. In a rat
implantation model of lung cancer, DCA has shown signifi-
cant therapeutic efficacy (37). Rational design of novel PDK
inhibitors such as the PDK2 inhibitor AZD7545 is facilitated
through the availability of crystal structures for PDK1, PDK2,
and PDK3 (186).

The inhibitory activity of DCA on lactate production
brought about by its ability to shift the metabolism of pyruvate
from glycolysis towards oxidation in the mitochondria has led
to human trials of DCA administered as an oral drug for the
treatment of congenital lactic acidosis associated with mito-
chondrial encephalomyopathy. Safety and efficacy of DCA-
based anticancer chemotherapy are currently assessed in
multiple ongoing clinical trials. A Phase II study tests DCA in
malignant gliomas and glioblastoma multiforme patients
(ClinicalTrials.gov Identifier: NCT00540176) based on the ability
of DCA to readily cross the blood brain barrier. A Phase I single
arm trial combines radiotherapy and temozolomide with DCA
in patients with newly diagnosed glioblastoma multiforme
tumors (ClinicalTrials.gov Identifier: NCT00703859).

4. Oxythiamine. Recently, it has been demonstrated that
the transketolase isoform transketolase-like protein1 (TKTL1),
a key enzyme of the pentosephosphate pathway, is signifi-
cantly overexpressed in human tumors, and TKTL1 expres-
sion correlates with poor patient outcome and more
aggressive tumor progression (112). Genetic and pharmaco-
logical target validation confirms TKTL1 expression as an
important factor in driving tumor cell growth and increasing
tumor tolerance to oxidative stress (399). Indeed, small mol-
ecule TKTL1 inhibitors represent an emerging class of mod-
ulators of glucose metabolism with significant anticancer
activity associated with the induction of cellular oxidative
stress. Anticancer effects that result from inhibition of glucose
flux through the pentose phosphate pathway may originate
from impairment of NADPH-dependent cellular redox ho-
meostasis, fatty acid synthesis, and ribose-dependent nucleic
acid synthesis (289). Oxythiamine (Fig. 14-73), a thiamine
antagonist and potent transketolase inhibitor, displays sig-
nificant anticancer activity in Ehrlich ascites tumor cells im-
planted in mice (284). Structure-based design of synthetic
transketolase inhibitors displaying improved anticancer
activity is now an active area of anticancer drug discovery
(342).

B. Prooxidant intervention targeting mitochondria

Cancer cell mitochondria are attractive targets for anticancer
drug discovery (285, 344). Indeed, functional alterations of
cancer cell mitochondria including hyperpolarization of
transmembrane potential, excessive electron leakage, and an
increased threshold for drug-induced permeability transition
pore opening may provide the basis for cancer cell-specific
pharmacological intervention, as reviewed extensively else-
where (Fig. 15) (2, 273). It is now established that alterations in
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FIG. 15. Prooxidant anticancer intervention targeting mitochondria. Drugs that induce oxidative stress by modulation of
mitochondrial targets include redox silent a-tocopherol derivatives, including a-tocopherylsuccinate ester (74) and its orally
available esterase-resistant ether-derivative (75), 3,3'-diindolylmethane (76) and its potentiated derivative 5,5'-dibromo-3,3'-
diindolylmethane (77), the 1,4-benzodiazepine-derivative Bz-423 (78), the quinazoline-derivative erastin (79), and RSL5 (80).

mitochondrial respiration and oxidative phosphorylation re-
sult in aberrant mitochondrial apoptotic control and survival
signaling that favor tumorigenesis (133, 164). For example,
mutations in genes coding for mitochondrial electron transport
chain proteins can contribute to phenotypic changes associated
with cancer cells including constitutive electron leakage and
oxidative stress-induced mutagenesis underlying a mutator
phenotype that facilitates rapid development of chemoresis-
tance. It has recently been shown that succinate dehydrogenase
subunit C (SDHC) mutations cause increased superoxide pro-
duction, metabolic oxidative stress, and genomic instability
(164). Strikingly, the gene encoding the D-subunit of succinate
dehydrogenase (SDHD) can behave as a classic tumor sup-
pressor (133). Drugs that kill cancer cells through mitochon-
drial mechanisms that involve the induction of cellular
oxidative stress are therefore an important class of emerging
redox chemotherapeutics discussed in the following sections.

