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Abstract -Electron-affinic nitrofuran derivatives interfere with normal cellular metabolism by providing 
an electron shunt. apparently via free radical intermediates. between endogenous cellular reducing 
species and oxygen. in a manner analogous to that of vitamin K,. Pulse radiolysis was used to dcmon- 
strate the reactivity of nitrofuran radical aniona with oxygen. as well as the NAD free radicals with 
nitrofurans. The reduction of nitrofurans under anaerobic conditions and the increased oxygen con- 
sumption (indicative of free radical formation) are enhanced by the addition of glucose and suppressed 
by the removal of endogenous reducing species. e.g. by the addition of diamide. Nitrofuran free radical 
production under aerobic conditions may result in the production of the superoxide radical anion 
0;. It is postulated that aerobic production of mtrofuran or oxygen free radicals or the resulting 
products may be rcaponsible for the previously described cytotoxic effect of nitrofurans. 

Nitrofuran (NF) derivatives have found a new appli- 
cation as anoxic radiation sensitizers of mammalian 
cells. Radiation chemical and radiobiological studies 
show that in this use of compounds the electron af- 
finity of nitrofuran derivatives is an important chemi- 
cal property which determines the extent of their in- 
teraction with radicals formed in DNA by radiation 
[I, 23. While the ability to accept electrons makes this 
class of chemicals potentially valuable tools for study- 
ing mechanisms of radical involvement in cellular 
radiation damage, it may also be the reason why ni- 
trofurans have been foulld to be radiomimetic, muta- 
genic and carcinogenic [3.4] and cytotoxic [S]. as 
well as inhibitors of electron transfer reactions C6.73. 
Presumably, some of these elrects are caused by the 
products of reductive metabolism of the drugs. How- 
ever, the metabolic reduction of the drug has only 
been demonstrated under anaerobic conditions [S]. 
while most of the cellular effects listed above occur 
in the presence of oxygen 191. This paper will deal 
with the factors involved in the metabolism of the 
nitrofurans under aerobic and metabolically produced 
anaerobic conditions. The reaction of NF with coen- 
zyme free radicals (presumed metabolic intermediates) 
and reactivity of NF free radicals with molecular ox- 
ygen will be reported. 

EXPERI1lENT.41. 

Ehrlich ascites tumor (EAT) cells were grown in 
mice and harvested as previously described [IO]. Ox- 

* This investigation was supported by Public Health Re- 
search Grant No. CA-13747 from the National Cancer In- 
stitute. 

‘r The tv,o diffcrcnt nitrofuran derivatives were used in 
the present work because the absorption spectra of the 
compounds and their reduction products offered specific 
advantages in different systems: however. in each case 
where both compounds have been tested. their effects were 
qualtitatively the same and quantitatively very Gmilar. 

ygen measurements were made with the aid of a Clark 
oxygen electrode apparatus (Yellow Springs Instru- 
ment Co.). Fluorescence measurements were made 
with either the Bowman-Aminco or the Eppendorf 
spectrofluorometer. Absorption spectra were obtained 
with the aid of a Cary model 15 spectrophotometer. 
fitted with an automatic cell changer. Absorption 
spectra on dense cell suspensions were determined 
with the use of the Cary micrometer screw cuvette. 

The nsec pulse radiolysis data of direct measure- 
ments of redox reaction rates were obtained using 
single 50-nsec pulses from the 3-MeV Van de Graaff 
generator at the Whiteshell Nuclear Research Estab- 
lishment. The average dose per pulse to the sample 
was 0.2 to 2 krad. The associated optical and elec- 
tronic apparatus is similar to that described pre- 
viously [l I]. Solutions were saturated with the appro- 
priate gas, with the use of a.multisyringe bubbling 
technique, and the irradiation cell was filled and 
back-flushed between experiments by a remote-con- 
trol flow system [ 123. Oscilloscopic traces of the tran- 
sient species detected by kinetic spectrophotometry 
were digitized and the bimolecular rate constants for 
the redox reactions determined by computer. 

