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Abstract-Rat liver microsomes and purified NADPH-cytochrome c reductase metabolized 
[‘4C]misonidazo1e anaerobically to a reactive intermediate that covalently binds to tissue macromole- 
cules. Air strongly inhibited the binding whereas carbon monoxide had no effect, indicating that 
misonidazole is activated via reduction and not by cytochrome P-450-dependent oxidation. Both systems 
showed an absolute requirement for NADPH and were stimulated by flavine (FAD) and paraquat. The 
apparent K, for misonidazole binding to microsomal protein was 0.74 mM and the apparent V,,,,, was 
0.64 nmole 14C bound’mg-“min-‘. At a single substrate concentration, nitrofurantoin, nitrofurazone 
and desmethylmisonidazole inhibited the covalent binding of misonidazole to microsomal protein by 
47.26, and 387~ respectively. The effect of nitrofurantoin on the kinetics of misonidazole binding gave 
a complex interaction indicative of uncompetitive inhibition. Glutathione reduced the binding of 
misonidazole to microsomal protein below the level observed for boiled microsomes while ascorbic acid 
had no effect. Compared to nitrofurantoin and paraquat. misonidazole was a poor stimulator of 
superoxide production as measured by adrenochrome formation. 

Misonidazole (1-[2-nitro-l-imidazolyll-3-methoxy- 
2-propanol), besides acting as a radiation sensitizer 
of hypoxic cells, is also preferentially toxic towards 
hypoxic mammalian cells [l-3]. Moreover, misoni- 
dazole has been shown to be mutagenic [4,5] and 
to produce oncogenic transformations in oitro [6]. 

In humans, neurotoxicity has been the major limiting 
factor in the clinical use of this drug. Certain inves- 
tigators have speculated on a link between the cyto- 
toxicity of misonidazole to hypoxic cells and the 
occurrence of neurotoxicity in patients following high 
dose misonidazole therapy [7,8]. The 5-nitroimi- 
dazole, metronidazole (91, and the nitrofurans, nitro- 
furantoin [lo] and nitrofurazone [ll], have also been 
shown to cause neurotoxicity in patients at high dose 
levels. While the exact mechanism of misonidazole 
toxicity is unknown, it has been suggested, as with 
other nitro aromatic compounds, to be due to the 
metabolic reduction of the nitro group to a reactive 
species. 

Several enzyme systems are capable of reducing 
nitro aromatic compounds. They are NADPH-cyto- 
chrome c reductase [12, 131, xanthine oxidase 
[13, 141, aldehyde oxidase [ 151, DT-diaphorase [ 161 
and lipoyl dehydrogenase [17]. The reduction 
of nitrofurazone [18], N-[4-(5-nitro-2-furyl)-2- 
thiazolyl] actamide [19] nitrofurantoin [20] and 
metronidazole [21] has been shown to produce highly 
reactive metabolites which covalently bind to tissue 
macromolecules. Chromatographic evidence is now 
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available showing that under hypoxic conditions 
mammalian cells metabolize misonidazole to more 
than one metabolite [22-241. Using zinc dust to 
reduce misonidazole, Varghese and Whitmore [25] 
demonstrated misonidazole binding to both protein 
and DNA. Recently, Josephy et al. 1261 have shown 
that misonidazole, as well as its azo and azoxy deriva- 
tives are reduced by xanthine oxidase under hypoxic 
conditions. 

The present study was undertaken to determine 
whether misonidazole is converted enzymatically to 
metabolites sufficiently reactive to bind to tissue 
macromolecules. 

MATERIALSANDMETHODS 

Male Wistar rats (19&250 g) were killed by cerv- 
ical dislocation, and their livers were removed, 
minced in ice-cold 0.2 M potassium phosphate con- 
taining 0.15 M potassium chloride (pH 7.3), and then 
homogenized with 4 volumes of this isotonic buffer 
with a Polytron homogenizer (Kinematic, Switzer- 
land, model PT 10-35). All tissue ‘manipulations 
were carried out at &4”. The homogenate was cen- 
trifuged at 9000 g for 20 min in a Sorvall RC2-B 
centrifuge to remove the nuclei, mitochondria and 
cell debris. The supernatant fraction was then cen- 
trifuged at 105,000 g for 60 min in a Beckman model 
L5-50 ultracentrifuge to obtain the microsomal 
pellet. Microsomes were washed once with the 
above-mentioned isotonic buffer and resedimented 
by ultracentrifugation at 105,OOOg for 60 min. The 
final washed microsomal pellet was resuspended in 
0.2 M potassium phosphate buffer (pH 7.3) contain- 

ing 30% (v/v) glycerol, using a glass homogenizer. 
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Fig. 1. Chemical structures of misontdazole (a). dssme- 
th~lmisonid~z~le (b), nitr~)~ur~nt(~in (c), nitrofurazone (rl). 

paraquat (e), and ellipticinc (i). 