1. Targeting mitochondrial respiration: «-TOS, DIM,
and Bz-423. An important mechanism of action of
mitochondrially-targeted anticancer drugs is based on func-
tional impairment of mitochondrial energy production lead-
ing to increased ROS generation through respiratory
chain electron leakage and activation of the mitochondria-
dependent death signaling pathways (277, 285). It has recently
been shown that pharmacological interference with mito-
chondrial electron transport leading to increased superoxide
radical anion generation, especially through electron leakage
from complex I or III, represents a strategy to enhance apo-
ptosis of human leukemia cells induced by anticancer agents

(274). Indeed, leukemia cell sensitization to induction of ap-
optosis by doxorubicin or ionizing radiation was achieved by
upregulation of mitochondrial electron leakage using nano-
molar concentrations of rotenone, a specific inhibitor of mi-
tochondrial electron transport complex I. In a similar way,
increased cellular ROS levels detected in primary leukemia
cells isolated from patients with chronic lymphocytic leuke-
mia (CLL) compared with normal lymphocytes from healthy
donors were further enhanced by rotenone, a result that could
also be obtained using the antileukemia redox drug As,O;
capable of inhibiting mitochondrial respiration. It has already
been mentioned that recent evidence supports a mechanistic
role of complex III inhibition in anticancer activity of the di-
etary prooxidant factor benzyl-isothiocyanate (384).

It is important to note that cell death induced by oxidative
stress-associated respiratory dysfunction can occur by multi-
ple death pathways that may also include autophagy (16).
Indeed, recent evidence suggests that autophagic cell death
may occur in cancer cells as a consequence of elevated oxida-
tive stress, pharmacologically induced by respiratory chain
inhibitors. It has been suggested that mitochondrial electron-
transport-chain inhibitors (rotenone targeting complex I;
thenoyltrifluoroacetone targeting complex II) preferentially
induce autophagic ROS-mediated cell death in transformed
and cancer cell lines, whereas treatment of nontransformed
primary cells with electron chain inhibitors does not trigger
ROS-induced autophagy (66). Genetic evidence supports the
involvement of ROS in autophagic cancer cell death since
blocking SOD2 expression by siRNA in HeLa cells increased
ROS generation, autophagy, and cell death induced by
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rotenone and thenoyltrifluoroacetone, whereas siRNA-medi-
ated downregulation of the expression of autophagic genes
(beclin 1 and ATGS5) decreased rotenone- and TTFA-induced
cell death.

a. o-TOS. Pharmacological use of traditional biochemical
respiratory inhibitors for anticancer intervention is precluded
by an unfavorable toxicological profile, and considerable re-
search aims at the identification of drug-like molecules that
modulate mitochondrial respiration while offering an
acceptable therapeutic window. It has recently been demon-
strated that redox inactive (‘redox silent’) vitamin E analogues
increase mitochondrial electron leakage. Indeed, a-tocopher-
ylsuccinate ester (¢-TOS; Fig. 15-74) and its orally available
esterase-resistant ether- (Fig. 15-75) or isosteric amide ana-
logues have been shown to induce prooxidant, pro-apoptotic,
mitochondriotoxic effects that selectively target cancer cells
(257, 383, 401). In many cancer cell lines, redox silent vitamin
E analogues rapidly induce oxidative stress via formation of
superoxide radical anions from mitochondrial sources. Ex-
perimental evidence suggests that «-TOS impairs mitochon-
drial complex II (succinate dehydrogenase) function acting as
an ubiquinone antagonist that competitively binds to the
proximal (Qp) and distal (Qd) ubiquinone sites of complex II
causing functional disruption with superoxide formation
upstream of Bax-mediated mitochondrial apoptosis (88). In
addition, o-TOS displays BH3 domain mimetic activity that
may interfer with Bax/Bak inhibitory binding by Bcl-2/Bcl-
xL, thereby facilitating Bax propapototic activity. Redox in-
active vitamin E analogues display potent cancer cell apop-
togenicity and potentiate anticancer activity of doxorubicin,
cisplatin, and etoposide, most likely through a mechanism
that involves mitochondrial superoxide leakage followed by
glutathione depletion. Chemotherapeutic efficacy of these
agents was demonstrated in numerous preclinical animal
models including melanoma, colorectal, and prostate carci-
noma xenografts (22, 257), but systemic toxicity and lack of
antitumor activity of a-TOS were reported in an immuno-
competent murine mesothelioma model (162).

