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Abstract-Previous work in several laboratories has shown that enzymatic reduction of nitroheterocyclic 
compounds to reactive but uncharacterized metabohtes that damage DNA constitutes an important 
“activation” step in both bacteria and hypoxic mammalian cells. However, since the known mammalian 
enzymes having nitroreductase activity are reported to be strongly inhibited by molecular oxygen, the 
relation of reductive activation to the toxic and mutagenic effects of nitroheterocyclic compounds in 
intact animals or aerobic cultured cells is unclear. We report here that the process of net nitroreduction 
of S-nitro-2-furaldehyde semicarbazone (nitrofurazone) by rat liver xanthine dehydrogenase was con- 
siderably less sensitive to inhibition by oxygen than was nitroreduction catalyzed by rat liver or milk 
xanthine oxidase. The dehydrogenase is the native form of xanthine oxidoreductase and is known to 
change to the oxidase form as liver extracts are aged or treated with various agents. Incubation at 65” 
rapidly converted the dehydrogenase form to the oxidase form with concomitant loss of aerobic 
nitroreductase activity. Similarly. much of the aerobic nitroreductase activity was lost when the prepara- 
tion was treated with p-hydroxymercuribenzoate but was regained upon subsequent treatment with 
dithiothreitol. Intermediates generated in the aerobic nitroreduction process bound tightly and probably 
covalently to protein. Thus, it is possible that aerobic reduction of nitrofurans and other nitroheterocyclic 
and nitroaromatic components by xanthine dehydrogenase may constitute a significant “activation” 
process which contributes to the toxic action of such agents. 

S-Nitrofuran derivatives have been widely used as 
antibacterial agents for nearly four decades and the 
synthesis of new 5nitrofurans continues at a rapid 
pace [l, 21. Nearly all 5-nitrofurans adequately tested 
have been shown to be mutagenic, toxic, and capable 
of causing DNA strand breaks in bacteria and in 
cultured mammalian cells [2-51. Most nitrofurans 
are also carcinogenic in animals [2,3]. 

There is general agreement that nitrofurans must 
undergo metabolic activation before they damage 
DNA. In bacteria, enzymatic reduction of the nitro 
group has been shown to be the important route of 
metabolic activation [2.6,7]. There are two general 
classes of nitroreductase enzymes which can be dif- 
ferentiated by their activities in the presence and 
absence of oxygen. The Type I enzymes catalyze 
transfer of two (or more) electrons to give oxygen- 
insensitive products, whereas the Type II enzymes 
catalyze the transfer of one electron, yielding the 
nitro anion free radical [8]. In hypoxia, nitro radical 
anions disproportionate to give the nitroso plus nitro 
compounds. The nitroso derivative then undergoes 
further reduction. eventually yielding the amine. In 
the presence of oxygen, little or no net reduction 
takes place since the nitroradical is rapidly re-oxi- 
dized to the nitro compound with the concomitant 
formation of superoxide anion. This substance gives 

* Address all correspondcncc to: D. R. McCalla. 
McMaster University. Health Services Ccntre. 1200 Main 
Street West. Hamilton. Ontario. Canada L8N 3Z.5. 

rise to a variety of toxic active oxygen species [9, 
IO]. 

Several mammalian enzymes are known to have 
nitroreductase activity and, in rodents at least, the 
liver appears to play a major role [ll]. The major 
microsomal nitroreductase is NADPH-cytochrome 
P-450 reductase [12-141. In viva net nitroreduction 
by NADPH-cytochrome P-450 reductase is inhi- 
bited by oxygen and is mechanistically similar to 
that of the Type II enzymes of bacteria [S, 15, 161. 
Recently, Holtzman et al. (171 have shown that high 
concentrations of a detergent-solubilized prepara- 
tion of this enzyme can reduce nitrofurazone areobi- 
tally at about 14% of the hypoxic rate. This result is 
apparently explained by the high steady-state levels 
of the nitroradical anions formed with high concen- 
trations of reductase which, in turn, allow dispropor- 
tionation to compete with oxidation. As a result, 
limited net reduction does occur. In contrast, lower 
levels of reductase yield a steady-state concentration 
of radical anion which is so low that the dispropor- 
tionation reaction is not detectable. 