The biochemicals (Koch-Light Lab. Ltd., Sigma 
Chemical Co.) and the nitrofuran derivatives. nifurox- 
ime and nitrofurazone (Pfaltz & Bauer. Aldrich 
Chemical Co.), were used without further purification 
in triply distilled water.+ 

RESL’LTS AND DISCLISSIOI\; 

Mrtddic reduction of nit~ofir~un.s. The reduction of 
NF is known to occur under anaerobic conditions 
181. However, the procedure for measuring the re- 
duced drugs is rather tedious. We have found it con- 
venient to measure the change in the characteristic 
absorption spectrum of one of the nitrofurans. nitro- 
furarone, in a dense cell suspension made anaerobic 
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Fig. I_ Change in absorption spectrum of nitrofur;vonr 
in the presence of EAT cells. The spectrum of nitrofura- 
zone shifts upon reduction from 370 to 330nm. The cells 
12 x 1O”icm”) were suspended in O-05 M phosphate buf- 
fered saline. pH ‘PO, ‘i5 The nitrofurazone was 

by cellular consLlmpti(~n of oxygen. The method was 
further facilitated by the use of the micrometer screw 
cell with a 005-mm light path for recording the kin- 
etics of drug reduction. The absorption spectrum of 
the cell suspension (2 x 10’ cells/ml) with drug was 
determined before incubation. as is shown in Fig. 1. 
After 0.5 hr of incubation at 25 , a new absorption 
spectrum was obtained, indicative of the metaboli- 
41~~ reduced drug. Dithionite-reduced nitrofurazone 
produced the same abs~~rp~ion spectrum. Oxygen up- 
take meawrements at this cell density indicate that 
the rate of consumption was suflicient to maintain 
the cell suspension at extreme hypoxia in the optical 
portion of the micrometer cuvette. 

The reduction of the drug obviously requires cellu- 
lar reducing equivalents, possibly mediated b) 
NADPH [13], as demonstrated for the microsomal 
reduction of nilrofurans [14]. Removal of this intra- 
ceilular reducing capacity should decrease the rate of 
reduction of the drug. Diamide. a sulfhydryl oxidizing 
agent, can remove reducing equivalents from whole 
cells [IO]. For this reason it was of interest to detcr- 
mine the influence of prior removal of cellular reduc- 
ing capacity on the rate of reduction of llitrofur~~z~~ne. 
Figure 2 shows the decrease in the reduction rate that 
is obtained if cells are pretreated with diamide (solid 
line) or the increase in the rate of reduction if the 
pool of reducing equivalents is increased by the addi- 
tion of glucose (dotted line). The dashed line shows 
that the rate of reduction decreases upon an apparent 
exhaustion of intracellular reducing equivalents hut 
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Fig. 2. Reduction of nilrofurazone by denhe 5tlspension.i 
of EAT celis. The conditions are the y;amc ;a those listed 

in the legend of Fig. 1. Cur\e A shows the reduction of 
950{1M nitrofurazonc in the presence of’ PO1 M glucose. 
Curve B, initial portion. shahs the reduction of nitrofura- 
Tone in the absence of glucow: IO~rmolcu glucose was 
added where indicated. Curve C (top) sho\+s Ihe efrect of 
pretre~ttin~ the cells with SO ~m~olcs diamide in the absence 

is again stirnul~~t~d by the addition of &cose. No 
accumulation of reduced nitrofurazono was obserwd 
in the presence of oxygen. 

Efj&t c?f‘rlirrc!fil~trrr.s WI O2 c.o,?.\lrrliptio,l. The failure 
to detect a lnetab(~lic~~lly reduced nitrofllral~ deriva- 
tive in the presence of oxygen may indicate either 
that cellular metabolism under aerobic conditions is 
not capable of reducing the drug or that the reduced 
intermediates arc rapidly rc-oxidized. A biochemica) 
means for deter~~inin~ whether nitr~~ftir~~ns cause af- 
tcrcd cellular electron transfer is to examine their cf- 
feet on the rate of oxygen consumption by intact cells. 
As seen in Fig. 3. curve A, aerobic EAT cells in phos- 
phate buffer with glucose present show an iI~~mcdiate 
stimulation of oxygen consumption upon NF addi- 
tion that continues uninterrupted for scvcral min until 
either 0, or substrate is depleted from the medium. 
NF addition to cells consuming ox~gcn in the abscncc 
of glucose causes an initial stilnul~iti~~~~ of oxygen con- 
sumption followed by a progressive inhibition, which 
may rcsutt from either depletion of reducing equivai- 
ents or a gradual inhibition of the respiratory cn- 
zymes (curve B). If diamide is added to remove rcduc- 
ing cquivalenls from cells in glucose-free medium. 
there is a pronounced inhibition of osypen utilization 
when NF is added (curve Cl. 