The observation that mitochondria-dependent induction of
oxidative stress potentially targets cancer cells with sufficient
specificity suggests that even mitochondrial F1Fy-ATP syn-
thase (complex V) may be a valid anticancer target (172). In-
deed, F1F;-ATP synthase inhibition using the prototypical
inhibitor oligomycin has been shown to induce cell cycle ar-
rest in response to rapid ATP depletion and cyclin D down-
regulation (126). However, no meaningful therapeutic
window that would allow cancer cell specific induction of cell
cycle arrest was established in these experiments using oli-
gomycin. Surprisingly, recent experimental evidence sup-
ports feasibility of pharmacological F,Fy-ATP synthase
inhibition for prooxidant anticancer intervention that occurs
with sufficient specificity.

b. 3,3'-Diindolylmethane. Strong experimental evidence
suggests that 3,3'-diindolylmethane (DIM; Fig. 15-76), a
chemopreventive dietary factor from Brassica vegetables,
exerts prooxidant anticancer activity as a mitochondrial F;Fy-
ATP synthase inhibitor (131). A molecular pathway was es-
tablished in human breast cancer cells linking initial F;Fo-ATP
synthase target modulation with DIM-induced cell cycle ar-
rest: Mitochondrial dysfunction through F;Fy-ATP-synthase
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inhibition was associated with rapid increase in mitochon-
drial ROS leakage upstream of p38 and JNK activation,
followed by transcriptional upregulation of the tumor sup-
pressor and cyclin-dependent kinase inhibitor p21 responsi-
ble for G; cell cycle arrest through hypophosphorylation
and activation of the Rb tumor suppressor. Interestingly,
DIM-induced mitochondria-dependent ROS formation and
induction of cell death through inhibition of F;F;-ATP syn-
thase was also demonstrated in the protozoan parasite
Leishmania donovani (298).

As observed with many pleiotropic chemopreventive die-
tary factors, DIM targets multiple cellular pathways involved
in carcinogenesis and tumor progression (304). DIM displays
estrogenic activity and acts as an activating ligand of the aryl
hydrocarbon receptor inducing nuclear translocation and
subsequent complex formation with the AhR nuclear trans-
locator. Generation of more efficacious chemotherapeutic
agents inspired by DIM is an active area of anticancer drug
discovery, and pharmacological dissociation of F;F,-ATP
synthase inhibition from ligand-based activation of multiple
nuclear receptors may represent a promising strategy for DIM
lead optimization (213, 304). For example, a synthetic DIM-
derivative, 5,5'-dibromo-DIM (Fig. 15-77), downregulated
cyclin D1 protein expression in MCF-7 and MDA-MB-231
breast cancer cells in a proteasome-dependent manner and
displayed pronounced mitochondriotoxic activity (355).

