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SUMMARY

Biacrow, JoHN E., JAcoBsON, BIRGIT, GREENSTOCK, CLIVE L. & RALEIGH,
JAaMES (1977) Effect of nitrobenzene derivatives on electron transfer in cellular and
chemical models. Mol. Pharmacol., 13, 269-282.

Cellular, microsomal, and pulse radiolysis studies were undertaken to elucidate the
involvement of electron-affinic nitrobenzene derivatives in metabolic processes. In
aerated cells the presence of nitrobenzenes resulted in either inhibition or stimulation of
oxygen utilization. Nitrobenzenes with oxidation-reduction potentials more negative
than —0.35 V inhibited oxygen utilization. This inhibition was not entirely due to
production of nitroso intermediates. Nitrosobenzene was found to inhibit oxidation more
efficiently than the nitro derivatives. However, nitrosobenzene also stimulated oxygen
utilization with antimycin A- or KCN-inhibited cells whereas the nitro inhibitors did
not. Nitrobenzene derivatives with oxidation-reduction potentials more positive than
—0.35 V stimulated cellular oxygen utilization. This stimulated oxygen consumption
was enhanced by adding glucose and was suppressed by the removal of endogenous
reducing species. Oxygen utilization was also stimulated in antimycin A- and KCN-
inhibited cells, suggesting nonmitochondrial electron transfer to oxygen. This nonmito-
chondrial oxidation was also stimulated in the presence of glucose and inhibited by
removal of GSH. With antimycin A- and KCN-inhibited cells, oxygen utilization was
accompanied by accumulation of peroxide. The increased cellular oxidation may be due
to microsomal nitroreductase, which activates the nitrobenzenes to oxygen-reactive
radical intermediates. Purified microsomes, in the presence of nitrobenzenes and
NADPH, consumed oxygen and produced peroxide. Catalase and superoxide dismutase
inhibited oxygen consumption by preventing the formation of superoxide radical and
peroxide. These results suggest that NADPH may be oxidized by superoxide radical or
by the hydroxyl radical, which is produced by the reaction known to occur between O,

and H;0,. Pulse radiolysis studies were initiated in an attempt to determine the
mechanism of oxygen stimulation and inhibition. All nitrobenzenes were found to accept
electrons from various donor radicals, including the radical intermediate NAD . The
resultant nitrobenzene radical anions were extremely reactive toward molecular oxy-
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gen. In the absence of oxygen the nitrobenzene radical anions were found to dismutate to
the original nitro and a nitroso intermediate. This diffusion-controlled reaction was
extremely rapid, with a rate constant much larger than the constant for nitrobenzene
radical anion reaction with oxygen. The significance of the results with respect to
relating the oxidation-reduction potential of the nitrobenzenes to (a) radiosensitization
by inhibition of oxygen utilization, (b) choice of drug for chemotherapy of hypoxic-anoxic
tumor cells, and (c) potential mutagenic or carcinogenic properties is discussed.

INTRODUCTION

The largest single factor affecting the
radiosensitivity of any cell is its content of
free oxygen. Cells which are short of oxy-
gen (below 1 um) are approximately 3
times as resistant to X-rays as well-oxy-
genated cells. Tumor cells proliferate more
rapidly than the vasculature, and cells
most distant from the capillaries have an
oxygen content low enough to be radiobio-
logically resistant. A method of tumor sen-
sitization currently being pursued is the
use of agents which selectively increase
the radiosensitivity of hypoxic cells with-
out affecting the radiation sensitivity of
well-oxygenated cells, such as in normal
tissue (1). The rationale of the present ap-
proach is that these sensitizing drugs are
not rapidly metabolized and therefore are
able to diffuse from the capillary vessels to
the distant hypoxic tumor cells more read-
ily than the oxygen. There are many ac-
tive hypoxic cell radiosensitizers in vitro,
and it has been established that, in anoxic
cell systems, the sensitizing efficiency of
nitrofurans, nitroimidazoles, and nitro-
benzenes is a function of their electron
affinity (1-5). However, in complex multi-
cell systems, consisting of both euoxic and
hypoxic cells, the effect of the drugs on
cellular oxygen utilization appears to be a
better criterion than electron affinity for
predicting radiation sensitivity. Biaglow
and Durand (6) have demonstrated that
certain nitrobenzene compounds either
stimulate or inhibit oxygen consumption
by multicell spheroids in vitro. The drugs
that stimulate oxygen utilization, while
they may be effective anoxic cell sensitiz-
ers, can be excluded as sensitizers in vitro.
These results also suggest that a thorough
knowledge of the factors influencing oxy-
gen consumption might be of value in
choosing anoxic radiosensitizers which

might decrease the oxygen consumption of
the tumor as well (6-9).

An added benefit in studying the oxida-
tive metabolism of a series of drugs differ-
ing in their electron affinity is the indica-
tion of their potential mutagenic or carci-
nogenic properties. We have found that
many of the nitro anoxic sensitizers that
stimulate oxygen utilization in normal
cells do so in a manner similar to that
observed with the known carcinogen 4-ni-
troquinoline N-oxide (10, 11). Drug choice
should therefore include consideration of
potential mutagenic and carcinogenic ef-
fects in normal tissue.

Besides the anoxic sensitization proper-
ties of some of the nitroimidazoles (4) and
nitrofurans (2), more recent studies indi-
cate a potential chemotherapeutic effect
resulting in the selective killing of cells in
vitro (1, 12). These killing effects also ap-
pear to be related to production of partially
reduced nitro intermediates that are cyto-
toxic (13) to anoxic cells.

In this communication we report on the
various factors that may influence the con-
sumption of oxygen by mammalian cells in
the presence of nitrobenzenes differing in
their oxidation-reduction potential. By us-
ing cells whose mitochondrial oxidative ca-
pacity is inhibited by KCN or antimycin
A, we show that extramitochondrial acti-
vation of the derivatives occurs and is par-
tially responsible for the oxygen consump-
tion. Studies with purified microsomes and
with pulse radiolysis suggest that the pro-
duction of free radical intermediates may
be partially responsible for the effects on
oxygen utilization in whole cells.