The major nitroreductase activity of rat liver cyto- 
sol is reported to be xanthine oxidase [12-14, 181. 
Net nitroreduction of nitrofurazone by this enzyme is 
also strongly inhibited by oxygen. Aldehyde oxidase 
[ 191. DT-diaphorase [20.21]. succinic dehydrogen- 
ase 1221 and lipovl dehydrogenase 1231 also show 
nitroreductase acfivity but have not been investi- 
gated in detail. 

The inhibition of net reduction of nitrocompounds 
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by the mammalian nitrore~uctases by oxygen pro% 
ably accounts for the observation that mammalian 
cells are much more sensitive to the lethal and muta- 
genic effects of nitroheterocyclic compounds under 
hypoxic conditions than in the presence of oxygen 
[2]. However, it is unclear whether the toxic effects 
seen under aerobic conditions [2,24-261 are due to 
reduced metabolites or to active oxygen species that 
damage DNA 1271 and induce mutations [ZS] and 
tumors 1291, or to still some other compound. The 
observation that the oxygen tension must be reduced 
to a very low level before the toxicity of nitrofurans 
is increased over that found under aerobic conditions 
[30] raises the question of whether or not net nitrore- 
duction by the known mammalian nitroreductases 
occurs to any significant extent at the oxygen tensions 
found in vim. Nevertheless, nitrofurans do undergo 
net nitroreduction in animals [ll, 31,321, suggesting 
that there may well exist nitroreductase activity in 
mammalian cells and tissues which is not affected by 
oxygen. 

It is known from the work of others that xanthine 
dehydrogenase is the native form of the xanthine 
oxidoreductase [33]. Figure 1 summarizes the rele- 
vant activities of these enzymes. The oxidase and 
dehydrogenase have similar K, values for xanthine 
but only the dehydrogenase can use NADH at a 
rate comparable to that obtained with xanthine [34]. 
Xanthine dehydrogenase is converted to the oxidase 
either reversibly by oxidation of SH groups or 
irreversibly by proteolytic cleavage [35,36]. 
Recently. an intermediate form having both dehy- 
drogenase and oxidase activities [37] and a form of 
“dehydrogenase-associated oxidase” have also been 
described [38]. 

In this paper, we show that net nitroreduction by 
rat liver xanthine dehydrogenase is considerably less 
sensitive to inhibition by oxygen than is nitroreduc- 
tion catalyzed by rat liver or milk xanthine oxidase 
and that the intermediates formed in the reduction 
process bind strongly and probably covalently to 
protein. 

(1) Xanthine dehydrogennse 

NAD- + Hypoxanthine -+ NADH + Xanthine + H+ 

and 

NAD+ + Xanthined NADH + Uricacid + H+ 

(2) Xunthine oxidase 

Hypoxanthine + 02 -t Hz0 -+ Xanthine + 0~ 

and 

Xanthine + 02 + I-I20 -+ Uric acid + 0~ 

(3) Nitroreductase 

NADH + H+ + Nitrofurazone -j Reduced nitrofur- 
azone” + NAD+ 

Fig. 1. Reactions catalyzed by xanthine dehydrogenase. 
xanthine oxidase and nitroreductase. 

* The stable end-products formed are the aminofuran 
and its isomeric open-chain nitrile (2). 

Chemicals. Nitrofurazone (5nitro-2-furaldehyde 
semicarbazone) was a gift from Norwich Pharmical 
(Norwich NY). [14C]Nitrofurazone (13.8 mCi/ 
mmole) was prepared by condensing nitrofural- 
dehyde with 14C-labeled semicarbazide hydrochlo- 
ride (Intl. Chem. and Nuclear Corp.. Plainview. 
NY), using a standard procedure 1391. Ailopurinol 
(4-hydroxypvrazolo~3,4-d]p~rimidine). hypoxan- 
thine, xanthine, dithiothreitol, .~~-methylnicotin- 
amide chloride, bis-tris [bis-(2-hydroxyethyl) imino- 
tris (hydroxymethyl)methane], potassmm pyruvate. 
and milk xanthine oxidase (0.9 units/mg protein) 
were purchased from the Sigma Chemical Co., St. 
Louis. MO. Glucose-6-phosphate dehydrogenase 
from Leucognosroc mesenteroides (500 units/mg 
protein), lactate dehydrogenase (1050 units/mg pro- 
tein) and NAD-’ were purchased from Boehringer 
Mannheim (Ville St. Laurent. Quebec). Omnifluor 
was purchased from New England Nuclear (Lachine, 
Quebec) and p-hydroxymercuribenzoate from the 
Aldrich Chemical Co. (Milwaukee, WI). All other 
chemicals were reagent grade. Argon (<0.002% 01) 
was purchased from Canada Liquid Air Ltd. 
(Hamilton, Ontario). 