In numerous murine xenograft models of human cancer,
DIM displays potent chemopreventive and chemotherapeutic
activity (304). Remarkably, DIM is an established adjuvant for
recurrent respiratory papillomatosis in humans, a benign
noninvasive tumor caused by infection with HPV type 6 and 11
(373). DIM may prevent laryngeal papilloma growth causing
life-threatening airway obstruction, particularly in children
born to mothers with vaginal condyloma, an indication that is
subject of an ongoing Phase II clinical trial (ClinicalTrials.gov
Identifier: NCT00591305). Pharmacokinetics and tolerability of
oral DIM medication have been established in a recent Phase I
clinical trial (291). Oral DIM is currently evaluated in a ran-
domized, double-blind, placebo controlled Phase III clinical
trial for the treatment of cervical dysplasia (ClinicalTrials.gov
Identifier: NCT00212381). In this study, regression of cervical
dysplasia by oral DIM is assessed in otherwise healthy women,
and treatment response is examined as a function of HPV
colonization. Moreover, DIM anticancer efficacy is examined in
numerous clinical trials including nonmetastatic prostate can-
cer not responsive to prior hormone therapy (ClinicalTrials.gov
Identifier: NCT00305747).

c. Bz-423. A similar molecular pathway that harnesses
pharmacological ATP synthase inhibition has recently been
described in studies involving a promising synthetic small
molecule designed for antiproliferative intervention in psori-
asis (172, 357). The 1,4-benzodiazepine-derivative Bz-423 (Fig.
15-78) is an experimental antipsoriatic drug known to mod-
ulate the mitochondrial F;Fy-ATPase inducing the formation
of superoxide from the mitochondrial respiratory chain (33,
171). In an elegant study, the complete signaling pathway that
leads from impairment of ATPase activity to apoptotic cell
death has recently been elucidated (171). Bz-423-induced su-
peroxide activates cytosolic ASK1 and its release from thior-
edoxin, followed by a mitogen-activated protein kinase
cascade leading to the specific phosphorylation of JNK. JNK-
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FIG. 16. Redox chemotherapeutics tar-
geting tumor hypoxia. Tumor tissue
hypoxia (illustrated by the shaded trian-
gular pO, gradient) can be targeted by (1)
hypoxia-selective redox drugs, an impor-
tant class of developmental redox chemo-
therapeutics, including the bioreductively
activated hypoxia-selective prodrug tirapa-
zamine (81) and its improved derivative
6-morpholinopropyloxy-1,2,4-benzotriazine
1,4-dioxide (82), the hypoxia-activated
topoisomerase II-inhibitor prodrug AQ4N
(83), the nitrogen mustard prodrug PR-
104 (84), and (II) the HIF antagonist
PX-478 (85). (For interpretation of the
references to color in this figure legend,
the reader is referred to the web version
of this article at www.liebertonline.com/
ars).
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activation of the proapoptotic effectors Bax and Bak then in-
duces mitochondrial outer membrane permeabilization with
release of cytochrome c, followed by caspase activation and
cell death. Based on the hyperproliferative nature shared be-
tween psoriatic skin disease and tumorigenesis, it is tempting
to speculate that the drug-like molecule Bz-423 represents a
promising lead compound for the identification and devel-
opment of other prooxidant agents that induce apoptosis in
hyperproliferative cells through ligand-based inhibition of
mitochondrial ATP synthase.

2. Targeting VDACSs: Erastin

a. Erastin. A striking example of a redox-inactive
mitochondrially targeted drug-like agent that upregulates
cellular oxidative stress and preferentially induces cell death
in cancer cells is provided by the recent discovery of the
HRAS-oncogene-specific redox chemotherapeutic erastin.
The synthetic quinazolinone-derivative 2-(1-{4-[2-(4-chloro-
phenoxy)-acetyl]-piperazin-1-yl}-ethyl)-3-(2-ethoxyphenyl)-3H-
quinazolin-4-one (erastin; Fig. 15-79) was recently identified
as an active hit contained in a library of 24,000 compounds
that were screened for preferential cytotoxic activity against
human tumour cells containing the v-Ha-ras (Harvey rat
sarcoma viral oncogene homologue, HRAS) over isogenic
nontumorigenic cells lacking oncogenic RAS (85, 317, 388).
Oncogene-selective lethality of erastin was associated with
induction of a nonapoptotic oxidative cell death pathway that
was blocked by antioxidants, including a-tocopherol, butyl-
ated hydroxytoluene, and p-carotene. Erastin displayed
greater lethality in human tumor cells harboring mutations in
the oncogenes HRAS, KRAS, or BRAF, suggesting a synthetic
lethal mode of cytotoxicity, that is, pharmacological cell
elimination as a function of oncogene and tumor suppressor
gene expression patterns (85, 176, 350, 388, 393). Further
investigations demonstrated that mitochondrial voltage-
dependent anion channels (VDACs) are crucial molecular
targets of erastin since RNA interference-mediated knock-
down of VDAC2 or VDAC3 caused drug resistance. More-
over, direct binding of radiolabeled erastin to VDAC2 was