METHODS

The nitrobenzene derivatives were ob-
tained from Aldrich Chemical Company
and were purified by recrystallization. The
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non-water-soluble derivatives were dis-
solved in dimethyl sulfoxide. Catalase, su-
peroxide dismutase, and NADPH were
purchased from Sigma Chemical Com-

pany.

Ehrlich ascites tumor cells were grown
in mice and harvested as described previ-
ously (8). Microsomes were prepared from
cell homogenates by differential centrifu-
gation (14). Oxygen measurements were
made with the aid of a Clark oxygen elec-
trode apparatus (Yellow Springs Instru-
ments). Data are presented for typical in-
dividual experiments which reflect the re-
sults obtained in a number of identical
experiments with different cell prepara-
tions.

Kinetic data on the reactivity of the free
radical intermediates involved in oxida-
tion-reduction reactions were obtained by
nanosecond pulse radiolysis with direct
spectrophotometric observations of the
transient species (15). Details of the tech-
nical and associated optical and electronic
instrumentation have been published pre-
viously (16).

RESULTS

The metabolic consumption of oxygen is
an important variable in considering the
radiosensitization of tumors. Stimulation
of oxygen utilization results in radiopro-
tection, and inhibition of oxygen utiliza-
tion may result in sensitization (6, 7). Pre-
viously we determined that both glucose
and the concentration of endogenous sub-
strates, e.g., glutathione, are important in
determining the effects of nitrofurans on
cellular oxygen utilization (8). We have
extended these measurements to the ef-
fects of nitrobenzenes on the rate of cellu-
lar oxygen consumption in the presence
and absence of glucose, as well as on cells
treated with the GSH oxidant diamide (6,
17). All the nitrobenzenes were tested at 2
mM in this experiment (Fig. 1), since pre-
liminary work had indicated that 2 mm
concentrations represented a maximal
range of effects. We have represented the
results in an empirical manner by plotting
the rate of oxygen utilization against the
electron affinity of the nitrobenzenes, de-
termined from their half-wave oxidation-
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reduction potentials (E;;;). In the presence
of glucose,' PNT? and PCNB, with oxida-
tion-reduction potentials more positive
than —0.35 V vs. SCE, were inhibitory. All
other derivatives showed a stimulatory ef-
fect with increasing oxidation-reduction
potential. DNBN produced the greatest
stimulation of oxygen utilization. The de-
rivatives TNBS and DNPC have higher
electron affinities than DNBN but did not
produce corresponding high rates of cellu-
lar oxidation.

When glucose was absent from the reac-
tion medium (Fig. 1B), only those chemi-
cals having an oxidation-reduction poten-
tial more positive than —0.28 V stimulated
oxygen consumption. This threshold was
higher than that observed in the presence
of glucose (Fig. 1A), possible because of the
elevated control rate in the absence of glu-
cose.?

In the absence of glucose the stimulation
of oxygen utilization was dependent upon
the intracellular concentration of GSH as
well as other endogenous substrates capa-
ble of providing reducing equivalents.
Nonmitochondrial GSH and reducing sub-
strates can be removed by sufficient addi-
tion of diamide (17), which will not sup-

! The Crabtree effect is defined as the inhibition
of oxygen consumption by glucose. Stimulation of
oxygen consumption in the presence of glucose re-
sults in abolition of the Crabtree effect. The rate of
oxygen utilization with glucose is 17 nmoles of O,
consumed per minute per cell x 108, and in the
absence of glucose the rate is 29 nmoles of O, per
minute per cell x 10-8.

? The abbreviations and oxidation-reduction po-
tentials of the nitrobenzene derivatives are: PNSB,
p-nitrosobenzene (-0.50 V); PNP, p-nitrophenol
(—0.47 V); NB, nitrobenzene (-0.46 V); PNT, p-
nitrotoluene (-0.46 V); PCNB, p-chloronitroben-
zene (—0.38 V); DNP, 2 4-dinitrophenol (-0.37 V);
MNBA, m-nitrobenzamidine HCI (-0.33 V); PNAP,
p-nitoracetophenone (-0.29 V); NDPP, 8-N,N-di-
methylamino-p-nitroacetophenone  (-0.28 V);
PNBN, p-nitrobenzonitrile (-0.28 V); DNBA, 3,5-
dinitrobenzamide (-0.21 V); TNBS, 2,4,6-trinitro-
benzenesulfonate (—0.20 V); DNBN, 3,5-dinitroben-
zonitrile (-0.16 V); DNPC, 1-(2,4-dinitro-
phenyl)pyridinium chloride (-0.10 V); SCE, stan-
dard cell electrode.

3 A similar threshold effect has been observed in
the radiosensitization of Chinese hamster cells with
the nitrobenzenes (1).
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F1c. 1. Effects of various nitrobenzene derivatives on oxygen consumption in Ehrlich ascites cells

-+--, control rates of oxidation of the cells in the absence of nitrobenzene. Oxidation was initiated by the
addition of cells to the reaction medium (total volume, 3 ml), consisting of 0.05 M phosphate buffer in 0.9%
NaCl, pH 7.25, at 37°. The amount of each nitrobenzene tested was 6 umoles. Glucose, when present, was
0.01 M, and, where indicated (C), the cells had been treated with 1.5 umoles of diamide. The chemicals tested
are listed in order of increasing oxidation-reduction protential: 1, PNT; 2, PCNB; 3, MNBA; 4, PNAP; 5,
NDPP; 6, DNBA; 7, TNBS; 8, DNBN; 9, DNPC. The oxidation-reduction potentials and full names of the
chemicals are listed in footnote 2. The final cell concentration was 5 x 107/3 ml. The rate of oxygen
consumption was measured 2 min after addition of the nitrobenzene derivatives.

press the control rate of 29 nmoles of O, per
minute per cell x 10-8. The addition of the
nitrobenzenes to diamide-treated cells re-
sulted in immediate inhibition of oxygen
consumption (Fig. 1C).