All procedures, except the enzyme assays, were 
carried out at O-@. All buffers contained 0.02% 
NaN3 to prevent bacterial growth and 2 mM EDTA 
to prevent the acceleration of nitroreduction by 
Fe(I1) salts 1401. “K-P” buffer designates 67 mM 
potassium phosphate buffer, pH 7.2. 

Preparation of S105 supernatant fraction. Male or 
female Sprague-Dawley (Canadian Breeding. 
Montreal. Quebec) or Wistar (Woodlyn Farms, 
Guelph, Ontario) rats weighing lSO_250g were 
killed by cervical dislocation. Livers were removed. 
washed, and homogenized in a Potter-Elvehjem 
apparatus in 3~01. of sterile K-P buffer. The hom- 
ogenate was centrifuged at 9000g for 15 min, the 
supernatant fraction (S9) was centrifuged at 
105.000 g for 60 min. and the final supernatant frac- 
tion was decanted. 

Fractionation of the S105 supernatant fraction. A 
15ml portion of the 5105 supernatant fraction was 
applied to a Biogel A 1.5 (20(1--400 mesh) column 
(3.5 X 85 cm) and eluted with K-P buffer. The void 
volume (approx. 130 ml) was discarded. and eighty 
6.5ml fractions were collected at a flow rate of 
30 ml/hr. The molecular weight of the major NADH- 
dependent nitroreductase activity was estimated by 
calibrating the column with horse spleen ferritin. 
bovine serum albumin, trypsin inhibitor. cytochrome 
c reductase and ovalbumin as molecular weight stan- 
dards. Fractions exhibiting nitroreductase activity 
were pooled and are referred to as “liver 
nitroreductase”. 

~~itrored~lcta~~e rzssay. Nitroreductase was moni- 
tored spectrophotometrically at 24’ by following the 
decrease in absorbance at 375 nm (the absorbance 
maximum of nitrofurazone); this was converted to 
nmoles nitrofurazone reduced using the relationship 
that a AA;,3 of 0.05 corresponds to the reduction of 
10 nmoles of nitrofurazone 1411. There is no interfer- 
ence at this wavelength from the purine substrates 
or products. Each assay was performed in a final 
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volume of 600 pl K-P buffer and consisted of 300 ,~l 
liver nitroreductase preparation or milk xanthine 
oxidase (0.01 or 0.14 units), 0.02pmole nitrofura- 
zone, and either 1.5 pmole Gmethylnicotinamide, 
1.5 pmoles hypoxanthine, 1.5 pmoles xanthine, or an 
NADH-generating system consisting of 0.02 pmole 
NAD+, 2.5 pmoles glucose-6-phosphate, and 
0.6 units of glucose-6-phosphate dehydrogenase. In 
some experiments, the liver nitroreductase was pre- 
incubated for 5 min with 6.0 nmoles allopurinol. Air- 
equilibrated solutions were used for aerobic assays. 
For anaerobic assays, enzyme and substrate solutions 
were treated with argon gas in 25ml Erlenmyer 
flasks for 1 min and then decanted under argon into 
curvettes which were then sealed with parafilm. Ex- 
periments using a Thunberg cuvette (for example, 
see Ref. 42) were used to validate this procedure. 
The ratios of aerobic to anaerobic nitroreductase 
activity varied somewhat from preparation to pre- 
paration (e.g. Tables 1 and 2). 

