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Bioactivation of quinones by quinone reductases has
been studied extensively in recent years within the
context of biochemical toxicology and pharmacology.
Of crucial importance in this connection is the
evaluation of the chemistry of the individual quinones
and of the molecular mechanisms by which they are
activated. The physiological and toxicological
properties of quinones—whether naturally occurring,
or chemotherapeutic agents, or derived from the
oxidative metabolism of exogenous or endogenous
aromatic compounds—can be understood as a
consequence of their inherent chemical reactivity.
Two closely related properties of these compounds
are essential for the understanding of these effects:
first, their ability to undergo reversible oxido-
reduction reactions with formation of a semiquinone
intermediate and, second, their electrophilic charac-
ter, which enables them to undergo nucleophilic
attack. These chemical features are relevant to
rationalize the biological consequences of quinone
activation by enzymatic reduction and nucleophilic
addition, the latter being formally a two-electron
transfer process.

This commentary is concerned with the enzymatic
activation of quinones by DT-diaphorase
[NAD(P):H-(quinone acceptor) oxidoreductase;
EC 1.6.99.2] and the implications of this reaction
for cellular detoxification and toxicity, i.e. the
antioxidant and prooxidant functions of DT-
diaphorase. A brief review of the main kinetic
properties of DT-diaphorase is pertinent to this
discussion; a more detailed survey has been published
elsewhere [1].

In 1958, Ernster and Navazio [2] reported the
occurrence of a highly active diaphorase in the
soluble fraction of rat liver microsomes. They named
the enzyme DT-diaphorase, and in subsequent years
Ernster and his colleagues [3,4] provided data
regarding enzyme Kkinetics, purification, assay
conditions, activators and inhibitors, and comparison
with other NAD(P)H-oxidizing flavoproteins. DT-
diaphorase is a unique flavoenzyme in several
aspects: first, it displays a nonspecific reactivity
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towards NADH and NADPH and shows a broad
electron acceptor specificity, catalyzing the reduction
of quinones, quinone epoxides, quinoneimines,
certain aromatic nitro compounds, aromatic
C-nitroso compounds, azo dyes, and hexavalent
chromium [see Refs. 1, 5 and 6]. Second, DT-
diaphorase is strongly inhibited by dicumarol and
other oral anticoagulants [which are considered
competitive inhibitors of the enzyme with respect to
NAD(P)H]. Third, and perhaps the most striking
feature of DT-diaphorase relevant to this commen-
tary, is its so-calied ability to catalyze “obligatory”
two-electron transfers. The reduction potential of
the DT-diaphorase flavins has not been studied in
detail, although this parameter is regarded as a
critical factor in the reduction of quinones by
electron-transferring flavoproteins. Despite the lack
of information on the redox properties of this
flavoprotein, it is generally accepted that hydro-
quinones are formed during DT-diaphorase catalysis.
The release of a hydroquinone from the active site
of this enzyme was hypothesized to involve two
one-electron transfers: the expected semiquinone
intermediate may not be removed easily from the
active site and may be reduced to its hydroquinone
form by a subsequent one-electron transfer [7].

DT-diaphorase has been associated with different
aspects of research encompassing its function in the
detoxification of quinones and the prevention of
mutagenesis and carcinogenesis, its role in vitamin
K-dependent carboxylation, and its biosynthesis,
induction and coordinate transcriptional regulation
with other Phase Il enzymes. These and other aspects
were the subject of a conference in Stockholm in
1986 [see Ref. 8] and subsequent review articles
[1,5, 6,9, 10]. More recently, an extensive discussion
was presented on the potential role of DT-diaphorase
in enzyme-directed bioreductive drug activation with
emphasis on cancer chemotherapy [11, 12], a concept
recognized and developed by Sartorelli and his
colleagues [13] over 20 years ago.

The view of DT-diaphorase as a flavoenzyme
actively involved in the detoxification of quinones,
hence, as an antioxidant enzyme, is based mainly
on two of the properties mentioned earlier: its
apparent catalysis of two-electron transfers and the
observation that dicumarol, an inhibitor of DT-
diaphorase, enhanced toxicity inseveral experimental
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models. The former property, although lacking
chemical foundation, is considered crucial to its role
in cytoprotection against toxic chemicals [14] as
opposed to the one-electron activation of quinones
yielding semiquinone radicals. The latter aspect
deserves further comment: a protective function of
DT-diaphorase was suggested by studies showing
a dicumarol-dependent potentiation of quinone
toxicity in vivo, in cell cultures, in isolated cells, and
in perfused organs. This approach is rather
controversial, because dicumarol elicits more effects
at a cellular level than those that can be simply
ascribed to a specific inhibition of DT-diaphorase,
such as uncoupling of oxidative phosphorylation and
inhibition of enzymes such as glucuronyl transferases
[15], xanthine oxidase, xanthine dehydrogenase [16],
glutathione transferases and glutathione peroxidase
II [17]. In addition, the concentration of dicumarol
required to inhibit DT-diaphorase varies with the
quinone electron acceptor [18]. Thus, high doses of
dicumarol may be required to inhibit the DT-
diaphorase-mediated reduction of less efficient
electron acceptors, and this might affect biochemical
processes in cells other than DT-diaphorase-
catalyzed reactions [18]. Site-directed mutagenesis
of rat liver DT-diaphorase [19] and the use of
photoaffinity probes [20] identified a Tyr 128 residue
as the dicumarol-binding site, different from a
glycine-rich sequence that served as an NAD(P)H-
binding site [19]. Flavones, effective in the nanomolar
range and binding to sites different from those of
dicumarol, appear to be a new type of inhibitor of
DT-diaphorase [21].

On the other end, the involvement of DT-
diaphorase in metabolic pathways leading to
cytotoxicity also has been documented: DT-
diaphorase not only catalyzes the activation of
quinone-based anticancer compounds to hydro-
quinones, which rearrange into bioalkylating agents
[11, 12], but it also activates nitro compounds to
carcinogenic nitrosamines [22, 23] and facilitates the
cytosolic reduction of dinitropyrines (thus enhancing
mutagenicity studied in the Ames test) and that
of partially reduced metabolites to penultimate
mutagenic species [24]. DT-diaphorase appears to
constitute a major part of the total dinitropyrine
nitroreductase activity (induced by Aroclor 1254
pretreatment) [25].

The purpose of this commentary is to revise the
established dogma that purports DT-diaphorase as
an antioxidant enzyme protecting against quinone
toxicity and to survey the actual functions of DT-
diaphorase initself and in connection with superoxide
dismutase. It is expected that a critical analysis of
the reactions catalyzed by DT-diaphorase will
increase the understanding of the actual mechanisms
of action of this enzyme with emphasis on its role in
quinone activation. For the sake of convenience,
three types of hydroquinones formed during DT-
diaphorase activity can be distinguished (Fig. 1):
(I) redox-stable hydroquinones; (IT) redox-labile
hydroquinones that subsequently autoxidize with
formation of reactive oxygen species. This process
can be either inhibited or stimulated by superoxide
dismutase, and (IIT) hydroquinones that readily
rearrange to potent electrophiles participating in

bioalkylation reactions. These three instances share
a common activation by DT-diaphorase; however,
the inherent chemical reactivity of the hydrogquinone
formed is independent of the type of catalysis and
is strictly an expression of its functional group
chemistry, i.e. its substitution pattern. Pathway I
(Fig. 1), along with a concerted activity of DT-
diaphorase with superoxide dismutase (pathway Ila),
indicates an antioxidant or protective function
against quinone toxicity. Conversely, stimulation of
hydroquinone autoxidation by dismutase (pathway
IIb) and rearrangement of hydroquinones to
alkylating agents (pathway III) substantiate the
participation of DT-diaphorase in biochemical
processes leading to an expression of quinone toxicity
supported by either oxidative stress (a prooxidant
activity) or bioalkylation.

I DT-DIAPHORASE-CATALYZED FORMATION OF REDOX-
STABLE HYDROQUINONES

Ample evidence has accumulated that establishes
a protective role for DT-diaphorase against the
toxicity of quinones. This evidence originates
from cellular experimental models utilizing simple
quinones of the p-benzo- or naphthoquinone series
either unsubstituted or bearing alkyl substituents.
The biochemical basis for the protective role of DT-
diaphorase in quinone cytotoxicity—with reference
to this type of quinones—involves the following
aspects.

First, DT-diaphorase catalysis circumvents
semiquinone formation by one-electron quinone
reductases and, hence, the oxyradical production
during autoxidation of the latter [14]. This is
substantiated by many reports showing that the
prevalence of one-electron transfer activation of
quinones over DT-diaphorase catalysis is associated
with a high steady-state concentration of oxyradicals
leading to cytotoxicity. These experimental models
utilized unsubstituted or alkyl-substituted p-benzo-
or 1,4-naphthoquinones and quinoneimines in
isolated hepatocytes or endothelial cells [26-34] and,
in some cases, the prevalence of one-electron
reduction pathways (associated with cytotoxicity)
was supported by ESR studies identifying semi-
quinone and oxygen radicals. The experimental
support for a role of DT-diaphorase against the
toxicity of these quinones stems largely from models
entailing inhibition of the enzyme by dicumarol. A
comment on the various enzymes {other than DT-
diaphorase) inhibited by dicumarol was given above.
The two-electron reduced form of menadione
generated during DT-diaphorase catalysis is usually
considered a redox stable hydroquinone [14].
However, it was reported recently that the reduction
of menadione by purified DT-diaphorase resulted in
HO" formation and that dicumarol inhibited HO"
production and DNA single-strand breaks in MCF-
7 cells supplemented with this quinone [35]. The
antioxidant function of DT-diaphorase is usually
addressed in connection with prevention of quinone
cytotoxicity, and failure of the enzyme to prevent
other types of oxidative stress does not necessarily
antagonize its potential antioxidant properties. For
example, DT-diaphorase activity increased along
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Fig. 1. Antioxidant and prooxidant functions of DT-diaphorase in quinone metabolism. The reactivity
of the hydroquinone formed during DT-diaphorase catalysis, (I) redox stable, (II) redox labile, or (III)
alkylating agents, is a function of the substitution pattern (R) of the quinone.