The supply of reducing equivalents (glu-
cose or GSH) is not the only variable that
influences the consumption of oxygen. For
example, we have determined that the ni-
trobenzene derivatives in the presence of
glucose may stimulate at low and inhibit
at high concentrations, as with DNP (9)
and NDPP (7), or, following initial stimu-
lation, produce time-dependent, progres-
sive inhibition, as with DNPC (6) and
TNBS. Other derivatives, such as PNT
and DNBA, were inhibitory at all concen-
trations tested. DNBN and DNBA showed
a concentration-dependent stimulation of
oxygen utilization. In the absence of glu-

cose, DNBN and the other nitrobenzene
derivatives may inhibit oxygen utiliza-
tion, as in the diamide-treated cells (Fig.
1C). In order to demonstrate further the
range of effects, different concentrations of
DNBN were added to cells in the presence
and absence of glucose (Fig. 2). In the pres-
ence of glucose, increasing DNBN concen-
trations stimulated oxygen utilization as
long as there was a supply of glucose in the
medium. In the absence of glucose all con-
centrations of DNBN were eventually in-
hibitory. The degree of inhibition de-
pended on the time at which the rate was
measured. Similar results occurred with
other nitrobenzene derivatives that stimu-
late oxygen utilization.

KCN- and antimycin A-inhibited cells.
The stimulation of oxygen consumption in
the presence of glucose may result from
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shunting of electrons to molecular oxygen
(18, 19), producing peroxide in a manner
similar to that reported for vitamin K; and
nitrofuran derivatives (8, 11). A means of
testing electron shunting to molecular ox-
ygen is first to inhibit the cells with either
antimycin A or KCN (Fig. 3) before the
addition of drug. Under these conditions,
and with 2 mM nitrobenzenes, all drugs
with oxidation-reduction potentials of
—0.35 V vs. SCE or greater stimulated
oxygen consumption. The stimulation was
greater in the presence of KCN (Fig. 3A)
than in the presence of antimycin A (Fig.
3B). This was especially true for DNBN, 9.
Although TNBS, 8, and DNPC, 10, stimu-
lated consumption, they did not do so to
the extent predicted by their electron af-
finities (as was also seen with their effects
on oxygen consumption in the absence of
respiratory inhibitors). The effects on oxy-
gen utilization were proportional to the
drug concentrations. In addition, the
shunting of electrons (8) was also depend-
ent upon either exogenous glucose or en-
dogenous substrates, such as nonprotein
sulfhydryl compounds (GSH). Nitroben-
zene derivatives, in the presence of anti-
mycin A-inhibited cells and in the absence
of glucose, showed initial stimulation fol-
lowed by progressive inhibition, while
with diamide-treated cells (Fig. 3C), in the
absence of glucose, there was no stimula-
tion of oxygen consumption.

Nitrobenzene derivatives were com-
pared with other chemicals known to pro-
duce electron shunting or oxygen con-
sumption (Fig. 4). In the absence of glu-
cose, vitamin K; (8, 20, 21) was the most
stimulatory, followed by DNBN, nitrofur-
azone (8, 11), and then DNPC. In the pres-
ence of glucose, the four chemicals stimu-
lated oxygen consumption in the same rel-
ative order.

Peroxide production. The acceptance of
an electron by a nitrobenzene derivative,
followed by reaction with oxygen, results
in the production of superoxide radical an-
ions (8, 11, 22). Hydrogen peroxide may be
produced by either spontaneous or chemi-
cally catalyzed dismutation (SOD) of the
superoxide radical anions (18, 23, 24):
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F1G6. 2. Effect of DNBN on rate of oxygen utiliza-
tion by Ehrlich ascites cells incubated in the presence
and absence of glucose

The experimental conditions were the same as in
Fig. 1. The cell concentration was 2.5 x 107/3 ml.
The rate of oxygen utilization in the presence of
glucose was measured 2 min after the addition of
DNBN and 4 min after the addition of DNBN to the
glucose-free reaction medium. The horizontal
dashed and solid lines represent the control rates for
oxygen utilization with and without glucose.

-2 X% 10° M! sec”(SOD)
+ -
2H' + 0 2 X 10° M! sec”'(spont)

= H0: + Oy

In the presence of KCN-inhibited cells,
DNBN-stimulated oxygen utilization re-
sulted in the production of peroxide (Fig.
5). Peroxide, being a relatively stable in-
termediate, can be measured by O, gener-
ation after addition of catalase. As shown
in Fig. 5, in the presence of glucose, perox-
ide production was greater in cells treated
with KNC, which inhibits catalase and
superoxide dismutase, than in cells
treated with antimycin A. The rate of oxy-
gen consumption was not directly related
to peroxide production.* In the absence of
glucose peroxide production was greater in

(8))

‘In the presence of KCN, superoxide radical
spontaneously dismutates to produce H,0,. This
H,O0, is reactive with intracellular GSH. Regenera-
tion of GSH from GSSG by NADPH, catalyzed by
glutathione reductase, is dependent upon pentose
cycle oxidation of glucose.
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Fic. 3. Stimulation of oxygen utilization by nitrobenzene derivatives in Ehrlich ascites cells in the presence
of 10 mM glucose, inhibited with either 3 mM KCN (A) or 30 ug of antimycin A (B)

The straight line (C) shows the effect of prior treatment with 0.05 mm diamide on oxygen utilization in
cells initially inhibited with antimycin A. The final concentration of each nitrobenzene tested was 2 mm.
The cell concentration was 5§ x 107/3 ml. The rates of oxygen consumption were measured 2 min after
addition of each nitrobenzene derivative. The derivatives tested are listed in order of increasing oxidation-
reduction potential: 1, PNT; 2, PCNB; 3, DNP; 4, MNBA; 5, PNAP; 6, NDPP; 7, DNBA; 8, TNBS; 9, DNBN;

10, DNPC.
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FiG. 4. Effects of 1 mM menadione (K3, DNBN,
nitrofurazone (NF), and DNPC on stimulation of
oxygen utilization in cells inhibited with 3 mM KCN

All experimental conditions were the same as in
Fig. 1. The cell concentration was 5 x 107/3 ml.

KCN-inhibited cells. Diamide was added
prior to catalase in order to remove excess
endogenous reducing species and prevent
further oxygen consumption during the
analysis. The addition of catalase, as indi-
cated by the arrows in Fig. 5, resulted in
the dismutation of 2 H,0, to O, + H,0.