Xanthine oxidase and dehydrogenase assays. The 
xanthine oxidase and dehydrogenase activities were 
determined spectrophotometrically at 24” by follow- 
ing the conversion of hypoxanthine to uric acid at 
290 nm without NAD+ (“oxidase” activity alone) 
or in the presence of added NAD+ (“oxidase plus 
dehydrogenase” activity). See Fig. 1 for the various 
reactions involved. “Dehydrogenase” activity was 
calculated by subtraction. The absorbance changes 
were converted to nmoles uric acid formed using a 
molar absorptivity of 1.22 x lo4 cm-l [43]. Sample 
and reference cells contained 300 ~1 liver nitroreduc- 
tase preparation or 0.14 units of commercial xanthine 
oxidase, with or without 1 mg NAD+, in a volume 
of 1.6 ml K-P buffer. Water (1 ml) was added to 
the reference cells. The reaction was started by the 
addition of 1 ml of 0.6 mM hypoxanthine to the 
sample cell. The ratios of oxidase to dehydrogenase 
activity varied somewhat from preparation to 
preparation. 

Binding of [“C]nitrofurazone to protein. The 
reaction mixture consisted of 4ml liver nitrore- 
ductase, 10 mg bovine serum albumin, 
mately 2 X 10h cpm [lJC]nitrofurazone ZZroZ 
NADH-generating system (0.15 pmole NAD _. 
20 pmoles glucose-6-phosphate, 3.6 units glucose-6- 
phosphate dehydrogenase) in a final volume of 6 ml 
K-P buffer. Incubation was for 1 hr at 24” in a 125- 
ml Erlenmyer flask. after which the mixture was 
fractionated on a Biogel A 1.5 column, as described 
above. The absorbance of each fraction was meas- 
ured at 280 nm and 50-,ul aliquots were pipetted onto 
small glass fiber discs. The discs were dried and 
counted in a Beckman LS-230 scintillation counter 
with a fluor consisting of 4 g Omnifluor/liter of 
toluene. 

The albumin-containing fractions were pooled and 
dialyzed against 4 liters K-P buffer at 4” and the 
radioactivity was measured as described above at 8- 
hr intervals. In another experiment, these fractions 
were dialyzed successively for 8 hr each against 1 
liter of 8 M urea. 4 liters of fresh K-P buffer, 2 liters 
of 5 M NaCl and finally 4 liters of fresh K-P buffer. 
and the radioactivity was measured at each change 

Chromatograph! of the liver nitroreductase on CM 
cellulose. The hver nitroreductase preparation 

(13 ml) was dialyzed for three successive 1-hr periods 
against 1 liter of 5 mM bis-tris, pH 5.8, and concen- 
trated to about 3 ml by dialysis against 50% glycerol : 
50 mM bis-tris. The concentrate was applied to a 
0.9 x 58cm CM cellulose column and eluted with 
5 mM bis-tris, pH 5.8. Fifty 2-ml fractions were col- 
lected at a flow rate of 1.5 ml/hr. 

Interconversion of liver xanthine dehydrogenase 
and xanthine oxidase. The xanthine dehydrogenase 
preparation from a Biogel column was incubated for 
15 min at 37” with 30 ,uM p-hydroxymercuribenzoate 
(which reacts specifically with free sulfhydryl groups 
to form mercaptides [44], and the xanthine oxidase 
and dehydrogenase plus the aerobic and anaerobic 
nitroreductase activities were measured as described 
above. Dithiothreitol was then added to the treated 
preparation to a final concentration of 10mM and 
incubation continued for 15 min at 37” to reverse the 
effect of the p-hydroxymercuribenzoate. 

RESULTS AND DISCUSSJON 

The 9000 g supernatant fraction of rat liver extract 
(S9) catalyzed the net reduction of nitrofurazone 
when either NADH or hypoxanthine (or xanthine) 
was supplied as electron donor. The aerobic 
NADH : nitrofuran reductase activity was found in 
the 105,OOOg supernatant fraction and eluted from 
a gel filtration column at a point corresponding to a 
protein of about 280.000 daltons. Both aldehyde 
oxidase and xanthine oxidase are known to be soluble 
enzymes having molecular weights of 280,000 and 
capable of reducing nitroheterocyclic compounds 
[12, 191. Rat liver xanthine oxidase activity co-eluted 
with the liver nitroreductase activitv (data not 
shown). However, the nitroreductase activity in fresh 
liver preparations was much less affected by oxygen 
than was the corresponding activity in either aged 
preparations from rat liver or commercial milk xan- 
thine oxidase (Fig. 2). 