with the activities of other antioxidant enzymes
(superoxide dismutase, catalase, and glutathione
peroxidase) during the late gestational rat fetal lung;
however, this increase in DT-diaphorase activity
failed to protect against hyperoxia in adulit rats [36].
This might be obvious when considering the type of
oxidants that are present in hyperoxic conditions.
Second, aromatization of the quinonoid ring via
DT-diaphorase catalysis decreases the electrophilic
character of the quinone, thereby restricting its
participation in arylation reactions. Hence, DT-
diaphorase indirectly prevents cytotoxicity orig-
inating from arylation reactions. For example, the
different ability to undergo 1,4-Michael addition
with cellular GSH and/or alkylate protein thiols
(rather than their ability to undergo redox cycling)
appears responsible for the cytotoxic effects of p-
benzoquinones with alkyl or halogen substituents as
well as for the dichloro-substituted naphthoquinone,
dichlone [37-40]. GSH reacts readily with quinones
possessing the appropriate substitution pattern and
inhibits efficiently the covalent binding of [*H]}-
menadione to calf thymus DNA [28]. This effect is
understood in terms of a competition of diverse
nucleophiles for the quinone and reveals the facility
of the reaction of the thiol with menadione resulting
in thioether derivative formation. Studies on the
contribution of arylation reactions and oxidative
stress to quinone-mediated cytotoxicity suggested
that arylation of cellular nucleophiles might be a
more effective mechanism than redox cycling {41].
This, of course, depends on cell-specific defense
mechanisms against oxidative stress: hepatocytes
seem to be endowed with defenses difficult to

overwhelm, whereas the inability of myocytes to
endure oxidative stress was summoned to explain
the cardiotoxicity of Adriamycin® {42]. Some effects
of dicumarol could also be cell specific: dicumarol
did not elicit any effect on the menadione-
induced DNA single-strand formation in cultured
hepatocytes, whereas it potentiated this process in
human fibroblasts [43].

Third, the predominant feature of the enzyme,
i.e. to catalyze the formation of hydroquinones,
furnishes the chemical requisites to facilitate
conjugation with glucuronide or sulfide, thus
facilitating metabolic inactivation and cell disposition
as water-soluble products. Although this view is
chemically correct, evidence for a concerted activity
of DT-diaphorase and UDP glucuronyl transferases
in quinone detoxification is still missing. The
dicumarol-sensitive glucuronidation of benzo[a]-
pyrene-2,6-quinone suggests the involvement of
DT-diaphorase in this process [44]. However,
interpretation of this effect is not straightforward,
because it could originate from the inhibition of a
specific UDP glucuronyl transferase along with that
of DT-diaphorase[18]. The one-electron activation of
quinones, as accomplished by NADPH-cytochrome
P450 reductase catalysis, may also facilitate con-
jugation with glucuronide provided that the
semiquinone species disproportionates readily to
quinone and hydroquinone [45] and that dis-
proportionation reactions prevail over autoxidation.

Strong evidence for an antioxidant function of
DT-diaphorase has been furnished in connection
with the deactivation of quinones derived from the
oxidative metabolism of benzene in the two main
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types of bone marrow stroma cells, macrophages
and fibroblastoid cells [46]. These studies are a good
example of the necessity of concerted enzymatic
activities to observe protection against quinone
cytotoxicity. The susceptibility of macrophages to
benzene-derived metabolites may be accounted for
in terms of their efficient activation via a peroxidase-
catalyzed reaction and of a low activity of DT-
diaphorase (which, as mentioned earlier, would
prevent arylation reactions) [47]. Also, UDP
glucuronyl transferase activity (which facilitates
upon conjugation the metabolic inactivation and
elimination of the hydroquinone) is higher than that
of DT-diaphorase in bone marrow macrophages;
thus, the latter enzyme may represent a rate-limiting
step in the detoxification of benzene-derived
quinones in these cells [48]. These differences in
enzyme levels explain the selective toxicity of the
benzene metabolite hydroquinone to macrophages
(relative to fibroblastoid cells) [47].

Fourth, in line with an antioxidant role for DT-
diaphorase is its induction along with other
detoxification (Phase II) enzymes [49]. This aspect
of DT-diaphorase research has been studied
intensively following the early observation that
induction of DT-diaphorase by small doses of
polycyclic hydrocarbons and azo dyes conferred
subsequent protection against the cytotoxic effects
of quinones [50]. Induction of DT-diaphorase results
from enhanced transcription and is triggered by a
wide variety of xenobiotics: a common denominator
of all inducers thus far is that they are electrophiles
that can be classified as Michael acceptors, whose
potency as inducers correlates with their efficiency
in Michael reactions {51]. A 41-bp enhancer element
appears to mediate inducer activity of these
compounds [49]. These inducers up-regulate DT-
diaphorase at the transcriptional level through the
xenobiotic responsive element (XRE; mediated by
the Ah receptor and activated by planar aromatic
compounds) or through the antioxidant responsive
element (ARE; mediated by members of the Jun/
Fos protooncogene families and activated by phenolic
antioxidants such as rert-butylhydroquinone) [52, 53].
Activation of the ARE may involve an oxidatively
regulated protein, similar to the oxy R protein that
regulates antioxidant defense in bacteria and yeast
[54]. A model for the mechanism of regulation of
human DT-diaphorase gene expression in tumor
cells hypothesizes the transfer of a “redox signal”
from unknown redox proteins, which in turn modify
the Jun and Fos proteins for greater affinity towards
the AP1 site within the human ARE, resulting in
the transcriptional activation of the DT-diaphorase
gene expression [55].

Il DT-DIAPHORASE-CATALYZED FORMATION OF REDOX-
LABILE HYDROQUINONES

A simple example of the influence of the
substitution pattern on the chemical reactivity of
hydroquinones is provided by menadione (2-
methyl-1,4-naphthoquinone) and its glutathionyl
thioether  (2-methyl-3-glutathionyl-1,4-naphtho-
quinone). DT-diaphorase catalyzes the reduction of
the former to a redox-stable hydroquinone [14, 56]

and that of the latter to a redox-labile hydroquinone,
which autoxidizes at substantial rates [56]. This
cannot be explained by changes in the reduction
potential of the quinone elicited by a glutathionyl
substituent:the E(Q/Q" ™) values of menadione and
its thioether derivative, i.e. —203 and —192mV,
respectively, differ only slightly [57].

Depending on the effect of superoxide dismutase
on the free radical decay pathways of the redox-
labile hydroquinones formed during DT-diaphorase
catalysis, two types of compounds could be
distinguished: redox-labile hydroquinones whose
autoxidation is inhibited by superoxide dismutase
and those whose autoxidation is stimulated by
superoxide dismutase.

DT-diaphorase and Superoxide Dismutase: A Con-
certed Antioxidant Activity

DT-diaphorase-catalyzed reduction of naphtho-
quinones bearing glutathionyl, methoxyl, and
hydroxyl substituents (the latter in the quinonoid
ring) yields redox-labile hydroquinones [56, 58].
Also, 2,3-epoxy-p-benzo- and 1,4-naphthoquinones
autoxidize readily (probably via a 2-OH-substituted
intermediate) following their reduction by DT-
diaphorase [59, 60].

Propagation of hydroquinone oxidation proceeds
via O, according to the following reactions:

Q'“+02%Q+O§_ 1)

QH +H*+0O;” - Q ~ + H,0, )

Reaction 2 and, thus, propagation of hydroquinone
oxidation, is inhibited by superoxide dismutase,
which catalyzes the fast disproportionation of O;™
to H,O, (reaction 3). Formation of the latter

03~ + 03~ + 2H* > H,0, + O, 3)

species is minimal under these circumstances, for
the steady-state concentration of O;~ is negligibly
small: it is formed during semiquinone autoxidation
and consumed during hydroquinone oxidation (Fig.
2). Depending on the physico-chemical properties
of the semiquinone, the former reaction proceeds at
fast rates; the equilibrium constant, K;, for most
naphthoquinones referred to in this section is above
unity [i.e. the reduction potential E(Q/Q" ™) values
are more negative than the E(O,/O;7) value].
Reaction 2 is expected to proceed fairly rapidly
through a mechanism analogous to the oxidation of
ascorbate and phenols by O, [61]. Although a
good correlation has been observed between the
one-electron reduction potential of various quinones
and their ability to be reduced by the one-electron
transfer flavoprotein, NADPH—cytochrome P450
reductase [62, 63], there is no correlation between
the reduction potential of quinones and their rate
of reduction by DT-diaphorase. Neither could
correlations be established based on the partition
coefficient of the quinones or the occurrence of
electron-donating or withdrawing substituents that
modulate the transfer of reducing equivalents onto
the quinonoid ring [56].

The scheme in Fig. 2 emphasizes the role of
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Fig. 2. Superoxide radical-mediated propagation of
hydroquinone autoxidation. Numbers 1 and 2 in the figure
correspond to equations 1 and 2 in the text.

O;~ as a propagating species in hydroquinone
autoxidation in a manner analogous to that described
for autoxidation of 6-hydroxydopamine [64], dialuric
acid, divicine and isouramil [65], and some
hydroquinones generated during DT-diaphorase
catalysis [58].

Thus, despite the formation of redox-labile
hydroquinones during DT-diaphorase catalysis, the
concerted activity of this enzyme with superoxide
dismutase results in inhibition of H,0, formation
and enhancement of the steady-state concentration
of the hydroquinone species. An example of
the antioxidant character of the DT-diaphorase/
superoxide dismutase concerted activity was provided
by the suppression of oxygen radical formation
arising from the redox transitions of the dopamine-
derived o-quinone [66]. Adrenochrome, an o-
quinone derived from the antoxidation of adrenaline
and which exhibits neurotoxic and cardiotoxic
properties, is also reduced efficiently by rat brain
and liver DT-diaphorase [67]. Interestingly, a recent
report showed induction of DT-diaphorase and
Cu,Zn-superoxide dismutase, but not of Mn-
superoxide dismutase, when human blood mono-
nuclear cells were exposed to visible light [68].