The total nanomoles of peroxide pro-
duced can be calculated by multiplying the
change in oxygen tension (56 nmoles/ml)
by 3 (volume = 3 ml) and then by 2 (be-
cause 2 peroxide molecules are consumed
in the production of 1 oxygen for KCN-
inhibited cells) to give 336 nmoles. The
amount of oxygen consumed is 152 x 3 =
456 nmoles. The ratio obtained by dividing
the peroxide produced by the oxygen con-
sumed is 0.74 compared with unity, as ex-
pected from Eq. 1, suggesting that either
partial reduction of the peroxide to water
(for instance, by direct reaction with
GSH)* or production of other oxidation
products, such as oxygen-drug adducts,
can occur. Cells inhibited by antimycin A,
without glucose, produced little peroxide
in the presence of DNBN.

Inhibition of oxygen consumption. Not
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Fic. 5. Stimulation by 2 mM DNBN of hydrogen peroxide formation from oxygen utilized by Ehrlich

ascites cells

The cells were inhibited with either antimycin A (30 ug) or KCN (3 mm). The glucose concentration was
10 mM. The other experimental conditions were the same as in Fig. 1. Purified catalase (200 ug) was added
as indicated by the arrows. The final cell density was 4 x 107/3 ml.

all nitrobenzenes stimulated oxygen utili-
zation by intact cells; PNT, PCNB (Fig. 1),
and DNP at high concentrations (9) in-
hibited oxygen utilization. The reason ap-
pears to be direct inhibition of electron
transfer by these derivatives in the mito-
chondria, or the formation of a reactive
intermediate that inhibits the oxidation.
The formation of a reactive intermediate is
difficult to prove. However, p-nitrosoben-
zene, a relatively stable intermediate, was
tested for effects on cellular oxidation (Fig.
6). All concentrations of PNSB were found
to inhibit oxygen utilization; maximum in-
hibition occurred at 3 mm (Fig. 6, left).
There was a slight lag period of approxi-
mately 30 sec before maximal inhibition
occurred. In KCN-inhibited cells, elec-
tron shunting by PNSB was indicated by
the stimulation of oxygen utilization in
both the presence and, to a lesser extent,
the absence of glucose (Fig. 6, right).

Microsomes. The stimulation of oxygen
utilization by the nitrobenzenes with oxi-
dation-reduction potentials more positive
than —0.38 V, in KCN- or antimycin A-
inhibited cells, suggests that the reactions
were predominantly nonmitochondrial, in
agreement with results reported previ-
ously (8, 25-31). Results with diamide, an
agent known to remove nonmitochondrial
GSH (Fig. 3), also suggested that the ma-
jority of substrates involved in the stimu-
lation of oxygen utilization were extrami-
tochondrial.* Microsomes were prepared
(14) and tested for their oxygen consump-
tion in the presence of nitrobenzenes, us-
ing NADPH as the electron donor. All de-
rivatives with E{,, more positive than —0.4
V were found to produce an increase in
oxygen utilization proportional to their
electron affinity (Fig. 7). TNBS was more
stimulatory than expected on the basis of
its reduction potential, which may be the
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F1G. 6. Effect of p-nitrosobenzene on oxygen utilization by Ehrlich ascites cells
Left: Effect of drug concentration on inhibition of oxygen utilization. Right: Stimulation of oxygen
consumption by 3 mm KCN-inhibited cells in the presence and absence of glucose. All other experimental
conditions were the same as in Fig. 1. The cell concentration was 5 x 107/3 ml.

result of the negatively charged sulfonate
group. NADH could substitute for NADPH
as the electron donor, but the rate of oxygen
consumption was lower.

Our purified Ehrlich ascites microsomes
do not contain catalase, superoxide dismu-
tase, or peroxidase. Therefore the peroxide
produced was not destroyed in this system
and could be conveniently measured by
the addition of catalase, in a manner simi-
lar to that used for KCN-inhibited cells
(see Fig. 5 and Table 1). All nitrobenzene
derivatives that stimulated oxygen utiliza-
tion by microsomes caused peroxide pro-
duction. The effects of catalase and super-
oxide dismutase on the rate of microsomal
oxygen utilization in a typical experiment
are summarized in Table 1. With PNAP,
DNBA, DNBN, DNPC, and TNBS, cata-
lase reduced the rate of oxygen utilization
by recycling part of the oxygen.* Superox-
ide dismutase also reduced the rate of oxy-
gen consumption, presumably by remov-
ing the reactive superoxide anion. Maxi-
mal inhibition of oxygen utilization oc-
curred when both catalase and superoxide
dismutase were present together in the
reaction medium prior to the addition of
nitrobenzene. The ratio of peroxide pro-
duced to oxygen consumed during a 5-min
period is also given in Table 1. NADPH did
not react with the nitrobenzenes, nor did

glutathione; however, vitamin C did react
in a reaction that consumed oxygen.®
Reactivity of nitro radicals. Reactive ni-
tro radical anions may be produced either
with cells or with microsomal prepara-
tions. The reaction of the nitro radical
with oxygen results in the production of
superoxide radical and eventually perox-
ide (Eq. 1). The reaction of O, with H,0,
may produce-OH (10). Both -OH and O,
are oxidants and react spontaneously with
intracellular reducing species such as
NAD(P)H, producing additional radical
intermediates. Hydroxyl radicals may also
react with macromolecules and have been
implicated as the causative agent in muta-
genic and cytotoxic effects of X-rays. These
biochemical radical intermediates are also
reactive with electron-affinic nitro com-
pounds, and additional reactions, such as
electron subtraction or drug adduct for-
mation, may occur. These reactions occur
in nanoseconds and are difficult to meas-
ure directly, although indirect evidence for
formation of radical intermediates was ob-
tained by measuring oxygen disappear-

5 We have found that vitamin C will transfer 1
electron to nitro compounds, producing an oxygen-
reactive nitro radical anion. This reactivity paral-
lels the electron affinity of the nitro derivative. A
manuscript in preparation describes these results in
detail.