demonstrated. Erastin-VDAC interaction alters outer mito-
chondrial membrane permeability, leading to mitochondrial
functional impairment and induction of cellular oxidative
stress. Based on these promising preliminary data, it may be
concluded that redox-inactive VDAC ligands such as erastin
represent a novel class of redox chemotherapeutics that in-
duce oncogene-dependent oxidative cell death (317).

b. RSL5. Indeed, synthetic lethal screening has identified
more small molecule prototype agents that activate a non-
apoptotic oxidative cell death in oncogenic-RAS-harboring
cancer cells. Interestingly, oxidative cell death by the proto-
type agent RSL5 (Fig. 15-80) occurred in a MEK- and iron-
dependent manner and was blocked by RNA interference
targeting voltage-dependent anion channel 3 (VDAC3), rem-
iniscent of erastin—~VDAC interactions (317, 393). A mecha-
nistic link between expression of oncogenic RAS and
preferential sensitivity to ROS-dependent cell death induced
by VDAC-targeting small molecules was suggested by the
finding that oncogenic RAS-transformed cells display in-
creased iron content relative to their normal cell counterparts
through upregulation of transferrin receptor 1 and down-
regulation of ferritin heavy chain 1 and ferritin light chain.
Upregulation of cellular levels of redox active iron induced by
oncogenic transformation may represent a mechanism of
preferential redox sensitivity and may also explain sensitivity
of cancer cells to iron ion-activated peroxide drugs such as
artemisinins (as mentioned in Section II.A).

C. Targeting tumor hypoxia

It is now established that hypoxia is an important tumor
phenotype that contributes to tumorigenesis and tumor pro-
gression (42, 339). Hypoxic tumors display enhanced malig-
nancy, metastatic potential, and a degree of radio- and
chemoresistance that can pose a formidable obstacle to che-
motherapeutic intervention (102). Hypoxic conditions in
tumors originate from insufficient tumor vascularization
and oxygenation, selecting for genetic alterations and meta-
bolic adaptations that favor tumorigenesis under adverse
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conditions of limited oxygen supply. Tumor hypoxia repre-
sents a phenotypic alteration charcteristic of tumor tissue and
is therefore an important drug target for various classes of
anticancer therapeutics currently in preclinical and clinical
development. For example, recent studies have revealed that
low concentrations of established nitric oxide-mimetic drugs,
including glyceryl trinitrate and isosorbide dinitrate, can
overcome hypoxia-induced drug resistance through activa-
tion of NO signaling involving activation of soluble guanylate
cyclase, generation of cyclic GMP, and activation of cGMP-
dependent protein kinase. Indeed, nitric oxide mimetics exert
potent chemosensitization to doxorubicin as assessed in a
mouse xenograft model of human prostate cancer (113, 332).
The following section focuses on hypoxia-selective redox
drugs, an important class of developmental redox chemo-
therapeutics (42, 364).