Protection against quinone cytotoxicity (regardless
of whether the formation of redox-labile or redox-
stable hydroquinones is favored) does not appear to
be solely a function of DT-diaphorase activity. The
concerted activities of DT-diaphorase and superoxide
dismutase and DT-diaphorase and UDP glucuronyl
transferase are some examples. In addition, the
higher resistance to the deleterious effects of 2,3-
dimethoxy-1,4-naphthoquinone in the eukaryotic
cell line 3T3-GGT appears to be dependent on a y-
glutamyl transpeptidase-mediated increase of the
utilization of extracellular GSH [69].

Quinone thioethers, such as the glutathionyl
conjugates of 1,4-naphthoquinones, are particularly
interesting because they form readily upon sulfur
nucleophilic attack on the quinones and because
they are substrates for quinone reductases. A
distinction should be made between the redox-labile
semiquinone and hydroquinone thioethers: the
autoxidation of the former is enhanced by superoxide
dismutase, whereas that of the latter is inhibited by
the enzyme [58]. Also, at variance with alkylating
quinones which do not redox cycle, GSH does not
confer protection against this type of quinone-
mediated oxidative stress [70].

Stimulation of Hydroquinone Autoxidation by
Superoxide Dismutase

DT-diaphorase catalyzes the formation of redox
labile hydroquinones with a particular redox
chemistry. At variance with what was described in
the previous section, the oxidation of these
hydroquinones is enhanced by superoxide dismutase.
These features are an expression of the physico-
chemical properties of the quinone and are
understood as follows {71].

First, the reduction potential of the Q/Q" ™ couple
for these compounds is less negative than that of the
0,/0;~ couple; hence, the equilibrium constant K
(reaction 1 above) is below unity. k;b prevails over
k;f, and O;~ is expected to reduce the quinone to
the semiquinone at fairly high rates, thereby
enhancing the steady-state concentration of the
latter. This view is supported by a careful study
using 2,5-bis-(1-aziridinyl)-benzoquinone derivatives
with different reduction potentials [the E(Q/Q ™)
values ranged between +3 and —160 mV] [72]. These
derivatives inhibited the formation of O, and H,O,
during xanthine oxidase catalysis and, hence, the
xanthine oxidase-mediated DNA strand break.
These effects were explained partly by the efficient
removal of O;™ by some quinones as in reaction 1b.
This in vitro study is important when considering
the relative contributions of free radical mechanisms
and alkylation reactions to the cytotoxicity exerted
by chemotherapeutic agents. The reactions are
complex and require consideration of multiple
competing radical decay processes, such as semi-
quinone and O;~ disproportionation [72]. Trapping
of O;™ by this type of antitumour quinones (as in
reaction 1b) does not exclude the formation of H,0,,
which would ensue according to reaction 4 below.
Reactions 16 and 4 suggest a small steady-state
concentration of O;™ in this redox cycling model,
at variance with that of H,0, [72].

Q™ +0;" +2H"—> Q + H,0, 4)

Second, the steady-state concentration of the
semiquinone may be further enhanced by the
prevalence of the comproportionation over the
disproportionation  reaction (ksb > ksf). For
example, the decay of the semiquinone form of
diaziquone via disproportionation proceeds at rates
that are slow for quinone radicals, that is, 2-3 orders
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Fig. 3. Role of semiquinone species in DT-diaphorase-catalyzed reactions.

of magnitude slower than those reported for
mitomycin and Adriamycin [73].

Q"+Q"%Q+Qz‘ %)

The two features described above contribute to
an enhanced steady-state concentration of the
semiquinone species, which is expected to play a
crucial role in the redox transitions of this type of
quinones. This view is summarized in the scheme in
Fig. 3. In compliance with these properties, some of
the semiquinone species in this group can be detected
by ESR in aerobic conditions.

A third property could potentially contribute to
an enhanced steady-state concentration of the
semiquinone species: when suitable functional groups
are present, they can hydrogen bond strongly with
neighboring carbonyl groups of the quinone moiety;
intramolecular hydrogen bonding tends to stabilize
the semiquinone by decreasing hydrogen bonding
with solvent molecules, as in the case of hydroxyl-
substituted, aromatic-ring naphthosemiquinones [74]
and aziridinyl-substituted benzoquinones [75]. Some
hydroxyl-substituted, aromatic-ring naphthosemi-
quinones are stable in anaerobiosis over a limited
pH range, but the ESR signal rapidly disappears in
the presence of O, [74].

These concepts, in principle, may be summoned
to account for the chemical reactivity of diverse
redox-labile hydroquinone forms of the anticancer
compound generated by DT-diaphorase catalysis:
diaziquone (AZQ), bioreductive alkylating naph-
thoquinones bearing substituents at C, such as—
CH,Cl,—CH,0CH;, and—CH,0OH, and naphthol
derivatives with both quinone and diol functionalities,
such as naphthazarin and juglone. The features
described above contribute to different extents to
the redox transitions of these compounds during
DT-diaphorase catalysis.

Diaziridinylbenzoquinones. The  antitumour
activity of the first compound, diaziquone, is
attributed to its quinone moiety and aziridinyl
substituents; the former participates in redox cycling
processes and, hence, oxygen radical production,
whereas the latter is essential for the alkylating
properties of this compound. Diaziquone is reduced
to the hydroquinone form by either purified DT-
diaphorase or DT-diaphorase activity in the S9
fraction of MCF-7 human breast carcinoma cells

[75-79]. HO" formation during the course of AZQ
activation by the S9 fraction of MCF-7 cells was
suppressed by dicumarol, thus suggesting a DT-
diaphorase-supported redox cycling of the quinone
(76]. Autoxidation of the hydroquinone species
entails the formation of diverse radicals, such as
0;~, HO’, and that of the semiquinone form of
diaziquone (AZQ" ™) [78, 79]. The observation of a
semiquinone signal is explained by the concepts
outlined in Fig. 3.

Taken together, DT-diaphorase appears to be
involved in the activation of AZQ to radical species
and responsible for plasmid DNA strand breakage.
It is also likely that oxygen radicals may underline,
in part, the cytotoxicity of diaziquone towards
Chinese hamster ovary cells [80] and hepatocytes
[81]. Conversely, DT-diaphorase activity confers
protection to isolated hepatocytes during the
metabolism of trenimon (an aziridinylbenzoquinone
derivative) [82], whereas the enzyme potentiates
toxicity by this compound in L5178Y murine
lymphoblastic cells [83]. These controversial obser-
vations suggest that DT-diaphorase is not unique in
contributing to the expression of, or protection
against, quinone toxicity and that cell specific factors
are likely to play a significant role in these processes.

Aziridinylbenzoquinones  bearing halogen
(—CL—F, or—Br) at C; and Cg4 autoxidize readily
following their enzymic activation or glutathione
nucleophilic substitution. This process is associated
with DNA strand breaks, which are inhibited by
superoxide dismutase.* DNA strand break formation
may proceed in a manner entailing a semiquinone-
dependent reduction of metal ligands bound at the
DNA surface and leading to site-specific, HO"
production. Of note, the role of DT-diaphorase in
enzyme-directed bioreductive drug development
should be considered carefully when quinones
containing halogen substituents are evaluated. These
compounds, along with the alkylating agent 2-
chloromethyl-naphthoquinone, inhibit DT-
diaphorase in a dose-dependent manner and with a
kinetic behavior similar to that described for
dichlorophenolindophenol [84].

Superoxide dismutase enhances the autoxidation
of the hydroquinone form of AZQ and suppresses

* Goin J, Butler J and Cadenas E, Manuscript submitted
for publication.
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the ESR signal of AZQ' ™ [79] and, therefore, this
enzyme facilitates the oxidative decay of the
semiquinone. This effect is explained in terms of a
displacement of the equilibrium of reaction 1 towards
the right-hand side upon rapid removal of O;™ (i.e.
kif >> k,b) [85]. GSH, on the other hand, facilitates
the reductive decay of the semiquinone: the thiol
also suppresses the ESR signal of AZQ'~ and
promotes hydroquinone formation [71, 79]. This is
accounted for by the electron transfer depicted in
reaction 6. This reaction is thermodynamically
unfavorable for the case of aziridinylbenzo-
semiquinones (as well as other semiquinones) despite
the low reduction potential of these species [e.g.
E(AZQ ~/AZQ*")=-39mV and E(GS’, HY/
GSH) = + 850 mV]. The thermodynamic restriction
is overcome kinetically when the equilibrium of
reaction 6 is displaced towards the right upon the
rapid removal of thiyl radicals upon conjugation
with thiolate (see below) [see Ref. 86).

Q ~ + RS+ H*— QH, + RS’ (6)

Therefore, catalytic amounts of superoxide
dismutase and large amounts of GSH are able to
determine the fate of the semiquinone form of AZQ
in terms of an oxidative and a reductive pathway,
respectively. Accordingly, both superoxide dis-
mutase and GSH abolish the AZQ semiquinone
ESR signal [71, 79].

2-Alkylnaphthoquinones. A salient feature of the
redox transitions encompassed by the one- and two-
electron catalysis of the bioalkylating agent 2-
methylmethoxy-1,4-naphthoquinone is the different
contribution of disproportionation and autoxidation
reactions, respectively. In the former case, semi-
quinone disproportionation prevails, whereas during
DT-diaphorase catalysis autoxidation is the main
free radical decay pathway. These differences are
abrogated by superoxide dismutase, which enhances
autoxidation during NADPH-cytochrome P450
catalysis to a maximal value. DT-diaphorase-
mediated activation of 2-methylmethoxy-1,4-naph-
thoquinone leads to calf thymus DNA strand break
formation, a process partially sensitive to superoxide
dismutase and/or catalase [87].

Hydroxy-substituted, Aromatic Ring Naphtho-
quinones. Naphthazarin (5,8-dihydroxy-1,4-naph-
thoquinone) is the basic unit of tetracyclic antitumour
antibiotics such as daunorubicin, Adriamycin, and
carminomycin. Naphthazarin and its thioether
derivative are efficiently reduced by one-electron
reductase and DT-diaphorase, and in both instances
superoxide dismutase enhances the formation of
oxyradicals [88, 89]. As a corollary, these compounds
have proved to be highly cytotoxic quinones in
isolated hepatocytes [90].