NITROBENZENE DERIVATIVES AND ELECTRON TRANSFER

160 —

140 |-

[d
TNBS

N
o
|

® DNPC

nmoles Oz /min
» o0 @© o
o o o o
| | | I

n
o
|

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0

Redox Potential (V vs.SCE)

F1G6. 7. Effects of nitrobenzene derivatives on oxy-
gen consumption by Ehrlich microsomes

The reaction medium contained 6 mg of micro-
somal protein and 1 mM NADPH. The nitrobenzene,
3 pumoles, was added to the reaction cuvette to initi-
ate the reaction. All reaction mixtures (total vol-
ume, 3 ml) were buffered with 50 mm phosphate-
0.9% NaCl, pH 7.25, at 37°. All results are expressed
in terms of effect on initial velocity measured 1 min
after the addition of chemical. The full names of the
compounds are given in footnote 2.

ance and peroxide accumulation (Fig. 5).
The effects of superoxide dismutase and
catalase also suggested their formation
(Table 1). One technique used to measure
direct radical reactivity employs pulse ra-
diolysis. The capacity of nitrobenzenes to
accept electrons from radical intermedi-
ates as well as to donate them to oxygen
may be studied directly by using kinetic
spectrophotometric detection of the tran-
sient intermediate oxidation-reduction
states involved. We studied electron trans-
fer from free radical intermediates, such
as glucose and NAD', to various nitroben-
zenes. In pulse radiolysis, the acceptance
of electrons by nitrobenzenes and their
subsequent involvement in 1-electron oxi-
dation-reduction reactions are initiated by
the radiation-induced water radiolysis spe-
cies: hydrated electrons (e;,) and hydrogen
atoms (H) as reductants and hydroxyl rad-
icals (- OH) as oxidants. As roughly equal
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amounts of e;, and OH (approximately 3
um/krad) are formed in irradiated aqueous
solutions, selective free radical scavengers
are employed to provide either a reducing
or an oxidizing environment in order to
initiate a particular electron transfer reac-
tion.

H,0 - ez, H, -OH, H;0*, H,0, (2)
€zq + NNO-> N, + -OH + OH~ (3)
RH, + -OH - ‘RH + H,0 4)
‘RH+ NB—>R + H* + NB~- (5
NAD* + ez — NAD (6a)

NADH + -OH — NAD" + H;O (6b)

NAD + NB - NAD* + NB- (7)

- NB + O,
NB" + O, NBO,~ adduct formation ®
2NB-_2H____NB )

+ NB (nitroso) + H,O

TABLE 1
Effects of superoxide dismutase and catalase on
oxygen consumption by Ehrlich microsomes in the
presence of nitrobenzene derivatives and NADPH
The reaction medium contained 6 mg of micro-
somal protein and 1 mmM NADPH. Catalase and su-
peroxide dismutase, when used, were added at 200
png/3 ml. Nitrobenzene, 3 umoles, was added to the
reaction cuvette to initiate the reaction. The ratio of
peroxide produced to oxygen consumed was deter-
mined during a 5-min incubation period. The other
reaction conditions were the same as in Fig. 7. The
rates were determined 1 min after addition of drug.

Oxygen utilized
Drug Con- +Cata- +Su- +Su- H,0,:
trol perox-  perox- 0O,

ide dis- ide dis-

mutase mutase

+ cata-

lase
nmoles/min

PNAP 28 12 15 10 0.80
DNBA 63 30 42 24 0.72
DNBN 60 34 48 24 0.84
DNPC 60 36 42 24 0.67
TNBS 93 66 43 24 0.57

“ Superoxide dismutase and catalase were absent
from the reaction medium. The presence of peroxide
was determined by oxygen evolution after the addi-
tion of catalase. The ratio was obtained by dividing
the total amount of peroxide produced by the
amount of oxygen consumed.
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We studied in detail the efficiencies and
kinetics of the oxidation-reduction reac-
tions 5-9. In reactions 5 and 7, nitroben-
zenes serve as electron acceptors in the
oxidation of substrate radicals (- RH) or of
pyridine nucleotide free radicals (NAD-).
Reaction 8 shows how nitrobenzenes can
donate electrons to a more electron-affinic
acceptor, such as oxygen. Nitrobenzenes,
acting as both electron donors and accep-
tors, can shunt electrons from the free rad-
ical NAD- to oxygen. A similar reaction
between flavin radicals and nitrobenzenes
is consistent with the observed stimulation
of oxygen consumption with Ehrlich as-
cites cells and microsomes, as described
above. NAD- radicals are oxidized more
readily by nitrobenzenes with more posi-
tive oxidation-reduction potentials (Table
2). However, all the rate constants are
extremely high, greater than 2 x 10° Mm™!
sec”!, and these reactions are therefore un-
likely to be the rate-limiting step in the
stimulation of oxygen consumption.

Determination of the rates of electron
donation from NB- to oxygen is compli-
cated by several factors. First, the tran-
sient products of oxygen reduction are dif-
ficult to detect because they absorb only
weakly in the ultraviolet region of the
spectrum, where many organic compounds
also absorb. Consequently, reaction 8 can
only be monitored by following the decay
of NB~ absorption. This cannot distinguish
between true electron transfer and adduct
formation, both of which consume oxygen.
In addition, NB-, being a transient spe-

TABLE 2

Rate constants for 1-electron oxidation of glucose,
formate, and NAD' free radicals by nitrobenzenes

NB deriv- k
ative"
Glucose Formate NAD +
+ NB + NB NB
10° M~ sec™!

PNP 4.0
PCNB 0.4 0.3 5.0
PNAP 0.9 0.7 3.1
PNBN 1.0 2.5
TNBS 1.1 3.0
DNBN 1.0 6.0
DNPC 1.0 0.4 10.0
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cies, has a finite decay even under com-
plete anoxia. In order to compute the true
pseudo-first-order rate constants for oxy-
gen consumption (reaction 8), a correction
must be made for the competing second-
order natural decay of NB~ (reaction 9).
Rate constants for the second-order decays
of the nitrobenzene radical anions and for
the reactions of NBms with oxygen, cor-
rected as above with the use of a PULSER
computer program available at Whiteshell
Nuclear Research Establishment, are
given in Table 3. The NB~ natural decay
rates are quite high and show little de-
pendence on the nitrobenzene electron af-
finity. The reactivities of NB~ with oxygen
are quite slow by pulse radiolysis stan-
dards and indicate a possible negative cor-
relation with nitrobenzene electron affin-
ity.