Evidence for the possible mechanism b!; which NF 
stimulated oxygen c~~rlsllrnpti~~n was obtamcd by pre- 
treating the cells with 04013 M KCN. an inhlhitar 
of mitochondrial oxidations. As seen in Fig. 4. the 
addition of NF to KCN-inhibited cells in the presence 
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Fig. 3. Utilization of oxygen by EAT cells, The effects of 
nifuroxime and menadione on cellular oxidation, in the 
presence and absence of glucose, were determined. Oxi- 
dation was initiated by the addition of the cells to the 
reaction medium consisting of 0.05 M phosphate buffer in 
physiological saline, pH 7.0, 37’. The concentration of 
agents added indicated by the arrows was lO/tmoles glu- 
cose. 2.5 /tmoles diamide. 5 pmoles K, and 5 /[moles NF. 

of glucose (curve A) results in a marked resumption 
of oxygen utilization, which continues until either glu- 
cose or oxygen is exhausted from the medium. NF 
addition to cells without glucose (curve B) also results 
in an initial stimulation followed by a progressive in- 
hibition, but the onset of inhibition appears to be 
more rapid. Diamide pretreatment (curve C) prevents 
the turn-on of oxygen utilization when NF is added. 
Since KCN is a known inhibitor of mitochondrial 
cytochrome oxidase, these results suggest that the 
non-mitochondrial reduction product of NF might 
react directly with molecular oxygen. 

Support for this possible mode of action of NF 
in aerobic cells was obtained by adding vitamin K, 
(a compound known to be able to shunt electrons 
directly to oxygen [15] ) to EAT cells maintained un- 
der the various conditions indicated in Figs, 3 and 
4. As will be seen (dashed curves), K3 produced quali- 
tatively the same effects as did NF. but the effects 
observed with K3 were more pronounced. 

Possible inaolwment of ,frre radical intermrdiott3 in 

electron trutvjkr wirh NF. As seen in Fig. 5, a solution 
of NF that has been reduced by dithionite consumes 
oxygen at a very low rate. If, however, untreated NF 

is added, there is a great increase in oxygen uptake. 
A similar, rapid uptake of oxygen can also be demon- 
strated with a partially reduced dithionite product of 
NF which has a dark maroon color, suggesting the 
presence of a stabilized NF free radical (charge 
transfer complex). The same effect can be obtained 
if oxidized flavin monoucleotide (FMN) is added to 
the reduced NF. Finally, the stabilized free radical 
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Fig. 4. Stimulation (turn-on) of oxygen utilization by nifur- 
oxime and KS in KCN-inhibited EAT cells. The reaction 
medium is the same as that indicated in the legend of 
Fig. 3. The concentration of agents added indicated by 
thearrowswas4/cmoles KCN .3.5 /Imoles diamide. IO pmoles 

glucose. 5 pmoles K, and 5 /Imolcs NF. 

formed by the mixing of NADH and FMN can be 
oxidized by NF in the absence of oxygen. 

Pulse radiolysis was used to look at both the pro- 
duction and reactivity of nitrofuran free radicals in 
a simple chemical system. Following a 50-nsec pulse 
of high energy electrons incident on the aqueous solu- 
tions under study, roughly equal amounts of the two 
principal reactive species. hydrated electrons (e,;) 
and hydroxyl free radicals (.OH), are formed, to- 
gether with a small yield of hydrogen atoms (H.) as 

seen in reaction 1. 

Fig. 5. Oxygen consumption by dithionite-reduced nifur- 
oxime. The reaction medium is the same as that listed 
in the legend of Fig. 3. Curve A shows oxygen consump- 
tion by 9 /imoles of dithionite-reduced nifuroxime; at the 
arrow. 18.5,rcmoles nifuroxime was added. Curve B shows 
oxygen consumption by 20 pmoles of half-reduced nifurox- 

ime (maroon-colored complex). 