The role of DT-diaphorase in catalyzing the
formation of redox-stable (Fig. 1, pathway I) and
redox-labile (Fig. 1, pathway IIb) hydroquinones is
illustrated by the following examples. Pretreatment
of replicating cells with dicumarol enhanced the
cytotoxicity of 1,4-naphthoquinone (redox stable)
but did not elicit changes in the cytotoxicity of 5-
hydroxy- and 5,8-dihydroxy-naphthoquinones [91].
The doxorubicin resistance developed by human
leukemia cell lines (HL-60), involving slightly

increased superoxide dismutase and DT-diaphorase
activities, did not prevent the cytotoxic effects of 5-
hydroxy- and 5,8-dihydroxy-1,4-naphthoquinones
{92]. Doxorubicin, on the other hand, was not a
substrate for purified rat Walker 256 tumor DT-
diaphorase, but for an NADPH-cytochrome P450
reductase present in Sp107 rat mammary carcinoma
[93].

Anthraquinone-based Antitumor Agents. Acti-
vation of anthraquinone-based antitumor agents,
such as mitoxantrone, daunorubicin, and amet-
antrone, by DT-diaphorase was associated with the
formation of O;~, H,0, and HO" as indicated by
ESR spin-trapping studies [94]. The cytotoxicity
and genotoxicity of several hydroxy-substituted
anthraquinones to V79 cells were decreased (rather
than enhanced) by dicumarol, thus suggesting a role
for DT-diaphorase in the activation of these
compounds within a process that entailed the
formation of oxyradicals [95].

Redox-labile Hydroquinones and Thiol Reactivity

Thiol reactivity is a central feature of quinone
cytotoxicity, and two key reactions can be invoked
to account for these effects. First, alkylation reactions
resulting in quinone-thioether formation and sup-
ported by the electrophilic character of quinones
and their high reactivity towards sulfur nucleophiles,
i.e. nonprotein and protein thiols. The chemical
considerations for the sulfur addition and substitution
chemistry of quinones have been surveyed in an
excellent review article {96]. Second, thiol oxidation
by oxyradicals generated during quinone metabolism.
Thiol arylation and oxidation account for the
following aspects of quinone cytotoxicity.

Many quinone-thioethers derived from the inter-
action of quinones with GSH possess biological
activity. A clear example is the ability of the
menadione-glutathionyl conjugate to redox cycle
following its activation by one-electron {97, 98] and
two-electron [56] transfer flavoproteins. Glutathionyl
adducts of some quinoneimines bind to calf thymus
DNA [99], and certain halogen-containing quinone
thioethers are potent and selective nephrotoxicants
[100-103].

Oxidation (rather than alkylation) of thiols is
observed during the exposure of hepatocytes to
various quinones: the fall of reduced glutathione
(GSH) and the concomitant rise in oxidized
glutathione (GSSG) precede the decrease in protein
sulfhydryls [26,41]. The mechanisms underlying
cytoskeletal damage differ depending on whether
the quinone acts primarily by oxidative stress or
alkylation {26]: oxygen radicals ensuing from
quinone-supported redox cycling mediate an oxi-
dation-dependent actin cross-linking (sensitive to
dithiothreitol) [104]. Likewise, a similar mechanism
was brought forward to account for the marked
changes observed in the intracellular pyridine
nucleotides [105], which seem to be a requirement
for Ca®* release {106, 107].

Alkylation and thiol oxidation are not necessarily
independent processes: extensive GSH oxidation by
oxygen radicals accompanies the thiol nucleophilic
addition to 2-methyl-1,4-naphthoquinone alkylating
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agents [108), and semiquinone thioethers result from
these interactions [109, 110].

The redox properties of the hydroquinones
generated during DT-diaphorase-catalyzed reactions
(as in pathways I and IIa, b in Fig. 1) are critical to
the understanding of thiol reactivity and of the
cytotoxic implications for these processes. Although
these reactions are complex and their features not
fully understood, their analysis requires consideration
of the interdependent redox transitions involving
quinones (reaction 7), oxygen (reaction 8), and the
thiol/disulfide system (reaction 9):

T
QH,=Q' ™~ =Q 7
02 = Oé_ i HzOz — HO" (8)
RS~ — RS’ — RSSR )

057 (or HO;3), HO’, and the semiquinones formed
during the hydroquinone redox transitions can
facilitate with different efficiencies the RS™ RS’
transition. The thermodynamic and kinetic aspects
involved in thiol oxidation by semiquinones were
referred to above in reaction 6. Conjugation of thiyl
radicals with thiolate (reaction 10) is a critical factor
in these reactions [see Refs. 96 and 111] resulting in
disulfide anion radical formation, which subsequently
autoxidizes with formation of O, (reaction 11).
These relationships, which apply to some extent to
models entailing the autoxidation of

RS — RS~ — RSSR™~ (10)
RSSR'~ + O,— RSSR + 05~ (11)

dihydropyrimidines and alloxan [65] and the
reactivity of 1-naphthoxyl radical with GSH [112],
have been critically analyzed by Wardman [86, 111]
and further discussed in connection with O;~
reactivity by Winterbourn [113] and on thermo-
dynamic grounds by Koppenol {114]. When guinones
are concerned, RS° and RSSR'™ can decay by
pathways other than those shown in reactions 10 and
11: methyl-substituted p-benzohydroquinones are
readily.oxidized (ky; ~ 107 M~'sec™!) by GS°, and
benzoquinone and methyl-substituted derivatives are
reduced to semiquinones by GSSG'™ at high rates
(ki3 ~ 10%-10° M~ lsec™) [115].

RS + QH,—>RSH+Q ~ +H* (12
RSSR'™ + Q—>RSSR + Q' ~ (13)

Within the context of this commentary, it is
important to characterize the modulation of thiol
reactivity by superoxide dismutase within pathways
involving DT-diaphorase activity. The effect of
superoxide dismutase on thiol oxidation permits one
to address quinone reactivity, and its further
implications for cytotoxicity, in terms of their
bioreductive activation systems and the inherent
redox transitions. The RS™>RS " transition is mainly
coupled. to semiquinone (reaction 6) and O;~
reduction; although neither reaction is expected to
occur at appreciable rates, there are numerous
reports documenting their occurrence in biological
settings.

During the thiol-mediated reductive decay of the

semiquinone (reaction 6), the focus of superoxide
dismutase activity is centered on a reaction down
the free radical chain, i.e. displacing the equilibrium
of reaction 11 via reaction 3. Thus, the radical
character is transferred according to the sequence
in reaction 14 and, finally, via disproportionation to
a non-radical product, H,Oy. Two oxidizing radicals
(Q"~/Q?~ and GS'/GS~, with positive E* values)
and two reducing radicals (GSSG/GSSG ~ and O,/
O;~ with negative E°’ values) are generated during
this sequence. The overall effect is expressed as an
enhancement of GSSG and H,0, accumulation by
superoxide dismutase.

Q- -GS >GSSG'~—>0;~ (1)

Thiyl radical formation during thiol oxidation by
O;~ is also suppressed by superoxide dismutase.
However, in these instances the effect entails
prevention of thiyl radical formation, and this is
expressed as an inhibition of GSSG accumulation
by the enzyme.

These features are inherent in the metabolism of
the 2-methylmethoxy-naphthoquinone bioalkylating
agent by one- and two-electron transfer flavoproteins
[87). GSSG accumulation was stimulated and
inhibited by superoxide dismutase during the
activation of the quinone by NADPH-cytochrome
P450 reductase and DT-diaphorase, respectively.
These diverse effects do not necessarily reflect the
mode of activation of the quinone, i.e. one-
versus two-electron transfers. The steady-state
concentrations of semiquinone and O;~ appear to
be crucial factors contributing to the prevalence
of either pathway. Under situations in which
[Q s > [0:7 ]ss, superoxide dismutase favors the
radical transfer in the sequence in reaction 14. Con-
versely, when [Q 7] < [0; 7 ], superoxide dismu-
tase prevents thiyl radical formation and GSSG
accumulation. These relationships are summarized
in Fig. 4. In addition to the decay pathways for thiyl
radicals described here, it should be considered that
these radicals are potent oxidants capable of H
abstraction and initiation of lipid peroxidation [116].

In summary, the molecular mechanisms described
in this section illustrate a complex network of free
radical reactions involving multiple competing radical
decay processes and redox reactions that are
not necessarily irreversible. The antioxidant or
prooxidant features inherent in the concerted and
individual activities of DT-diaphorase and superoxide
dismutase and the further implications for thiol
oxidation require (a) consideration of the redox
activity of the primary hydroquinone product (an
expression of its functional group chemistry), (b)
recognition of different radical specles and their
relative steady-state concentrations, (c) identification
of prevalent free radical decay pathways, and (d)
characterization of the multiple points in the free
radical chain where superoxide dismutase can exert
its activity.

III DT-DIAPHORASE-MEDIATED FORMATION
ALKYLATING AGENTS

OF BIO-

Enzyme-mediated aromatization of quinones leads
to loss of their electrophilic character and, hence,
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Fig. 4. Effect of superoxide dismutase on the redox transition of thiyl, semiquinone, and superoxide
radicals.

restricts their participation in arylation reactions.
This is usually considered as part of the protective
functions of DT-diaphorase against quinone cyto-
toxicity (Fig. 1, pathway I). This assumption is
correct and usually applies to hydroquinone species
with simple substitution patterns. Conversely, the
two-electron enzymic reduction fulfills the chemical
requirements for activation of quinones to potent
electrophilic compounds upon facilitation of oxi-
dative elimination of a leaving group (with formation
of a quinone methide) or aziridinyl ring opening,
and subsequent eclectrophilic attack on cellular
nucleophiles [11-13] (Fig. 1, pathway III).