1. Hypoxia-activated redox chemotherapeutics: TPZ,
AQ4N, and PR-104. Bioreductive activation of hypoxia-
selective prodrugs initiates the formation of cytotoxic organic
free radical and other reactive intermediates that kill cells
under hypoxic conditions, but spare cells under conditions of
normoxia due to oxygen-dependent electron transfer reactions
that lead to inactivation of the cytotoxic free radical interme-
diate (42, 364). Importantly, dependence on bioreductive acti-
vation through enzymes upregulated in the hypoxic tumor
environment including NADPH:cytochrome P450 reductase,
NQOL1, nitric oxide synthase, and xanthine oxidase may con-
tribute to the therapeutic window achieved by this class of
anticancer redox chemotherapeutics (24, 42, 312, 364).

a. Tirapazamine. The prototypic hypoxia-activated redox
chemotherapeutic tirapazamine (3-amino-1,2,4-benzotriazine
1,4-dioxide, TPZ; Fig. 16-81) directly causes DNA strand
breakage after single electron-reduction with formation of a
cytotoxic drug-free radical. This free radical with high one-
electron reduction potential first generates C1’-deoxyribose-
located DNA radicals and then reacts with these radicals
through transferring an oxygen atom, converting them into
base-labile lesions in the complete absence of oxygen (159).
According to the established chemical mechanism thought to
underlie drug selectivity, normoxic conditions in untrans-
formed tissue allow spontaneous electron transfer reaction
between the oxygen-sensitive TPZ free radical and molecular
oxygen, leading to formation of superoxide and regeneration
of the drug molecule without DNA free radical damage. In
clinical trials, TPZ has displayed modest therapeutic efficacy
that could be improved based on careful phenotyping of tu-
mors that display clinical parameters characteristic of hypoxia
determined by PET imaging with ['®F]-fluoromisonidazole
(239). A very limited hypoxia-selectivity of cytotoxicity [as
indicated by the hypoxic cytotoxicity ratio (HCR)in vivo: two-
to threefold] was observed with this prototype agent under
in vivo conditions, far below the level of selectivity achieved in
cell culture experiments (HCRin vitro: up to 100-fold) (91).
This functional differential translates into a pronounced at-
tenuation of drug efficacy in patients that may originate from
insuffient drug accumulation in the target tissue. In an at-
tempt to overcome pharmacokinetic limitations associated
with first generation hypoxia-selective redox chemothera-
peutics, recent drug discovery has focused on the identifica-
tion of novel agents with optimized extravascular transport
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and antitumor activity including 6-morpholinopropyloxy-
1,2,4-benzotriazine 1,4-dioxide (Fig. 16-82) that display en-
hanced HCRs as determined in specialized three-dimensional
cell culture models and tumor xenografts (145, 146, 148).

b. AQ4N and PR-104. Other hypoxia-activated prodrugs
with different hypoxia-activatable, cytotoxicity-determining
pharmacophores such as AQ4N and PR-104 have advanced
into clinical testing (42). AQ4N (banoxantrone; 1,4-bis{[2-
(dimethylamino)ethylJamino}-5,8-dihydroxyanthracene-9,10-
dione bis-N-oxide, Fig. 16-83), is a noncytotoxic N-oxide
prodrug preferentially converted in hypoxic tumor regions to
the ditertiary cationic amine AQ4, a potent inhibitor of to-
poisomerase II displaying high affinity to DNA that limits
diffusion of AQ4 beyond the tumor microenvironment (272).
In a recent Phase I open-label, accelerated dose escalation
study, AQ4N was well tolerated without toxicity at the
maximum tolerated dose (768 mg/mz) (272). AQ4N is cur-
rently examined in a Phase I/II clinical trial in combination
with radiotherapy and temozolomide in patients with newly
diagnosed glioblastoma multiforme (ClinicalTrials.gov Identi-
fier: NCT00394628). In another ongoing Phase I/II study,
AQA4N is tested in patients with lymphoid neoplasms (Clin-
icalTrials.gov Identifier: NCT00109356).