DISCUSSION

A series of nitrobenzene derivatives
known to be anoxic radiosensitizers of cells
grown in monolayers (1-5) have been
tested for their effects on cellular oxygen
utilization. These effects may be impor-
tant in considering radiosensitization of
partially hypoxic multicellular spheroids
or tumors in vitro (6, 7, 9), in which meta-
bolic consumption of oxygen may play a
major role.

Inhibition of respiration. PNT and
PCNB inhibited cellular oxidation in the
presence and absence of glucose. Inhibi-
tion was greater with diamide-treated
cells. PNT and PCNB did not stimulate
cellular oxidation by KCN- or antimycin

TABLE 3

Rate constants for reactions of nitrobenzene radical
anion under aerobic and anaerobic conditions

NB derivative® & (NB- + O,) 2k (NB- + NB")
%107 M~! sec™
PNP 2.0 350
NB 3.0 270
PCNB 2.8 250
PNAP 0.7 150
PNBN 1.5 120
TNBS 0.8 110
DNBN 0.6 130
DNPC 1.2 120

“ In order of increasing electron affinity.

“ In order of increasing electron affinity.



NITROBENZENE DERIVATIVES AND ELECTRON TRANSFER

A-inhibited cells, nor did they alter micro-
somal oxidations. The mechanism of inhi-
bition of oxidation may involve reduction
of PNT and PCNB to sulfthydryl-reactive
nitroso intermediates (32-34). In addition,
we found that p-nitrosobenzene (Fig. 6)
was a more potent inhibitor of cellular
oxidation that PNT or PCNB. Inhibition of
cellular oxidation by nitrobenzenes may
then be due to the formation of reactive
nitroso intermediates. Oxygen utilization
by KCN-inhibited cells in the presence of
PNSB may result because the nitroso is in
excess and therefore reactive with cellular
reducing species such as FADH, or
NAD(P)H, producing the oxygen-reactive
hydroxylamine radical (30) (Fig. 8).
Stimulation of oxygen utilization. The
stimulation of oxygen utilization in the
presence of glucose by chemicals with oxi-
dation-reduction potentials more positive
than —0.35 V correlates with an increase
in the electron affinity of the drug. The
diminished effects of DNPC and TNBS on
cellular oxidation suggest either that they
do not enter the cell as rapidly as the other
nitrobenzenes or that additional reactiv-
ity, such as trinitrophenylation, as re-
ported to occur with TNBS (31, 35-37),
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may in some way alter the observed effects
on cellular oxidation, although this does
not appear to be the case with purified
microsomes (Fig. 7).

The stimulation of oxygen utilization in
the presence of excess substrate, i.e., glu-
cose, and the immediate inhibition in the
presence of diamide (GSH oxidant) sug-
gest that the substrates are important in
providing reducing equivalents for the pro-
duction of drug radical intermediates as
well as in preventing the inhibition of cel-
lular oxidation. The reducing equivalents
necessary for cellular reduction of the ni-
trobenzenes are supplied largely through
NAD(P)H, produced by either glycolysis or
pentose cycle activity. GSH* may act as an
oxidation-reduction buffer, providing re-
ducing equivalents to NADPH through
the glutathione reductase reaction (8, 17).

KCN- and antimycin A-inhibited cells.
When KCN- or antimycin A-inhibited
cells (Figs. 3 and 8) were exposed to nitro-
benzene derivatives with oxidation-reduc-
tion potentials more positive than —0.40 V
vs. SCE, oxygen utilization was stimu-
lated. The effect increased with increasing
electron affinity of the nitrobenzene deriv-
ative, except with DNPC and TNBS. How-

Cells R-NO, 0’2 0 M
+ 2H* ﬁwm;-u"‘
R=NO2 - -
‘ R NOZ 02 HZOZ 02 (R‘NO}_)
,g" .|R- N02 ) (
% & ]
) +2H* -OH, OH, OZ(R-NO?_)
y R-NO NADPH
Cyty © “Nitroso" 1
e’, H* NADP'+H,0
Mitochondria R- N_OH
“Hydroxylomine radical”
02 e, H*
R-N-OH %
H

“Hydroxylamine"

F1ag. 8. Possible catalytic effect of nitrobenzenes on biochemical oxidation-reduction reactions involving

substrate oxidation and reductive oxygen consumption
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ever, data with Ehrlich ascites microsomes
(Fig. 7) indicate that the predicted effect
with DNPC did occur when a cellular
membrane was not limiting cellular pene-
tration. The effect of TNBS on microsomal
oxidation was greater than predicted from
its E{,.

The increased oxygen consumption ap-
pears to be due to the reactivity of the nitro
radical intermediates with oxygen (Fig. 4)
in a manner similar to that reported with
other nitro compounds (8, 10, 22, 26, 27).
The cellular production of oxygen-reactive
intermediates may be prevented by diam-
ide or increased by glucose. Nitro radical
anions produced by microsomal electron
transfer may react with oxygen to produce
peroxide (Figs. 1, 5, and 8 and Table 1).
The simultaneous production of H,O, and
O, in KCN-inhibited cells may also lead
to the production of hydroxyl radicals, as
shown in Fig. 8 (23, 38, 39).

In the absence of KCN or antimycin A,
nitro radical anions produced by intracel-
lular microsomal reactions may react with
mitochondrial ferricytochrome ¢ (40, 41) in
intact cells (Fig. 8). Intracellular nitro
radical anion reactions with ferricyto-
chrome ¢ would result in a shunting of
electrons from the microsomes to the mito-
chondria and may in part explain in-
creased cellular oxygen utilization (Fig.
8). This type of intracellular shunting in
the absence of inhibitor does not result in
the production of either superoxide radical
anions or peroxide. A similar type of intra-
cellular shunting has been described for
menadione and mitochondrial cytochrome
b (20) as well as for 4-nitroquinoline N-
oxide and mitochondrial cytochrome c (11).