The implications of quinone methide formation
during DT-diaphorase-catalyzed activation of mito-
mycin C and, consequently, its bioalkylating activity
are well documented by numerous studies using cell
lines rich or deficient in DT-diaphorase activity and
evaluating the sensitivity of cytotoxicity to dicumarol.
Despite this, no correlation seems to exist between
DT-diaphorase levels and sensitivity to mitomycin
C, whereas a correlation was found for the case
of EO9, an indoloquinone bearing aziridinyl
substituents in mouse and human colon carcinomas
{117-119]. On the other hand, studies carried out
with purified DT-diaphorase failed to show reduction
of this chemotherapeutic agent. This controversy
was resolved recently by Ross and his colleagues:
an excellent discussion and a brief historical
perspective on the subject were covered in a recent
review [12]. Briefly, mitomycin C was reduced
effectively by DT-diaphorase at pH 5.8, and the pH-
dependent metabolism of mitomycin C was explained
by the ambivalent behavior of the quinone methide
intermediate: at near physiological pH, the methide
functioned as an electrophile alkylating and inhibiting
the enzyme, whereas at low pH values, the quinone
methide was converted into a nucleophile upon rapid

deprotonation, leading to 2,7-diaminomitosene
formation. In the latter instances, no inhibition of
DT-diaphorase occurred [120, 121].

There seems to be a general consensus that DT-
diaphorase activity has only a limited role in the
cellular activation of mitomycin C under hypoxic
conditions, whereas the enzyme appeared to activate
the drug efficiently in aerobiosis [122, 123]. Despite
the selective activation of mitomycin C by DT-
diaphorase in aerobiosis, the hydroquinone form
apparently does not autoxidize, thus excluding the
participation of oxyradicals in DNA damage [121].
Indeed, free radical contribution to mitomycin
cytotoxicity is a controversial issue: mitomycin
metabolism does not involve oxyradical-mediated
cytotoxicity (e.g. DNA strand breaks) in EMT6
cells [124, 125], whereas oxygen radicals underlie
mitomycin cytotoxicity in other cell lines and in lung
and heart [126, 127]. On the other hand, multiple
drug level resistance in HT29R13 cells is partly
accounted for by increased enzyme activities involved
in drug or oxidant detoxification, such as glutathione
transferase-7 and -a glutathione reductase, and
glutathione peroxidase [128]. Augmentation of the
glutathione peroxidase pathway was suggested to
render certain tumors resistant to the anticancer
quinones upon maintaining intracellular peroxide
homeostasis during a putative oxidative stress
induced by quinone-containing anticancer agents
{129]. Also, the cytotoxicity originating from
continuous mitomycin C treatment was enhanced
modestly by GSH depletion (DT-diaphorase activity
was not affected by treatment of cells with buthionine
sulfoximine to deplete GSH) [130]. Taken together,
these observations suggest that cell resistance to
mitomycin C may not be the sole function of DT-
diaphorase activity and that oxidant formation may
be among the requisite conditions to observe
antitumour activity.
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In addition to DT-diaphorase, other enzymes are
actively involved in mitomycin C activation.
In hypoxic conditions, mitomycin C (and the
indoloquinone EQ9) are reduced presumably by
one-electron transfer reductases to an extent similar
or greater than that observed with DT-diaphorase
in hypoxia [119]. Xanthine dehydrogenase from
EMT6 mouse mammary tumors catalyzes the
conversion of mitomycin C to 2,7-diaminomitosene
in aerobic and hypoxic conditions. Oxyradical
formation during xanthine dehydrogenase-catalyzed
activation of mitomycin is less efficient than that
observed during the xanthine oxidase-catalyzed
process [131-133]. Interestingly, dicumarol inhibited
the xanthine dehydrogenase-mediated conversion of
xanthine to uric acid but potentiated the metabolism
of mitomycin C by the enzyme [16]. From these
observations, it is clear that dicumarol does not
modulate mitomycin C metabolism solely through
the inhibition of DT-diaphorase.

As mentioned earlier, aziridinyl N protonation
and ring opening are the key chemical steps in the
activation of aziridinylbenzoquinones to electrophilic
species. These processes require quinonoid ring
aromatization via one- or two-electron flavin
reductases with subsequent formation of alkylating
agents producing DNA cross-links. The two-electron
reduction of AZQ was shown to be accomplished
by DT-diaphorase purified from rat liver or human
HT-29 cells [121] and by the rat liver enzyme
expressed in Escherichia coli [79]. A trend between
the rate of reduction by DT-diaphorase of a
diaziridinylbenzoquinone analog and its ability to
induce toxicity in HT-29 cells, rich in DT-diaphorase,
supports a role for this enzyme in the bioreductive
activation of these compounds [134]. Studies on DT-
diaphorase-mediated activation of the bifunctional
alkylating agents 2,5-diaziridinylbenzoquinone
(DZQ) and 3,6-bis-substituted analogs revealed
alterations in DNA cross-linking and sequence
selectivity following the activation of these com-
pounds by DT-diaphorase [135,136]. Although
evidence has accumulated on aziridinylbenzo-
quinone-supported redox cycling and the ac-
companying DNA strand breakage [77,78], the
contribution of oxidative stress to aziridinyl-
benzoquinone anticancer activity has not been
explored in detail.

In general, the role of free radicals in antitumour
quinone reactivity and of their implications for
cancer cell and systemic cytotoxicity has been
randomly established without emphasis on a
particular chemotherapeutic quinone. Some of the
compounds listed in this section, although generally
termed bioalkylating agents, can exert their cytotoxic
effects by a free radical mechanism: the hydroquinone
forms of 3-bromo-2-methyl-1,4-naphthoquinone
[137], AZQ [76-81], and 2-methylmethoxy-1,4-
naphthoquinone [87] autoxidize readily following
their activation by DT-diaphorase, contrary to the
established dogma that two-electron transfers yield
redox-stable hydroquinones. Moreover, DNA strand
breakage during DT-diaphorase catalysis of the
latter is 5-fold higher than that observed during the
one-electron activation of the quinone [87]. DT-

diaphorase activity in MCF-7 S9 fraction catalyzed
the activation of AZQ, menadione, and certain
anthraquinones resulting in HO" production; con-
versely, HO" formation observed during activation
of mitomycin C was not mediated by DT-diaphorase
[138]. Metabolism of EQ9 by rat Walker and human
HT29 tumor cell DT-diaphorases [118, 139] resulted
in single-strand breaks in plasmid DNA [140]; given
the chemical mechanisms leading to single-strand
breakage, it could be assumed that free radicals play
a significant role in the metabolism of EO9 by DT-
diaphorase. As described above, these processes
operate by a two-electron redox cycle supported by
DT-diaphorase and involve multiple competing free
radical decay pathways. It is clear that both
mechanisms entailing formation of alkylating species
targeted towards DNA and oxygen radicals should
be considered when addressing the cytotoxic effects
of these chemotherapeutic compounds.

CONCLUSIONS

The DT-diaphorase-catalyzed hydroquinone for-
mation is not a superficially simple process: advances
in our understanding of the cellular functions of DT-
diaphorase and assignment of this activity to
antioxidant or prooxidant pathways require careful
elucidation of structure-activity relationships and
characterization of hydroquinone chemicalreactivity.
Hydroquinone reactivity, an expression of its
functional group chemistry, can serve to rationalize
the cytotoxic effects of different quinones and aid
drug design targeted toward enzymes or cells. Subtle
modifications in the functional groups of quinones
lead to situations where activation via DT-diaphorase
is not only associated with either prevention or
potentiation of quinone cytotoxicity, but it also
results in different types of cytotoxic mechanisms.

On a more general note, it is necessary to recognize
that the protective or prooxidant functions of DT-
diaphorase cannot be viewed in a simplistic manner
such as one- versustwo-electron enzymaticactivation.
Oxidative stress is a characteristic feature of quinone
cytotoxicity, and understanding of the overall
biological activity of DT-diaphorase requires analysis
of its activity within metabolic pathways involving
multiple enzymes. Establishing partners for DT-
diaphorase, such as superoxide dismutase within the
context of hydroquinone autoxidation [58, 66] and
UDP glucuronyl transferase within hydroquinone
deactivation and elimination [44, 47], seems essential
to the understanding of the biological role of this
enzyme. The relative cellular ratios of these
concerted activities, as well as those providing
substrates for DT-diaphorase, can lead to the
recognition of rate-limiting steps that are critical for
the expression of cytotoxicity.

Acknowledgement—Supported by Grant ES05423 from
NIEHS.

REFERENCES

1. Ernster L, DT-diaphorase: A historical review. Chem
Scr 27A: 1-13, 1987.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Antioxidant and prooxidant functions of DT-diaphorase

. Ernster L and Navazio F, Soluble diaphorase in animal

tissues. Acta Chem Scand 12: 595, 1958.

. Ernster L, Ljunggren M and Danielson L, Purification

and some properties of a highly dicumarol-sensitive
liver diaphorase. Biochem Biophys Res Commun 2:
88-92, 1960.

. Ernster L, Danielson L and Ljunggren M, DT-

diaphorase. I. Purification from the soluble fraction
of rat-liver cytoplasm, and properties. Biochim
Biophys Acta 58: 171-188, 1962.

. Lind C, Cadenas E, Hochstein P and Emster L, DT-

diaphorase: Purification, properties, and function.
Methods Enzymol 186: 287-301, 1990.

. Cadenas E, Hochstein P and Ernster L, Pro- and

antioxidant functions of quinones and quinone
reductases in mammalian cells. Adv Enzymol 65: 97~
146, 1992.

. Iyanagi T, On the mechanisms of one- and two-

electron transfer by flavin enzymes. Chem Scr 27A:
31-36, 1987.

. Ernster L, Estabrook RW, Hochstein P and Orrenius

S, DT-diaphorase. A quinone reductase with special
functions in cell metabolism and detoxication. Chem
Scr 27A: 1-202, 1987.

. Brunmark A and Cadenas E, Redox and addition

chemistry of quinoid compounds and its biological
implications. Free Radic Biol Med 7: 435-477, 1989,
Horie S, Advances in research on DT-diaphorase—
Catalytic properties, regulation of activity and
significance in the detoxication of foreign compounds.
Kitasato Arch Exp Med 63: 11-30, 1990.

Riley RJ and Workman P, DT-diaphorase and cancer
chemotherapy. Biochem Pharmacol 43: 1657-1669,
1992.