In the presence of a suitable H. and ‘OH sca- r I 
venger, r-butanol (reaction 2), only the remaining e.& 
reacts with the nitrofuranz to form the nitrofuran 
radical anion species NF (reaction 3). which has a 
strong characteristic absorption at 390 nm [12]. In 
the absence of any electron acceptor, the NF species 
is quite long-lived and ultimately decays by, ;I slow- 
order reaction (reaction 4). However. in the presence 
of excess oxygen. the NF absorption is found to 
decay wjith first-order kinetics, providing direct evi- 
dence for the feasibility of oxidation of metabolically 
produced reduced nitrofuran intermediates by oxygen 
(reaction 5). 

Hz0 \li e,;;OH. H. (II 

,OH 
or + (C‘H.JJ‘OH+ MICROMOLES OF NIFUROXIME 

H. Fig. 7. Rate of oxidalion of pyridine nucleotide free radi- 

(C‘HJZi‘HZC’OH + 
cals in the presence of various concentrations of nifurox- 

(2) ime. The NF- buildups. observed after the pulse, in deoxy- 
(inert) genated 2 mM NAD solutions containing 0.5 M t-butanol. 

\llOW il first-order dependence on mfuroxime 

c ,,,, + NF-NF (3) concentration. 

NF- + NI- --slow (41 

NF + O,-fast (5) 
radical intermediates. The same free radical interme- 

Figure 6 shows semilogarithmic plots of the first- diates were produced using the pulse radiolysis tech- 
order decays of NF- and the corresponding half-lives niquc. and their interaction with the colorless nitro- 
(T;) at different oxygen concentrations. The absolute furan derivative. nifuroxime, was studied. As an 
rate constant I< = 0.693.‘[02]T for the reaction of example. 2 mM oxidized pyridine nucleotide (NAD’) 
NF- with oxygen obtained from these data is I.5 x 
lO”M-’ set ‘. A similar result was found for 

was reacted with e,,,, to form pyridine nucleotide radi- 

the reaction of the electron adduct species of the 
cals (NAD.) (reaction 6). 111 the absence of oxygen, 

known oxygen-shuttling molecule vitamin K, with 
pyridine nucleotide radicals were found to react first 

oxygen (rate constant 0.2 x lo9 M-’ set-‘). Both 
order with nifuroximc with a rate constant of 3.1 x 

rate constants are high. being close to the diffusion- 10” Mm’ set- ‘, Figure 7 shows the concomitant rate 

controlled limit. of formation of reduced NF- 21s a function of nifurox- 

Both favin and pyridine nucleotides may be re- ime concentration as ii result of the one-electron oxi- 

duced metabolically by a two-step process via free dation of NAD, (reaction 7). 

I 1 I I I I 
NAD- + c.,,,-‘NAD. (6) 

NAD. + NF+NAD’ + NF (7) 

Similarly, pyridine nuclcotide radicals have been 
shown previously to be oxidized by oxygen, the rate 
constant for the reaction being 2.0 x IO” Mm’ set ’ 
[l&~lX]. 

A 

Air 

t,,2 I.74 psec 

I I I I that the nitro group is capable of forming stable prod- 

5 IO 15 20 25 ucts by accepting either four or six electrons [19]. 
MICROSECONDS We have found that the dithionite-reduced product. 

Fig. 6. Effect of oxygen concentration on the rate of decay 
which most likely is the hydroxylamine. has the same 

of nifuroxime radical union. The decays. which were 
absorption spectrum as the metabolically i-educed deri- 

measured at 400nm in deoxygenated 2mM nifuroxime vative (Fig. I); this product is relatively stable toward 

solutions containing 0.5 M t-butanol, are all of exponential oxygen until oxidized nitrofuran (or FMN) is added 
P term. (Fig. 5). Free radical NF derivatives may be formed 
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The ability of the nitrofuran derivativ,es to accept 
electrons makes them oxygen mimics with respect to 
radical scavenging activity during X-irradiation. The 
same property of electron acceptance causes interfer- 
ence with cellular electron transfer reactions through 
reduction of the drug and its subsequent reaction with 
either oxygen or cellular electron acceptors, Polaro- 
graphic studies under anaerobic conditions indicate 
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if the anaerobically reduced product reacts with elec- 
tron acceptors such as NAD- or FAD-FMN or with 
oxidized NF. Our preliminary studies in chemical sys- 
tcms [XI] indicate that these complexes are possible 
(Fig. 5). That free radical intermediates produced by 
such an interaction arc cxtrcmclq reactive toward ox- 
ygen. as indicated by the pulse radiolysis data (Fig. 
61. 