Dinitrophenol did not produce an oxy-
gen-reactive nitro radical anion when
added at 2 mM to either KCN- or antimy-
cin A-inhibited cells (Fig. 3). However, ev-
idence has been obtained that DNP can be
reduced by cellular extracts (42). The cel-
lular stimulation of oxygen consumption
by low concentrations of DNP is due to the
classical uncoupling phenomenon (43).
Uncouplers cannot reverse the inhibition
by antimycin A (18, 19). However, our
data with antimycin A- and KCN-in-
hibited cells indicate that cellular oxida-
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tion is stimulated with nitrobenzenes more
positive than —0.35 V (Fig. 3). Clearly,
uncoupling is not involved in this stimula-
tion.

The KCN-inhibited cells provide a sys-
tem in which drug penetration and the
consequences of nitro radical anion pro-
duction may be studied.

Microsomal reduction of nitrobenzenes
to radical intermediates. We measured mi-
crosomal reduction of these nitrobenzene
compounds because our data, as indicated
in Figs. 3 and 7 and Table 1, show that
extramitochondrial oxygen utilization is
easily measurable. This utilization is due
to the production of oxygen-reactive nitro
radical anions by the transfer of an elec-
tron (Fig. 8), presumably from flavopro-
teins on the microsomes (25-30, 44-48).
The nitro radical will react with oxygen
with a rate greater than 10’ Mm~! sec™!, or
with itself with a rate greater than 10° m™!
sec”! (Table 2). The former rate is less than
the 10° m~! sec™! reported for the nitrofur-
ans and vitamin K; (8), but similar to that
reported for other monosubstituted nitro
compounds (22).

The reaction of nitro radical anion with
oxygen results in the production of super-
oxide radical anion, which is extremely
reactive with itself (Eq. 1 and Fig. 8), pro-
ducing peroxide. The simultaneous pres-
ence of superoxide radical anion and per-
oxide results in a reaction between the
two, producing hydroxyl radical, as dem-
onstrated in Table 1. Hydroxyl radical
may alsb be produced in cells where cata-
lase and superoxide dismutase are in-
hibited by KCN. The production of the
potentially mutagenic hydroxyl radical in
uninhibited cells will of course depend
upon the reactivity of the nitro radical
with intracellular ferricytochrome c¢ (40,
41) as well as the cell density and relative
superoxide dismutase and catalase activi-
ties. Results of Table 1 and Fig. 7 indicate
that unknown nitro compounds may be
excluded from consideration as radiosensi-
tizers in vivo if they stimulate oxygen con-
sumption with microsomes or with KCN-
inhibited cells in vitro. In addition, the
results suggest that production of hydroxyl
radicals in nonmitochondrial or micro-
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somal preparations (29) may be in part
responsible for some of the mutagenic ef-
fects of nitro compounds (30).

Pulse radiolysis studies. The pulse radi-
olysis studies aid in the interpretation of
the possible mechanisms involved in the
stimulation or inhibition of electron trans-
fers caused by the nitrobenzenes. In the
radiation chemical model for biochemical
oxidation processes, ‘OH dand O, react
with endogenous reducing substrates,
such as NADPH (Table 1), to form free
radical intermediates (49). The kinetics of
their subsequent oxidation by nitroben-
zenes is shown in Table 2. All nitroben-
zenes tested accept electrons readily from
NAD- at close to diffusion-controlled
rates. The subsequent ability of the nitro
radical anion to react with itself or with
oxygen is shown in Table 3. The deriva-
tives with higher electron affinity react
more rapidly with themselves to produce
nitroso intermediates and are also inhibi-
tors of oxygen utilization (Fig. 1). The de-
rivatives that are less reactive with them-
selves, by a factor of 2-3, are stimulators of
oxygen utilization (Fig. 3).

Application in radiotherapy. With re-
gard to the use of these drugs as radiosen-
sitizers, it has been shown that alterations
in oxidative metabolism may modify the
radiation response extensively. While sen-
sitization may occur in cellular systems,
these reactions may predominate in vivo,
and the best sensitizers may be the ones
that most inhibit oxygen utilization, such
as PNT (6). The inhibition of oxygen utili-
zation by PNT in V-79 lung cells in culture
may be related to the radiosensitivity of
the same cell when it is grown as a multi-
cellular spheroid and used as a tumor
model in vitro (6). In the same system,
DNBN, a chemical known to be a radi-
osensitizer of anoxic cells (6), was found to
protect against radiation damage in the
spheroid because it stimulates oxygen uti-
lization. Evidence has been obtained that
metronidazole (Flagyl), a nitroimidazole
and hypoxic cell radiosensitizer (7, 13, 50)
with a more negative oxidation-reduction
potential than PNT, inhibits cellular oxy-
gen utilization. Sensitization of multicel-
lular spheroids in vitro may be due partly
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to this inhibition (7). Ro 07-0582 is another
nitroimidazole derivative and hypoxic cell
radiosensitizer (1). Ro 07-0582 has the
same oxidation-reduction potential as
PCNB and is slightly inhibitory to respira-
tion. Our studies suggest that the nitro-
benzenes or other nitro compounds that
sensitize hypoxic cells to radiation and
either inhibit or do not influence oxygen
utilization might be exploited in radiother-

apy.

ACKNOWLEDGMENTS

We thank Dr. Marie Varnes and Dr. Oddvar F.
Nygaard of Case Western Reserve University and
Dr. Ronald P. Mason of the Clinical Pharmacology
Section, Veterans Administration Hospital, Minne-
apolis, for their critical reviews of the manuscript.

REFERENCES

1. Fowler, J. F., Adams, G. E. & Denekamp, J.
(1976) Cancer Treatment Rev., in press.

2. Adams, G. E., Flockhart, I. R., Smithen, C. E.,
Stratford, I. J., Wardman, P. & Watts, M. E.
(1976) Radiat. Res., in press.