Samples were either assayed fresh or were stored at 
-80” in aliquots at a protein concentration of X- 
15 mgiml. Control experimentsshowed no significant 
difference between the results obtained using either 
fresh or stored microsomes. Microsomal protein con- 
centrations were determined by the method of Lowry 
t’f al. 1271 with crystalline bovine serum albumin as 
a standard. 

[‘“C:jMisonidazole (I-[2-nitro-I-imidazolylj-3- 
methoxy-2-propanol. 15.6 mCi~mmole) was syn- 
thesized by Mr. Morris Leaffer under contract with 
the Stanford Research Institute. Menlo Park. CA. 
Radiochemical purity was 97% as determined by 
t.1.c. on silica gel 6OF glass plates (E. Merck. St. 
Louis, MO) in ethylacetate or acetone followed by 
radioautography. Misonidazole, desmethylmisoni- 
dazole and nitrofurazone were obtained from the 
Developmental Therapeutics Program of the Divi- 
sion of CancerTreatment, National Cancer Institute. 
NADPH, NADH, superoxide dismutase. ascorbic 
acid, glutathione, FAD, bovine serum albumin and 
paraquat were all obtained from the Sigma Chemical 
Co. (St. Louis, MO). Nitrofurantoin and ellipticine 
were obtained from Drs. M. R. Boyd and D. W. 
Nehert, respectively, of the National Institutes of 
Health, Bethesda, MD. All other chemicals were of 
analytical reagent grade, The chemical structures of 
the drugs used in this study are shown in Fig. 1. 

hub&m mixturrs 

Anaerobic incubations were carried out in a final 
volume of 1.5 ml in glass stoppered 20 ml flasks at 
37” and agitated at 100 oscillations/min in a metabolic 
shaker. Humidified nitrogen or carbon monoxide 
was bubbled through the suspensions for 5 min prior 
to use and was passed over the contents of the vials 
at a Row rate of 300 mlimin during the incubation 
period. Each incubation mixture contained micro- 
somal protein, 2 mgiml; phosphate buffer (pH 7.4). 
83 mM; [‘“C]misonidazole (19G250 dpminmole) at 
7.5 mM; and NADPH and NADH at 0.9 mM; the 
incubation time was 7.5 min. These conditions gave 
reaction rates that were linear with protein concen- 
tration and time (Fig. 2). All reactions were started 

by the addition of microsomes and were stopped 111 
the addition of 1 ml of 30c; trichluroacctic acid 
(TCA). Alternatively. reactions could also he ter- 
minated by the addition of methanol. No diffcrcnccs 
were observed between the two methods. When the 
apparent K,,,for the covalent binding,of misonidarc>lc 
to microsomal protein was determined, seven dif-- 
ferent concentrations of misonidazole were used 
ranging from 0.36 to 7.5 mM. The NADPH-NADf I 
independent binding was used as the blank ~11x1 \\;I\ 

subtracted from the binding in the presence of thc4c 
electron donors. 

Purified rat liver NADP~I-cytochronlc (‘ rcducta’rc 
(EC 1 .h.2.4) was prepared according to the riicthc>d 
of Yasukochi and Masters {Zt;], The cnz\mr u'x 

pure as judged by sodium dodecylsulfate (SDS) gel 
electrophoresis and did not have an> detectable 
mono-oxygenase activity. The tinal cytochromc (’ 
reductase solution contained 1 .H unit&l and W;I~ 
stored at -80” in a 0.2 M potassium phosphate buffer 
(pH 7.4) containing 20% glycerol. The reaction mis- 
ture for the purified enzyme was as above. except 
that in place of microsomal protein (1.045 units of 
cytochrome c‘ reductase and 5 mg of bovine serum 
albumin were used. 