Ross D, Siegel D, Beall H, Prakash AS, Mulcahy RT
and Gibson NW, DT-diaphorase in activation and
detoxification of quinones. Bioreductive activation of
mitomycin C. Cancer Metastasis Rev 12: 83-101, 1993,
Lin AJ, Cosby LA, Shansky CW and Sartorelli
AC, Potential bioreductive alkylating agents. 1.
Benzoquinone derivatives. J Med Chem 15: 1247-
1252, 1972.

Lind C, Hochstein P and Ernster L, DT-diaphorase
as a quinone reductase. A cellular control device
against semiquinone and superoxide radical formation.
Arch Biochem Biophys 216: 178-185, 1982.
Segura-Aguilar J, Barreiro V and Lind C, Dicumarol-
sensitive glucuronidation of benzo[a]pyrene metab-
olites in rat liver microsomes. Arch Biochem Biophys
251: 266-275, 1986.

Gustafson DL and Pritsos CA, Enhancement of
xanthine dehydrogenase mediated mitomycin C
metabolism by dicumarol. Cancer Res 52: 69366939,
1992.

Mays JB and Benson AM, Inhibition of mouse
glutathione transferases and glutathione peroxidase II
by dicumarol and other ligands. Biochem Pharmacol
44: 921-925, 1992.

Preusch PC, Siegel D, Gibson NW and Ross D, A
note on the inhibition of DT-diaphorase by dicumarol.
Free Radic Biol Med 11: 77-80, 1991.

Ma Q, Cui K, Xiao F, Lu AY and Yanc CS,
Identification of a glycine-rich sequence as an
NAD(P)H-binding site and tyrosine 128 as a
dicumarol-binding site in rat liver NAD(P)H : quinone
oxidoreductase by site-directed mutagenesis. J Biol
Chem 267: 22298-22304, 1992.

Myszka DG and Swenson RP, Synthesis of the
photoaffinity probe 3-(p-azidobenzyl)-4-hydroxy-
coumarin and identification of the dicumarol binding
site in rat liver NAD(P)H:quinone reductase (EC
1.6.99.2). J Biol Chem 266: 4789-4797, 1991.

Chen S, Hwang J and Deng PSK, Inhibition

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

137

of NAD(P)H:quinone acceptor oxidoreductase by
flavones. A structure-activity study. Arch Biochem
Biophys 302: 72-77, 1993.

Nagao M and Sugimura T, Molecular biology of the
carcinogen 4-nitroquinoline 1-oxide. Adv Cancer Res
23: 131-169, 1966.

Tsuda H, Role of DT-diaphorase in the cytotoxicity
of menadione and 4-nitroquinoline-1-oxide in cultured
mammalian fibroblastic cells. Cancer Letr 35: 195
199, 1990.

Hajos AK and Winston GW, Purified NAD(P)H-
quinone oxidoreductase enhances the mutagenicity of
dinitropyrenes in vitro. J Biochem Toxicol 6: 277-282,
1991.

Koga N, Hokama-Kuroki Y and Yoshimura H, Rat
liver DT-diaphorase as a nitroso-reductase. Chem
Pharm Bull (Tokyo) 38: 1096-1097, 1990.

Thor H, Smith TM, Hartzell P, Bellomo G, Jewell
SA and Orrenius S, The metabolism of menadione
(2-methyl-1,4-naphthoquinone) by isolated hepa-
tocytes. A study of the implications of oxidative stress
in intact cells. J Biol Chem 257: 12419-12425, 1982.
Rosen GM and Freeman BA, Detection of superoxide
generated by endothelial cells. Proc Natl Acad Sci
USA 81: 7269-7273, 1984.

Morrison H, Jernstrém B, Nordenskjéld M, Thor H
and Orrenius S, Induction of DNA damage by
menadione (2-methyl-1,4-naphthoquinone) in primary
cultures of rat hepatocytes. Biochem Pharmacol 33:
1763-1769, 1984.

Miller MG, Rodgers A and Cohen GM, Mechanisms
of toxicity of naphthoquinones to isolated hepatocytes.
Biochem Pharmacol 35: 1177-1184, 1986.

Powis G, Lee See K, Santone KS, Melder DC and
Hodnett EM, Quinoneimines as substrates for quin-
one reductase (NAD(P)H:(quinone-acceptor)oxido-
reductase) and the effect of dicumarol on their cyto-
toxicity. Biochem Pharmacol 36: 24732479, 1987.
Moore GA, O’Brien PJ and Orrenius S, Menadione
(2-methyl-1,4-naphthoquinone)-induced Ca®* release
from rat-liver mitochondria is caused by NAD(P)H
oxidation. Xenobiotica 16: 873-882, 1986.

Powis G, Hodnett EM, Santone KS, Lee See K and
Melder DC, Role of metabolism and oxidation-
reduction cycling in the cytotoxicity of antitumour
quinoneimines and quinonediimines. Cancer Res 47:
2363-2370, 1986.

Rao DNR, Takahashi N and Mason RP, Charac-
terization of a glutathione conjugate of the 1,4-
benzosemiquinone-free radical formed in rat hepa-
tocytes. J Biol Chem 263: 17981-17986, 1988.

Lau SS, Hill BA, Highet RJ and Monks TJ,
Sequential oxidation and glutathione addition to 1,4-
benzoquinone. Correlation of velocity with increased
glutathione substitution. Mol Pharmacol 34: 829-836,
1988.

Nutter LM, Ngo EO, Fisher GR and Gutierrez PL,
DNA strand scission and free radical production in
menadione-treated cells. Correlation with cytotoxicity
and role of NADPH quinone acceptor oxidoreductase.
J Biol Chem 267: 2474-2479, 1992.

Whitney PL  and Frank L, Does lung
NAD(P)H: quinone reductase (DT-diaphorase) play
an antioxidant enzyme role in protection from hyper-
oxia? Biochim Biophys Acta 1156: 275-282, 1993.
Rossi L, Moore GA, Orrenius S and O’Brien PJ,
Quinone toxicity in hepatocytes without oxidative
stress. Arch Biochem Biophys 251: 25-35, 1986.
Moore GA, Weis M, Orrenius S and O’Brien PJ,
Role of sulfhydryl groups in benzoquinone-induced
Ca?* release by rat liver mitochondria. Arch Biochem
Biophys 267: 539-550, 1988.



138

39.

40.

41.

42.

43.

44.

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

E. CADENAS

O’Brien PJ, Molecular mechanisms of quinone
cytotoxicity. Chem Biol Interact 80: 1-41, 1991.
Brunmark A and Cadenas E, Biological implications
of the nucleophilic addition of glutathione to quinonoid
compounds. In: Handbook of Glutathione: Metabolism
and Physiological Functions (Ed. Vifia J), pp. 279-
294, CRC Press, Boca Raton, FL, 1990.

Gant TW, Rao DNR, Mason RP and Cohen GM,
Redox cycling and sulfhydryl arylation: Their relative
importance in the mechanism of quinone cytotoxicity
to isolated hepatocytes. Chem Biol Interact 65: 157-
163, 1988.

Powis G, Metabolism and reactions of quinoid
anticancer agents. Pharmacol Ther 35: 57-162, 1989.
Morrison H, DiMonte D, Nordenskjold M and
Jernstr6m B, Induction of cell damage by menadione
and benzo[a]pyrene-3,6-quinone in cultures of adult
rat hepatocytes and human fibroblasts. Toxicol Lett
28: 37-47, 1985.

Lind C, Formation of benzo[a]pyrene-3,6-quinol
mono- and diglucuronides in rat liver microsomes.
Arch Biochem Biophys 240: 226-235, 1985.

Prough RA, Gettings SD, Lubet RA, Nims RI,
Santone KS and Powis G, The relative participation
of DT-diaphorase and NADPH-cytochrome P450
reductase in quinone reduction. Chem Scr 27A: 99—
104, 1987.

Ross D, Mechanistic toxicology. A radical perspective.
J Pharm Pharmacol 41: 505-511, 1989.

Thomas DJ, Sadler A, Subrahmanyam VV, Siegel D,
Reasor M, Wierda D and Ross D, Bone marrow
stromal cell bioactivation and detoxification of the
benzene metabolite hydroquinone. Comparison of
macrophages and fibroblastoid cells. Mol Pharmacol
37: 255-262, 1990.

Ganousis LG, Goon D, Zyglewska T, Wu KK and
Ross D, Cell-specific metabolism in mouse bone
marrow stroma: Studies of activation and detoxification
of benzene metabolites. Mol Pharmacol 42: 1118
1125, 1992.

Prestera T, Holtzclaw WD, Zhang Y and Talalay P,
Chemical and molecular regulation of enzymes that
detoxify carcinogens. Proc Natl Acad Sci USA 90:
2965-2969, 1993.

Huggins CB, Ford E and Jensen EV, Carcinogenic
aromatic hydrocarbons: Special vulnerability of rats.
Science 147: 1153-1154, 1965.

Talalay P, De Long MJ and Prochaska HIJ,
Identification of a common chemical signal regulating
the induction of enzymes that protect against chemical
carcinogenesis. Proc Natl Acad Sci USA 85: 8261-
8265, 1988.

Bayney RM, Morton MR, Favreau LV and Pickett CB,
Ratliver NAD(P)H : quinone reductase. Regulation of
quinone reductase gene expression by planar aromatic
compounds and determination of the exon structure
of the quinone reductase structural gene. J Biol Chem
264: 21793-21797, 1989.

Spencer SR, Wilczak CA and Talalay P, Induction
of glutathione transferase and NAD(P)H:quinone
reductase by fumaric acid derivatives in rodent cells
and tissues. Cancer Res 50: 7871-7875, 1990.

Storz G, Tartaglia LA and Ames BN, Transcriptional
regulator of oxidative stress-inducible genes: Direct
activation by oxidation. Science 248: 189-194, 1990.
Belinsky M and Jaiswal AK, NAD(P)H:quinone
oxidoreductase, (DT-diaphorase) expressioninnormal
and tumor tissues. Cancer Metastasis Rev 12: 103-117,
1993.

Buffinton GD, Olinger K, Brunmark A and
Cadenas E, DT-diaphorase-catalysed reduction of 1,4-
naphthoquinone derivatives and glutathionyl-quinone

57.

58.

59.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

conjugates. Effect of substituents on autoxidation
rates. Biochem J 257 561-571, 1989.