The hypoxia-activated nitrogen mustard prodrug PR-104
(Fig. 16-84) is a water-soluble phosphate ester, first hydro-
lyzed systemically to the alcohol form. Subsequently, the
electron-withdrawing nitro-group in para position to the mus-
tard functional group is bioreductively transformed and
thereby transformed into an electron-donating hydroxyl-
amine- or amine-substituent that acts as a nucleophilic trigger
for the activation of the alkylating mustard-group resulting in
hypoxia-specific DNA crosslinking and cytotoxicity. It has
also been demonstrated that PR-104 can be used in the context
of Clostridium-directed enzyme prodrug therapy (CDEPT), a
novel therapeutic strategy that targets hypoxic regions of
solid tumors using a genetically engineered nonpathogenic
strain of the bacterial genus Clostridium that expresses
prodrug-activating nitroreductase only in hypoxic target tis-
sues (220). A multicenter, open-label, dose escalation Phase I
trial examines safety and pharmacokinetics of intravenous
PR-104 given with prophylactic G-CSF in patients with solid
tumors, and hypoxia in solid tumors is determined using
using '®F-fluoromisonidazole PET imaging (ClinicalTrials.gov
Identifier: NCT00616213). PR-104 is also tested in a Phase II
trial in patients with previously untreated or relapsed small
cell lung cancer (ClinicalTrials.gov Identifier: NCT00544674).

2. Targeting HIF-1a: PX-478. Obviously, the transcrip-
tion factor subunit hypoxia-inducible factor-lalpha (HIF-1a),
due to its established role as the master regulator of hypoxia-
associated gene expression supporting malignant progression
and chemoresistance, is a major molecular target for drug
discovery that aims at redox and metabolic adaptations of
tumors. HIF-1 activity is regulated by the availability of the
HIF-1a subunit, which accumulates under hypoxic condi-
tions. Under normoxia, HIF-1a is hydroxylated on prolines
402 and 564 and is targeted for ubiquitin-mediated degrada-
tion by interacting with the von Hippel-Lindau protein
complex (pVHL) (368). It should be mentioned that another
oxygen-regulated subunit (HIF-2«) may play an analogous
proangiogenic role during embryogenesis and wound healing
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and may also be involved in tumor vascularization, as
recently demonstrated in a mouse model of neuroblastoma
(103, 226). Importantly, recent data indicate that HIF-2o. may
be expressed in tumor macrophages and neuroblastoma cells
located in well-vascularized tumor regions maintaining
tumor aggressiveness under normoxic conditions (226). Ge-
netic target validation has been achieved in mutiple test sys-
tems (e.g., by demonstrating that targeting HIF-1lo with
shRNA via transferrin receptor-mediated endocytosis inhibits
melanoma growth in vivo), an important pilot study that
suggests feasibility of therapeutic anticancer intervention
based on genetic antagonism of a redox target (222). More-
over, knockdown of HIF-2o by siRNA in cultured neuro-
blastoma cells, subsequently injected subcutaneously,
delayed tumor growth in nude mice (150).

a. PX-478. Recently, a small molecule inhibitor of con-
stitutive and hypoxia-induced HIF-1a levels and HIF activity,
PX-478 (S-2-amino-3-[4'-N,N,-bis(2-chloroethyl)amino]phenyl
propionic acid N-oxide dihydrochloride; Fig. 16-85), was
identified based on activity screening for inhibitors of HIF
transcriptional activity in a luciferase based reporter assay.
PX-478 inhibits expression of HIF-1 target genes including
VEGF and GLUT-1, displays potent anticancer activity in a
multitude of xenograft models (368), and is also active as a
radiosensitzer (269). Importantly, the antitumor response to
PX-478 is positively correlated with tumor HIF-1a levels (368).
In a recent study, it was demonstrated that hypoxia-induced
VEGF formation was inhibited by PX-478, whereas baseline
levels of VEGF in normoxia were unaffected, suggesting that
PX-478 may not be associated with adverse drug reactions
that could potentially result from complete blockade of
VEGF-dependent angiogenesis in nontumor tissue (196).
Moreover, PX-478 was shown to decrease levels of HIF-1«
mRNA and to inhibit translation, suggesting that PX-478 is a
multitargeted inhibitor of HIF-1« that does not act through
HIF-1« binding (196). PX-478 has entered clinical testing, and
the maximum tolerated dose of oral PX-478 is determined in
patients with advanced solid tumors or lymphoma (Clinical-
Trials.gov Identifier: NCT00522652).