To investigate further the possible contributions 
of aldehyde and xanthine oxidoreductases to the 
nitroreductase activity of the liver preparation, 
allopurinol, a selective inhibitor of xanthine oxidase, 
and Ni-methylnicotinamide, which serves as an elec- 
tron donor for aldehyde oxidase but not for xanthine 
oxidase, were employed. The results (Table 1) indi- 
cated that the bulk of the activity was due to xanthine 
oxidase and that aldehyde oxidase contributed at 
most a minor amount of activity. The data show that, 
while the liver nitroreductase used NADH at a rate 
comparable to that obtained with the purines. the 
rate of xanthine oxidase-catalyzed nitroreduction 
was affected markedly. by the nature of the electron 
donor. Indeed. the ratio of anaerobic nitroreductase 
activity with NADH to xanthine oxidase activity with 
hypoxanthine was greater by a factor of over 100 for 
the liver enzyme than for milk xanthine oxidase (data 
not shown). Thus. the reduction of nitrofurazone by 
the liver enzyme differed in two important ways from 
reduction by milk xanthine oxidase. First, as is also 
indicated in Fig. 1. net nitroreduction bv the liver 
nitroreductase was not as sensitive to inhibition by 
molecular 02 as net reduction by milk xamhine oxi- 
dase and, second, the former enzyme accepted elec- 
trons from NADH much more readily than the latter. 

The ability of the liver nitroreductase preparation 
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TIME Imin) 

Fig. 2. Inhibition by oxygen of the reduction of nitrofura- 
zone. Symbols: (C+O) liver nitroreductase, anaerobic 
with NADH; (U) liver nitroreductase, aerobic with 
NADH; (0-U) milk xanthine oxidase, anaerobic with 
hypoxanthine; and (m-m) milk xanthine oxidase, aerobic 

Fig. 3. Chromatography of liver nitroreductase preparation 
on CM cellulose. Symbols: (0) xanthine oxidase activity; 
(0) xanthine oxidase + xanthine dehydrogenase activities; 
and (0) aerobic nitroreductase activity. Xanthine dehydro- 
genase activity is the difference between the total activity 
(0) and oxidase activity (0) See text for experimental 

with hypoxanthine. details. 

to use NADH at a rate comparable to that with the 

purines suggested that xanthine dehydrogenase (see 
beginning of paper) rather than xanthine oxidase 
might be responsible for the nitroreductase activity 
with NADH. The relation between the xanthine 
dehydrogenase and aerobic nitroreductase activities 
of the preparation was examined using CM cellulose 
chromatography (Fig. 3). When the xanthine oxidase 
and dehydrogenase activities were partially 
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separated, the aerobic nitroreductase activity clearly 
followed the xanthine dehydrogenase activity. 

As shown in Fig. 4, heating of the liver preparation 
at 65” converted xanthine dehydrogenase to the oxi- 
dase form with essentially no loss in total dehydro- 
genase plus oxidase activity during the initial 25 min. 
Loss of aerobic nitroreductase activity closely 
paralleled the loss of xanthine dehydrogenase activ- 
ity. Indeed, the xanthine dehydrogenase and the 

Table 1. Electron donor and enzyme inhibitor specificities for nitrofurazone reduction by liver nitroreductase 
and milk xanthine oxidase* 

Enzyme 

Rat liver 
nitroreductase 
(0.64 mg protein/ 

ml) 

Milkxanthine 
oxidase (0.01 
units) 
Milkxanthine 
oxidase (0.14 
units) 

Substratesand/or 
inhibitors 

Hypoxanthine 
Hypoxanthine + allopurinol 
Xanthine 
Xanthine + allopurinol 
NADH 
NADH + allopurinol 
NADPH* 
Nr-Methylnicotinamide 
NADH 
Hypoxanthine 