The failure to demonstrate the formation of re- 

duced nitrofuran\ with aerobically growing, cells [8] 
may be csplained if the nitrofuran free radical is an 
intcrmcdiatc Iii-9 step in its cellular reduction. similar 
to the free radical intcrmcdiates of Ravin and pyridine 
nuclcotides. SLI& an intermediate ob\ iously would be 
extrcmcl) acti\c toward oxygen. The reason that 
cellular NAD( I’) and fla\ in free radicals do not react 
directly with oxygen or oxidizing reactants is that 
they may he protected through protein interaction via 

tryptophan rehiduez [?I]. Additional support for the 
direct interaction of nitrofuran free radicals with ox- 
ygen is pro\idcd by the similar behavior in aerobic 
and KCN-inhibited cells of K, (Figs. 3 and 4). a com- 
pound hnown to he able to shunt electrons to oxygen. 
Pulse rxiiolq’sis data indicate that the reaction of the 

K j rxiic;tl anion with ox! gen is lower than that for 
the nifuroximc radical anion. although KJ appears 
to be more acti\c ;I!, an electron-shunting molecule 
in the cell “1 stem. However. this may indicate that 
metabolic production of the I(,\ radical anion. as the 
rate-limiting step. is faster than that of the nifuroxime 
radical anion. 11 hich correlates well with the observa- 
tion that the cellular activity of K3 reductase is much 
greater than that of nitroreductase. 

The domonstr~~tioii of anaerobic reduction of NF 
on the microsomt‘s [ 141. coupled with the fact that 
isolated microsomcs incubated with NF in the pres- 
encc of glucose and NADPH can account for practi- 
cally all of the NF-stimulatrd oxygen uptake in the 
intact EAT cell suspension (manuscript in prep- 
aration), suggest\ that the stimulation of oxygen con- 

sumption by Nl- is ~xtramitocholidrial. 
One consequence of nitrofuran radical anions 

reacting with oxygen Mill bc the production of the 
supcroxidc radical anion. 02. which in the presence 
of superoxide dismutaxe may react with itself to pro- 
duct. following protonation. HZ02 and 02, Excess 

production of superoxidc or H,Oz would be expected 
to bc damaging to cells and may in part explain the 
cytotoxic eli‘ectx of the nitrofurans [S]. Similar inter- 
action \\ith 0, and the dismutation of the resulting 
oxygen radical ha\e hren demonstrated for the inter- 
mediary product in the reduction of K, [I?], as well 
215 for the proximate carcinogen. 4-hydroxy amino- 
quinolinc !Y-oxidc 1231. 

The reducing cclui\alcnts necessary for cellular re- 
duction of NF. which are supplied largely through 
NAD(P)H. arc supplied by cithcr glycolysis or pen- 
tose cycle activity. Glutathione may participate as a 
rcdox buffer b> providing reducing equivalents to 
NADPH through the glutathione reductase enzyme. 
Thib conclusion is further supported by the observa- 
tion that the increased oxygen consumption in the 
prescncc of NF and Kz is enhanced by the addition 
of glucose but is diminished or cvcn prevented by 
the addition of diamide (an agent known to deplete 
GSH and other endogenous substrates [IO] ), 

Depletion of intracellular GSH may also occur 
through the shuntingofelectrons to oxygen by NF with 
the result that GSSG would accumulate. This would 
inhibit sulfhydryl enzymes such as succinoxidase in- 
volved in mitochondrial oxidations [24]. A direct in- 
hibition of glutathione reductase bv NF [7] may also 
occur. The inhibition of respiration is more pro- 
nounced when diamide is added to the cells before 
NF. 

With regard to the use of nitrofuran derivatives as 
cellular radiation modifiers [I, 2,5], our results indi- 
cate that the compounds are far from metabolically 
inert and that special attention should be given to 
the alteration in electron transfer reactions and 
changes in intracellular reducing species as well as 
the production of free radicals by the drug, when in- 
terpreting results obtained with these agents. 

.4~~~rlo~\~/~~t/~/r~~l~nf.\ We would like to thank Mrs. Birgit 
Jacobson and Mr. Steve Richie for capable technical assist- 
ancc. 
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