V. Conclusions

A significant number of attractive molecular cancer targets,
many of which are amenable to redox intervention by small
molecule therapeutics, have now been identified and vali-
dated. Lead optimization of prototype redox chemothera-
peutics from natural and synthetic sources has led to the
development of advanced clinical candidates with pharma-
cophores that display attenuated and more targeted redox
reactivity with less off-target toxicity. In addition, structure-
based approaches have identifed redox-silent pharmaco-
phores that target cancer cell redox status and signaling
through ligand-based interactions. It seems particularly
promising that prototype studies have demonstrated feasi-
bility of gene-based redox intervention ranging from in-
tratumoral siRNA injection to adenovirus-based gene therapy
(25, 35, 340, 110, 150, 222, 319). These recent developments
may therefore herald a new generation of gene-based thera-
peutics that modulate expression of crucial redox targets in
cancer cells, as discussed throughout this review. The im-
pressive number of ongoing clinical trials that examine ther-
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apeutic performance of these novel redox drugs in cancer
patients demonstrates that redox chemotherapy has made the
crucial transition from bench to bedside. Further translational
research will be necessary to enhance the therapeutic benefit
provided by early developmental candidates, but it is now
evident that redox drugs represent a significant expansion of
the chemotherapeutic armamentarium providing novel
weapons that promise to impact the ongoing war on cancer.
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Abbreviations Used

17-AAG = 17-allylamino-17-demethoxygeldanamycin
AP-1 = activator protein 1
APE/Ref-1 = apurinic/apyrimidinic endonuclease/
redox effector factor-1
APL = acute promyelocytic leukemia
ARE = antioxidant response element
ASK1 = apoptosis signal-regulating kinase 1
3-BrPA = 3-bromopyruvate
BSO = L-buthionine-S,R-sulfoximine
CA = trans-cinnamic aldehyde (cinnamaldehyde)
CDC25 = cell division cycle 25 phosphatase
CML = chronic myelogenous leukemia
DADS = diallyldisulfide
DATS = diallyltrisulfide
DCA = dichloroacetic acid
2-DG = 2-deoxy-D-glucose
DIM = 3,3'-diindolylmethane
17-DMAG = 17-dimethylaminoethylamino-17-
demethoxy-geldanamycin
DMAPT = dimethylamino-parthenolide
DSF = disulfiram
ERE = estrogen responsive element
ER = estrogen receptor
GSSG = glutathione disulfide
GSTn = glutathione-S-transferase 7
HIF-1a = hypoxia-inducible factor-1a
HO-1 = heme oxygenase-1
H>0, = hydrogen peroxide
Keapl = Kelch-like ECH-associated protein 1
2-ME = 2-methoxyestradiol
MGd = motexafin gadolinium
MnTBAP = manganese (III) tetrakis-(5,10,15,20)-benzoic
acid porphyrin
NFxB = nuclear factor kB
NO = nitric oxide
NQO1 = NAD(P)H:quinone oxidoreductase
Nrf2 = nuclear factor-E2-related factor 2
NSAID = nonsteroidal anti-inflammatory drug
NSCLC = non-small cell lung cancer
PEITC = p-phenyethyl-isothiocyanate
PET = positron emission tomography
RNS = reactive nitrogen species
ROS = reactive oxygen species
RSS = reactive sulfur species
SAR = structure activity relationship
TEMPO = 2, 2, 6, 6-tetramethylpiperidine-1-oxyl
TKTL1 = transketolase-like protein 1
o-TOS = a-tocopherylsuccinate ester
Trx = thioredoxin
VDAC = voltage-dependent anion channel
VEGF = vascular endothelial growth factor
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