Wilson I, Wardman P, Lin T-S and Sartorelli AC,
One-electron reduction of 2- and 6-methyl-1,4-
naphthoquinone bioreductive alkylating agents. J Med
Chem 29: 1381-1384, 1986.

Ollinger K, Buffinton GD, Ernster L and Cadenas E,
Effect of superoxide dismutase on the autoxidation of
substituted hydro- and semi-naphthoquinones. Chem
Biol Interact 73: 53-76, 1990.

Brunmark A, Cadenas E, Segura-Aguilar J, Lind C
and Ernster L, DT-diaphorase-catalyzed two-electron
reduction of various p-benzoquinone- and 1,4-
naphthoquinone epoxides. Free Radic Biol Med 5:
133-141, 1988.

. Brunmark A, Cadenas E, Lind C, Segura-Aguilar }

and Ernster L, DT-diaphorase-catalyzed two-electron
reduction of quinone epoxides. Free Radic Biol Med
3: 181-188, 1987.

Sawyer DT, Calderwood TS, Johlman CL and Wilkins
CL, Oxidation by superoxide anion of catechols,
ascorbic acid, dihydrophenazine, and reduced flavins
to their respective anion radicals. A common
mechanism with a sequential proton-hydrogen atom
transfer. J Org Chem 50: 1409-1412, 1985.

Powis G and Appel PL, Relationship of the single-
electron reduction potential of quinones to their
reduction by flavoproteins. Biochem Pharmacol 29:
2567-2572, 1980.

Butler J and Hoey BM, The one-electron reduction
potential of several substrates can be related to their
reduction rates by cytochrome P450 reductase.
Biochim Biophys Acta 1161: 73-78, 1993.

Gee P and Davison AJ, Intermediates in the
aerobic autoxidation of 6-hydroxydopamine: Relative
importance under different reaction conditions. Free
Radic Biol Med 6: 271-284, 1989.

Winterbourn CC, Cowden WB and Sutton HC, Auto-
oxidation of dialuric acid, divicine and isouramil.
Superoxide dependent and independent mechanisms.
Biochem Pharmacol 38: 611-618, 1989.
Segura-Aguilar J and Lind C, On the mechanism
of the Mn®*-induced neurotoxicity of dopamine:
Prevention of quinone-derived oxygen toxicity by DT-
diaphorase and superoxide dismutase. Chem Biol
Interact 72: 309-324, 1989.

Bindoli A, Rigobello MP and Galzigna L, Reduction
of adrenochrome by rat liver and brain DT-diaphorase.
Free Radic Res Commun 8: 295-298, 1990.

Alvarez S and Boveris A, Induction of antioxidant
enzymes and DT-diaphorase in human blood mono-
nuclear cells by light stress. Arch Biochem Biophys
305: 247-251, 1993.

Shi M, Gozal E, Choy HA and Forman HI,
Extracellular glutathione and y-glutamyl trans-
peptidase prevent H,0,-induced injury by 2,3-
dimethoxy-1,4-naphthoquinone. Free Radic Biol Med
15: 57-67, 1993.

DiMonte D, Ross D, Bellomo G, Eklow L
and Orrenius S, Menadione-induced cytotoxicity is
associated with protein thiol oxidation and alteration
in intracellular Ca** homeostasis. Arch Biochem
Biophys 235: 334-342, 1984.

Goin J, Ordofiez I and Cadenas E, Reductive and
oxidative decay pathways of semiquinones. The effects
of glutathione and superoxide dismutase. In: Active
Oxygens, Lipid Peroxides, and Antioxidants (Ed. Yagi
K), pp. 69-82. Japan Scientific Press-CRC Press, Boca
Raton, FL, 1992.

Lusthof KJ, de Mol NJ, Richter W, Janssen LHM,
Butler J, Hoey BM, Verboom W and Reinhoudt DN,
Redox cycling of potential antitumour aziridinyl
quinones. Free Radic Biol Med 13: 599608, 1992.



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Antioxidant and prooxidant functions of DT-diaphorase

Butler J, Hoey BM and Lea JS, The reduction of anti-
tumour diaziridinyl benzoquinones. Biochim Biophys
Acta 925: 144-149, 1987.

Dodd NJF and Mukherjee T, Free radical formation
from anthracycline antitumour. Agents and model
systems—I. Model naphthoquinones and anthra-
quinones. Biochem Pharmacol 33: 379-385, 1984.
Gutierrez PL, Biswal S, Nardino R and Biswal N,
Reductive activation of diaziquone and possible
involvement of free radicals and the hydroquinone/
dianion. Cancer Res 46: 5779-5785, 1986.

Fisher GR, Donis J and Gutierrez PL, Reductive
metabolism of diaziquone (AZQ) in the S9 fraction
of MCF-7 cells. II. Enhancement of the alkylating
activity of AZQ by NAD(P)H:quinone-acceptor
oxidoreductase (DT-diaphorase). Biochem Pharmacol
44: 1625-1635, 1992.

Fisher GR and Gutierrez PL, Free radical formation
and DNA strand breakage during metabolism of
diaziquone by NAD(P)H quinone-acceptor oxido-
reductase (DT-diaphorase) and NAD(P)H cytochrome
¢ reductase. Free Radic Biol Med 11: 597-607, 1991.
Fisher GF and Gutierrez PL, The reductive metabolism
of diaziquone (AZQ) in the S9 fraction of MCF-7
cells: Free radical formation and NAD(P)H : quinone-
acceptor oxidoreductase (DT-diaphorase) activity.
Free Radic Biol Med 10: 359-370, 1991.

Ordofiez I and Cadenas E, Thiol oxidation coupled
to DT-diaphorase-catalyzed reduction of diaziquone.
Reductive and oxidative pathways of diaziquone
semiquinone modulated by glutathione and superoxide
dismutase. Biochem J 286: 481-490, 1992.

O’Brien PJ, Kaul HK and Rauth AM, Differential
cytotoxicity of diaziquone toward Chinese hamster
ovary cells under hypoxic and aerobic conditions.
Cancer Res 50: 1516-1520, 1990.

Silva JM and O’Brien PJI, Diaziquone-induced
cytotoxicity in isolated rat hepatocytes. Cancer Res
49: 5550-5554, 1989.

Silva JM, Ramakrishna Rao DN and O’Brien PJ,
Modulation of trenimon-induced cytotoxicity by DT-
diaphorase in isolated rat hepatocytes under aerobic
versus hypoxic conditions. Cancer Res 52: 3015-3021,
1992.

Silva JM and O’Brien PJ, Molecular mechanisms of
trenimon-induced cytotoxicity in resistant 1.5178Y/
HBMI10 cells. J Radiat Oncol Biol Phys 22: 639-642,
1992.

Hollander PM, Bartfai T and Gatt S, Studies on the
reaction mechanism of DT-diaphorase. Intermediary
plateau and trough regions in the initial velocity vs
substrate concentration curves. Arch Biochem Biophys
169: 568-576, 1975.

Winterbourn CC, Cytochrome ¢ reduction by
semiquinone radicals can be indirectly inhibited by
superoxide dismutase. Arch Biochem Biophys 209:
159-167, 1981.

Wardman P, Bioreductive activation of quinones:
Redox properties and thiol reactivity. Free Radic Res
Commun 8: 219-229, 1990.

Giulivi C and Cadenas E, One- and two-electron
activation of 2-methyl-1,4-naphthoquinone bio-
reductive alkylating agents. Kinetic studies, free
radical production, thiol oxidation, and DNA strand
break formation. Biochem J 301: 21-30, 1994.
Ollinger K, Llopis J and Cadenas E, Study on the
redox properties of naphthazarin (5,8-dihydroxy-1,4-
naphthoquinone) and its glutathionyl conjugate in
biological reactions: One- and two-electron enzymatic
reduction. Arch Biochem Biophys 275: 514-530, 1989.
LlopisJ, Ernster Land Cadenas E, Effectof glutathione
on the redox transitions of naphthohydroquinone

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

139

derivatives formed during DT-diaphorase catalysis.
Free Radic Res Commun 8: 271-285, 1990.

d’Arcy Doherty M, Rodgers A and Cohen GM,
Mechanisms of toxicity of 2- and 5-hydroxy-1,4-
naphthoquinone; Absence of a role for redox cycling
in the toxicity of 2-hydroxy-1,4-naphthoquinone to
isolated hepatocytes. J Appl Toxicol 7: 123-129, 1987.
Babich H and Stern A, In vitro cytotoxicities of 1,4-
naphthoquinone and hydroxylated 1,4-naphtho-
quinones to replicating cells. J Appl Toxicol 13: 353~
358, 1993.

Segura-Aguilar J, Jonsson K, Tidefelt U and Paul C,
The cytotoxic effects of 5-OH-1,4-naphthoquinone
and 5,8-diOH-1,4-naphthoquinone on doxorubicin-
resistant human leukemia cells. Leuk Res 16: 631-
637, 1992.

Cummings J, Allan L, Willmott N, Riley R, Workman
P and Smyth JF, The enzymology of doxorubicin
quinone reduction in tumour tissue. Biochem
Pharmacol 44: 2175-2183, 1992.

Fisher GR, Gutierrez PL, Oldcorne MA and Patterson
LH, NAD(P) (quinone acceptor) oxidoreductase
(DT-diaphorase-mediated two-electron reduction of
anthraquinone-based antitumour agents and gen-
eration of hydroxyl radicals. Biochem Pharmacol 43:
575-585, 1992.

Mian M, Fratta D, Rainaldi G, Simi S, Mariani T,
Benetti D and Gervasi PG, Superoxide anion
production and toxicity of V79 cells of six hydroxy-
anthraquinones. Anticancer Res 11: 1071-1076, 1991.
Finley KT, The addition and substitution chemistry
of quinones. In: The Chemistry of Quinoid Compounds
(Ed. Patai S), pp. 877-1144. John Wiley, London,
1974.

Wefers H and Sies H, Hepatic low-level chemi-
luminescence during redox cycling of menadione and
the menadione~glutathione conjugate. Relation to
glutathione and NAD(P)H: quinone reductase (DT-
diaphorase) activity. Arch Biochem Biophys 224: 568—
578, 1982.