NADH 
Hypoxanthine 

Nitrofurazonereduced Nitrofurazonereduced 
(nmoles/min) nmoles/min) 

(aerobic) (anaerobic) 

3.8 12.0 
0 0 
2.0 4.S 
0 0 
3.2 10.4 
(1.2 0.8 
0 0 
0 0 
0 0 
2.4 24.0 

1.5 17.5 
57.6 ND$ 

* Hypoxanthine, xanthine, and NADH arc substrates for xanthine oxidase, N’-methylnicotinamide for 
aldehyde oxidase. and NADPH for neither enzyme. Allopurinol is an inhibitor of xanthine oxidase. 

f NADP- and an NADPH-generating system was substituted for NAD’ and the NADH-generating 
system. 

$ Not measured. 
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Fig. 4. Effect of conversion of xanthine dehydrogenase to 
the oxidase by incubation at 65” on the aerobic nitroreduc- 
tase activity of the rat liver preparation. Symbols: (Cl) total 
oxidase plus dehydrogenase activity; (0) oxidase activity; 
(---) calculated dehydrogenase activity (0 minus 0); and 
(0) aerobic nitroreductase activity. See text for experi- 

mental details. 

aerobic nitroreductase activities are somewhat un- 
stable even in the cold ([35], and data not shown). 

Finaliy, as shown in Table 2, about 87% of the 
dehydrogenase activity of a particularly active 
preparation was converted to oxidase activity by 
treatment with p-hydroxymercuribenzoate. Upon 
addition of dithiothreitol, the oxidase activity was 
reconverted to the dehydrogenase form (80% of the 
original dehydrogenase activity being recovered). 
Aerobic nitroreductase activity was decreased sub- 
stantially when the dehydrogenase was converted to 
oxidase and largely restored (8.5% of original activ- 
ity) when dithiothreitol was added. These treatments 
had little, if any, effect on the anaerobic nitroreduc- 
tase activity or on the total xanthine oxidase plus 
dehydrogenase activity. The aerobic nitroreductase 
activity remaining after the p-hydroxymercuriben- 
zoate treatment could be due to a combination of 
residual xanthine dehydrogenase plus a contribution 
from the oxidase which, as shown for milk xanthine 
oxidase in Table 1 (also see Ref. 17), has a small 
amount of aerobic nitroreductase activity. The obser- 
vation that the NADH-dependent aerobic nitrore- 
ductase activity of milk xanthine oxidase was unde- 
tectable when the assay contained 0.01 units of 
enzyme but was easily seen with 0.14 units of enzyme 
(Table 1) may be a consequence of the higher steady- 
state level of the radical anion and resulting dispro- 
portionation (see beginning of paper). 

Recently, Kaminski and Jezewska 1371 have 
described a dehydrogenase-oxidase (D/O) form, be- 
lieved to be an intermediate in the conversion of 
the dehydrogenase form to the oxidase form. By 
applying their spectrophotometric method to a sam- 
ple of our liver preparation, we found that about 
two-thirds of xanthine oxidoreductase was in the (D) 
form, one-third in the (0) form, and a negligible 
amount in the (D/O) form (data not shown). 

The nitroreductase of fresh liver preparations also 
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Fig. 5(A) Aerobic reduction of I%]nitrofurazone by the liver nitroreductase preparation and binding 
of 1°C to proteins. The reaction mixture which contained bovine serum albumin and an NADH- 
generating system in addition to the nitroreductase preparation and labeled njtrofurazone was incubated 
for I hr and then chromatographed on a Biogef A 1.5 column. Peak I: ~‘~C]nitrofurazon~~ peak II: 
reduced metaboIite~s~ of nitrofura~one; peak III: bovine serum albumin; and peak IV: proteins of the 
liver nitroreduetase preparation. See text for experimental details. (B) Control experiment, identical to 
that shown in A except that NAD+ was omitted. See caption for panel A and Materials and Methods 

for details. 