3. Chapman, J. E., Reuvers, A. P. & Borsa, P.
(1973) Br. J. Radiol., 46, 623-630.

4. Asquith, J. C., Watts, M. E., Patel, K., Smi-
then, C. E. & Adams, G. E. (1974) Radiat.
Res., 60, 108-118.

5. Raleigh, J. A., Chapman, J. D., Borsa, J., Kre-
mers, W. & Reuvers, A. P. (1973) Int. J. Ra-
diat. Biol. 23, 277-287.

6. Biaglow, J. E. & Durand, R. E. (1976) Radiat.
Res., 65, 529-539.

7. Durand, R. E., Biaglow, J. E. & Sutherland, R.
M. (1976) Br. J. Radiol., 25, 567-568.

8. Biaglow, J. E., Nygaard, O. F. & Greenstock, C.
L. (1976) Biochem . Pharmacol., 25, 393-398.

9. Durand, R. E. & Biaglow, J. E. (1974) Int. J.
Radiat. Biol., 26, 597-601.

10. Biaglow, J. E., Jacobson, B. & Koch, C. (1976)
Biochem. Biophys. Res. Commun., 70, 1316-
1323.

11. Biaglow, J. E., Jacobson, B. & Nygaard, O. F.
(1976) Cancer Res., in press.

12. Mihindra, J. E. & Rauth, A. M (1976) Cancer
Res., 36, 930-936.

13. Hall, E. J. & Biaglow, J. E. (1976) Int. J. Ra:
diat. Oncol. Biol. Phys., in press.

14. Tata, J. R. (1972) in Subcellular Components,
Preparation and Fractionation (Birnie, G. D.,
ed.), pp. 290-310, University Park Press, Bal-
timore.

15. Greenstock, C. L. & Dunlop, 1. (1973) Radiat.
Res., 56, 428-440.



282
16.

17.

18.

19.

20.
21.
22.
23.
24.

25.

26.
21.
28.

29.

30.

31.

32.

Greenstock, C. L. & Miller, R. W. (1975)
Biochim. Biophys. Acta, 396, 11-16.

Biaglow, J. E. & Nygaard, O. F. (1973) Biochem.
Biophys. Res. Commun., 54, 874-881.

Slater, E. C. (1966) in Comprehensive Biochem-
istry (Florkin, M. & Stotz, E.,H., eds.), Vol.
14, pp. 366-396, Academic Press, New York.

Wainio, W. W. (1970) The Mammalian Mito-
chondrial Respiratory Chain, p. 122, Aca-
demic Press, New York.

Galeotti, T., Azzi, A. & Chance, B.
Biochim. Biophys. Acta, 1977, 11-24.
Gordon, E. E., Ernster, L. & Dallner, G. (1967)

Cancer Res., 27, 1372-13717.

Wardman, P. & Clarke, E. D. (1976) Biochem.
Biophys. Res. Commun., 69, 942-949.

Fridovich, 1. (1975) Annu. Rev. Biochem., 44,
147-156.

Klug, K., Rabani, J. & Fridovich, I. (1972) J.
Biol. Chem., 247, 4839-4842.

Gillette, J. R. (1971) in Handbook of Experimen-
tal Pharmacology (Brodie, B. B. & Gillette, J.
R., eds.), pp. 349-398, Springer, New York.

Mason, R. P. & Holtzman, P. L. (1975) Biochem-
istry, 14, 1627-1632.

Mason, R. P. & Holtzman, J. L. (1975) Biochem.
Biophys. Res. Commun., 67, 1267-1274.

McCalla, D. R., Reuvers, A. & Kaiser, C. (1971)
Biochem. Pharmacol., 20, 3532-3537.

McCann, J., Choi, E., Yamasaki, E. & Ames, B.
N. (1975) Proc. Natl. Acad. Sci. U. S. A., 72,
5135-5139.

Arcos, J. C. & Argus, M. F. (1974) Chemical
Induction of Cancer, Vol. 2B, pp. 313, 320,
Academic Press, New York.

Hopkins, F. G. & Morgan, E. (1938) Biochem.
J., 32, 611-619.

Fabian, F. & Muhlrad, A. (1968) Biochim. Bio-

(1970)

33.

34.

35.

37.

38.

39.
40.

41.

42.

45.

47.

49.

50.

BIAGLOW ET AL.

phys. Acta, 162, 596-603.

Smith, T. C. & Adams, R. (1976) J. Cell. Phys-
iol. 817, 53-62.

Singer, T. P. & Kearney, E. B. (1963) in The
Enzymes (Boyer, P. D., Lardy, H. & Myrback,
K., eds.), pp. 383-000, Academic Press, New
York.

Hopkins, F. G., Morgan, E., & Lutwak-Mann,
C. (1938) Biochem. J., 32, 1829-1836.

. Goldfarb, L. (1966) Biochemistry, 5, 2474-2478.

Muhlrad, A. & Fabian, F. (1970) Biochim. Bio-
phys. Acta, 216, 422-427.

Misra, H. P. (1974) J. Biol. Chem., 249, 2151-
2155.

McCord, J. M. (1974) Science, 185, 529-531.

Simic, M., Taub, I. A., Tocci, J. & Hurwitz, J.
(1975) Biochem. Biophys. Res. Commun., 62,
161-167.

Greenstock, C. L. & Dunlop, 1. (1973) Radiat.
Res., 56, 428-440.

Westerfeld, W. W., Richert, D. A. & Higgins, E.
S. (1967) J. Biol. Chem., 227, 379-391.

. Lehninger, A. L. (1964) The Mitochondrion, p.

92, Benjamin, New York.

. Gillette, J. R. (1966) Adv. Pharmacol., 4, 219-

226.
Morita, M., Feller, D. R. & Gillette, J. R. (1971)
Biochem. Pharmacol., 20, 217-226.

. Williams, C. H., Jr. & Kamin, H. (1962)J. Biol.

Chem., 237, 587-5917.
Voshall, D. & Carr, D. O. (1973) Biochem. Phar-
macol., 22, 1521-1523.

. Biaglow, J. E., Nygaard, O. F. & Greenstock, C.

L. (1974) Radiat. Res., 59, 158.

Chan, P. C. & Bielski, B. H. J. (1975) J. Biol.
Chem., 250, 7266-7271.

Willson, R. L., Cramp, W. A. & Ings, R. M. J.
(1974) Int. J. Radiat. Biol., 26, 557-569.