Brown PC, Dulik DM and Jones TW, The toxicity of
menadione (2-methyl-1,4-naphthoquinone) and two
thioether conjugates studied with isolated renal
epithelial cells. Arch Biochem Biophys 285: 187-196,
1991.

Larsson R, Boutin J and Moldéus P, Peroxidase-
catalyzed metabolic activation of xenobiotics. In:
Metabolism of Xenobiotics (Eds. Gorrod JW,
Oelschlager H and Caldwell J), pp. 43-50. Taylor &
Francis, New York, 1988.

Monks TJ, Highet RJ and Lau SS, 2-Bromo-
(diglutathion-S-yl)hydroquinone nephrotoxicity.
Physiological, biochemical and electrochemical deter-
minants. Mol Pharmacol 34: 492-500, 1988.

Monks TJ and Lau SS, Toxicology of quinone
thioethers. Crit Rev Toxicol 22: 243-270, 1992.

Hill BA, Monks TJ and Lau SS, The effects of 2,3,5-
(triglutathion-S-yl)hydroquinone on renal mito-
chondrial respiratory function in vivo and in vitro:
Possible role in cytotoxicity. Toxicol Appl Pharmacol
117: 165-171, 1992.

Andrews JE, Rogers JM, Ebron-McCoy M, Logsdon
TR, Monks TJ and Lau SS, Developmental toxicity
of bromohydroquinone (BHQ) and BHQ-glutathione
conjugates in vivo in whole embryo culture. Toxicol
Appl Pharmacol 120: 1-7, 1993.

Thor H, Mirabelli F, Salis A, Cohen GM, Bellomo
G and Orrenius S, Alterations in hepatocyte
cytoskeleton caused by redox cycling and alkylating
quinones. Arch Biochem Biophys 266: 397-407, 1988.
Stubberfield CR and Cohen GM, Interconversion of
NAD(H) to NADP(H). A cellular response to



140

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

E. CADENAS

quinone-induced oxidative stress in isolated hepa-
tocytes. Biochem Pharmacol 38: 2631-2637, 1989.
Richter C and Kass GEN, Oxidative stress in
mitochondria: Its relationship to cellular Ca**
homeostasis, cell death, proliferation, and dif-
ferentiation. Chem Biol Interact 77: 1-23, 1991.
Nicotera P, Bellomo G and Orrenius S, The role of
Ca*™" in cell killing. Chem Res Toxicol 3: 484—494,
1990.

Goin J, Gibson DD, McCay PB and Cadenas E,
Glutathionyl- and hydroxyl radical formation coupled
to the redox transitions of 1,4-naphthoquinone
bioreductive alkylating agents during glutathione two-
electron reductive addition. Arch Biochem Biophys
288: 386-396, 1991.

Gant TW, d’Arcy Doherty M, Odowole D, Sales KD
and Cohen GM, Semiquinone anion radicals formed
by the reaction of quinones with glutathione or amino
acids. FEBS Lert 201: 296-300, 1986.

Takahashi N, Schreiber J, Fischer V and Mason RP,
Formation of glutathione-conjugated semiquinones by
the reaction of quinones with glutathione: An ESR
study. Arch Biochem Biophys 252: 41-48, 1987.
Wardman P, Conjugation and oxidation of glutathione
via thiyl radicals. In: Glutathione Conjugation:
Mechanisms and Biological Significance (Eds. Sies H
and Ketterer B), pp. 43-72. Academic Press, London,
1988.

d’Arcy Doherty M, Wilson I, Wardman P, Basra J,
Patterson LH and Cohen GM, Peroxidase activation
of 1-naphthol to naphthoxy- or naphthoxy-derived
radicals and their reaction with glutathione. Chem
Biol Interact 58: 199-215, 1986.

Winterbourn CC, Superoxide as an intracellular
radical sink. Free Radic Biol Med 14: 85-90, 1993.
Koppenol WH, A thermodynamic appraisal of the
radical sink hypothesis. Free Radic Biol Med 14: 91—
94, 1993.

Butler J and Hoey BM, Reactions of glutathione and
glutathione radicals with benzoquinones. Free Radic
Biol Med 12: 337-345, 1992.

Schoeneich C, Dillinger U, von Bruchhausen F and
Asmus KD, Oxidation of polyunsaturated fatty acids
and lipids through thiyl and sulfonyl radicals: Reaction
kinetics, influence of oxygen and structure of thiyl
radicals. Arch Biochem Biophys 292: 456-467, 1992.
Robertson N, Stratford IJ, Houlbrook S, Carmichael
J and Adams GE, The sensitivity of human tumour
cells to quinone bioreductive drugs: What role for
DT-diaphorase? Biochem Pharmacol 44: 409-412,
1992.

Walton MI, Bibby MC, Double JA, Plumb JA and
Workman P, DT-diaphorase activity correlates with
sensitivity to the indoloquinone EOQ9 in mouse and
human colon carcinomas. Eur J Cancer 28A: 1597-
1600, 1992.

Plumb JA and Workman P, Unusually marked hypoxic
sensitization to indoloquinone EO9 and mitomycin C
in a human colon-tumour cell line that lacks DT-
diaphorase activity. Int J Cancer 56: 134-139, 1994,
Siegel D, Beall H, Senekowitsch C, Kasai M, Arai
H, Gibson NW and Ross D, Bioreductive activation
of mitomycin C by DT-diaphorase. Biochemistry 31:
7879-7885, 1992.

Siegel D, Gibson NW, Preusch PC and Ross D,
Metabolism of mitomycin C by DT-diaphorase: Role
in mitomycin C-induced DNA damage and cytotoxicity
in human colon carcinoma cells. Cancer Res 50: 7483~
7489, 1990.

Begleiter A, Robotham E and Leith MK, Role of
NAD(P)H:(quinone acceptor) oxidoreductase (DT-
diaphorase) in activation of mitomycin C under
hypoxia. Mol Pharmacol 41: 677-682, 1992.
Begleiter A and Leith MK, Role of NAD(P)H:

124.

125.

126.

127.

128.

129.

130.

131.

132.

133,

134,

135.

136.

137.

138.

139.

140.

(quinone acceptor) oxidoreductase (DT-diaphorase)
in activation of mitomycin C under acidic conditions.
Mol Pharmacol 44: 210-215, 1993.

Pritsos CA and Sartorelli AC, Generation of reactive
oxygen radicals though bioactivation of mitomycin
antibiotics. Cancer Res 46: 3528-3532, 1986.

Pritsos CA, Keyes SR and Sartorelli AC, Effect of
the superoxide dismutase inhibitor, diethyldithio-
carbamate, on the cytotoxicity of mitomycin anti-
biotics. Cancer Biochem Biophys 10: 289-298, 1989.
Doroshow JH, Reductive activation of mitomycin C:
A delicate balance. J Natl Cancer Inst 84: 1138-1139,
1992.

Doroshow JH, Role of hydrogen peroxide and
hydroxyl radical formation in the killing of Ehrlich
tumor cells by anticancer quinones. Proc Natl Acad
Sci USA 83: 4514-4518, 1986.

Perry RR, Kang Y and Greaves B, Biochemical
characterization of a mitomycin C resistant colon
cancer cell line variant. Biochem Pharmacol 46: 1999—
2005, 1993.

Doroshow JH, Akman S, Chu FF and Esworthy S,
Role of glutathione-glutathione peroxidase cycle in
the cytotoxicity of the anticancer quinones. Pharmacol
Ther 47: 359-370, 1990.

Perry PR, Greaves BR, Rasberry U and Barranco
SC, Effect of treatment duration and glutathione
depletion on mitomycin C cytotoxicity ir vitro. Cancer
Res 52: 4608-4612, 1992.

Gustafson DL and Pritsos CA, Bioactivation of
mitomycin C by xanthine dehydrogenase from EMT6
mouse mammary carcinoma tumors. J Natl Cancer
Inst 84: 11801185, 1992.

Gustafson DL and Pritsos CA, Kinetics and
mechanism of mitomycin C bioactivation by xanthine
dehydrogenase under aerobic and hypoxic conditions.
Cancer Res 53: 5470-5474, 1993.

Gustafson DL and Pritsos CA, Oxygen radical
generation and alkylating ability of mitomycin C
bioactivated by xanthine dehydrogenase. Proc West
Pharmacol Soc 35: 147-151, 1992.

Gibson NW, Hartley JA, Butler J, Siegel D and Ross
D, Relationship between DT-diaphorase-mediated
metabolism of a series of aziridinylbenzoquinones and
DNA damage and cytotoxicity. Mol Pharmacol 42:
531-536, 1992.

Berardini MD, Souhami RL, Lee CS, Gibson NW,
Butler J and Hartley JA, Two structurally related
diaziridinylbenzoquinones preferentially cross-link
DNA at different sites upon reduction with DT-
diaphorase. Biochemistry 32: 3306-3312, 1993.

Lee CS, Hartley JA, Berardini MD, Butler J, Siegel
D, Ross D and Gibson NW, Alteration in DNA cross-
linking and sequence selectivity of a series of
aziridinylbenzoquinones after enzymatic reduction by
DT-diaphorase. Biochemistry 31: 3019-3025, 1992.
Talcott RE, Rosenblum M and Levin VA, Possible
role of DT-diaphorase in the bioactivation of
antitumour quinones. Biochem Biophys Res Commun
111: 346-351, 1983.

Fisher GR, Patterson LH and Gutierrez PL, A
comparison of free radical formation by quinone
antitumour agents in MCF-7 cells and the role of
NAD(P)H:(quinone acceptor) oxidoreductase (DT-
diaphorase). Chem Biol Interact 88: 137-153, 1993.
Walton MI, Smith PJ and Workman P, The role of
NAD(P)H: quinone reductase (EC 1.6.99.2, DT-
diaphorase) in the reductive bioactivation of the
novel indoloquinone antitumour agent EO9. Cancer
Commun 3: 199-206, 1991.

Walton MI, Sugget N and Workman P, The role of
human and rodent DT-diaphorase in the reductive
metabolism of hypoxic cell cytotoxins. Int J Radiat
Oncol Biol Phys 22: 643-647, 1992.