catalyzed the binding of radioactivity from [ i4C]nitro- 
furazone to protein under aerobic conditions. Figure 
5A shows the results of an experiment in which the 
enzyme preparation was incubated for 1 hr with [K] 
nitrofurazone, the requisite co-factors, and added 
bovine serum albumin (BSA) followed by ehroma- 
tography of the reaction mixture on a Biogel A 
IS column. Radiaactivity was found in unchanged 
nitrofurazone (peak I; lmaa 375 nm), in the low mol- 
ecular weight reduction product(s) (peak II; A,,, 
330 nm), and in association with protein (peaks III 
and IV). Peak III contained label associated with the 
added BSA while peak IV contained label associated 
with the higher molecular weight proteins of the 
enzyme preparation itself. These protein zones con- 
tained radioactivity equivalent to about 25% of the 
nitrafurazone reduced. In control reaction mixtures 
from which NAD* was omitted, nitrofurazone was 
not metabolized and no protein binding was observed 
[Fig. 5B). 

When the fractions containing labeled peak III 
(IJC baund to BSA) from the complete incubation 
mixture were combined and dialyzed against 6’7 mM 
phosphate buffer, pH 7.2, there was an initial loss 
of about 10% of the radioactivity followed by slower 
exponential loss having a half-time of several days 
(data not shown). Since successive dialysis against 
8 M urea, buffer, 5 M NaCl and more buffer all 
resulted in loss af activity at nearly the same rate, it 
appears that the radioactivity was initially tightly 
(and probably covalently) bound. 

The data reported here establish that the bulk 
of the aerobic nitroreductase activity in rat liver 

supernatant preparations is associated with xanthine 
dehydrogenase. Xanthine oxidase, which accounted 
for about one-third of the total xanthine oxidoreduc- 
tase activity in our fresh preparations, aiso reduced 
nitro~ra~one. using NADH as electron donor. 
However, the net reduction of nitrofurazone by this 
enzyme was much more sensitive to inhibition by 
molecular oxygen than was the nitroreductase activ- 
ity associated with xanthine dehydrogenase. Also, 
the dehydrogenase-catalyzed aerobic reduction of 
nitrofurazone produced intermediates which bound 
to proteins. These results suggest that xanthine oxi- 
doreductase may be more important in the metab- 
olism of nitrofurans and other nitroheterocy~lic com- 

pounds in aerobic tissues than one might have 
assumed from earlier resufts in the oxygen-sensitivity 
of net nitr(~reduction by the milk and rat liver xan- 
thine oxidases. Further work is required to explore 
the reactivity of the reduced species with cellular 
constituents (especially DNA) and to determine 
whether or not n~troredu~tion by xanthine dehydro- 
genase represents a biologi~lly relevant pathway for 
the activation of nitrohetero~y~li~ compounds. 

The illforma~ion currently available is inadequate 
to determine the mechanistic basis for the difference 
in the oxygen sensitivities of the two forms. With 
the bacterial Type Ii reductases and with NADPH : 
cytochrome P-450 reductase, inhibition of net reduc- 
tion of nitrofurans by oxygen is entirely accounted 
for by re~~x~dation of the njtroradical amon [X]. Un- 
published studies (R. Mason, private communica- 
tion) have demonstrated that the nitroradi~al anion 
is also formed during the aerobic reduction of nitro- 
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18. M. Morita, D. R. Feller and J. R. Gillette, Biochem. 
Pharmac. 20. 669 (1981). 

furans by milk xanthine oxidase but is not seen in 
the presence of oxygen. Thus, it is possible that re- 
oxidation of the anion may contribute to the strong 
inhibition of the nitroreductase activity of xanthine 
oxidase by oxygen. If so. one might postulate that 
the dehydrogenase (like the bacterial Type I nitrore- 
ductases) may transfer more than one electron, yield- 
ing an initial product which resists oxidation. This 
might be due to a structural difference between the D 
and 0 forms with consequent alteration in substrate 
reactivity (see Refs. 35,36.45 and 46). Alternatively, 
given the strong oxidase activity of xanthine oxidase, 
the inhibition could occur at the level of the enzyme 
itself, with reduction of oxygen competing preferen- 
tially with reduction of nitrofurazone when the en- 
zyme is in the oxidase form. 
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