Determinution of cootr/~~r~r hirdin,q. Following ter- 
mination of the reaction with 3Wi TCA and cen- 
trifugation, each protein pellet was extracted S~LI~II- 

tially at least four times with 5C;l TCA. four times 
with methanol. and three times with ethanol-ether 
(1: 1). The extracted protein was dissolved in 1 N 
NaOH and radioactivity was determined in aliquots 
by liquid scintillation counting using the external 
standard ratios method for quench correction. Pro- 
tein was determined as previously described, and the 
covalently bound r~~dioa~ti~r~ty was express4 as 

nmoles boundimg protein. 
Adrenochronw formatiorl. The formation of 

adrenochrome from adrenaline was measured \pec- 
trnphotometrically essentially according to the 
method of Misra and Fridovich 1291. Each reactlon 
mixture contained 2 mM adrenaline. 0.1 mM EDTA. 
0.05 M phosp~~ate buffer (pH 7.X) and I m&n1 of 
microsomal protein. To initiate the reaction 5(1 {tl of 
NADPH solution (final concentration 0.X mh4) WI< 
added to the cuvette and the reaction at .37’ VG;IS 
followed by recording the change in absorbance at 
480 nm. The initial rate (within 30 WC) of change in 
absorbance was accepted as the reaction rate. 
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Data analysis. Results are expressed as means 
* S.E.M. Data were analyzed for significance by 
Student’s t-test. The Michaelis-Menten constant 
(K,,,) and the maximum velocity (V,,,) were deter- 
mined using the method of Wilkinson [30] and 
MLAB [31]. A weighting factor of the inverse of the 
velocity squared was used to determine K,,, and V,,.,, 
by MLAB. Data from three separate rats were 
pooled and analyzed according to the above 
methods. MLAB was then used to test for the mech- 
anism of inhibition by fitting the data to the rate 
equations for competitive, noncompetitive, mixed 
and uncompetitive inhibition 1321. 

RESULTS 

Figure 2 shows the optimal reaction conditions for 
the covalent binding of misonidazole to rat liver 
microsomal protein. The rate of covalent binding 
was linear with time to 10min and with protein 
concentration up to 2.7 mgiml of incubation mixture. 
The Michaelis-Menten parameters characterizing 
the reaction are summarized in Table 1. 

The data in Table 2 show that very little covalent 
binding of misonidazole occurred in the absence of 
NADPH and that NADH had no significant effect 
on the reduction of misonidazole. When boiled 
microsomes were incubated in the presence of cofac- 
tors, a similar level of binding was observed to that 
in the absence of NADPH. Air significantly reduced 
the binding to the level of boiled microsomes, 
whereas under a carbon monoxide atmosphere the 
amount of covalent binding was similar to that 
observed under nitrogen. Ascorbic acid had no 
significant effect, whereas glutathione decreased the 
binding of misonidazole to below the level of binding 
observed with boiled microsomes. 

In the presence of NADPH, both FAD and para- 
quat markedly stimulated the covalent binding of 
misonidazole to rat liver microsomes (Table 2). 
However, FAD and paraquat in the absence of 
NADPH gave similar values to boiled microsomes 
suggesting, as with nitrofurantoin covalent binding 
1171 and p-nitrobenzoic acid reduction [9] that a 
reducing entity is involved in the stimulation of 
misonidazole binding to rat liver microsomes. Since 
NADPH-cytochrome c reductase has been shown 
to be the major nitroreductase enzyme in rat liver 
microsomes [33], the effects of FAD and paraquat 
on purified NADPH-cytochrome c reductase 
mediated binding of misonidazole were studied 
(Table 3). Similar to microsomal protein, both FAD 
and paraquat significantly increased the binding 
when NADPH was the electron donor. Ellipticine, 
a compound which has been shown to affect the 

Table 2. Covalent binding of radioactivity from 
[‘JC]misonidazole to rat liver microsomal protein* 

Reaction mixture 

Complete system 

Boiled microsomes 

-NADPH 

-NADH 

+Air 

+co 

+Ascorbic acid (2.5 mM) 

+Glutathione (5 mM) 

+FAD (2.5 mM) 

+Paraquat (2.5 mM) 

I’<‘ Bound 
(nmoles mg ’ min ‘) 

O.d.4 f 0.09 

(5) 
0.1 I 2 O.Oll- 

(5) 
0. IY 2 0.02: 

(5) 
0.75 ? 0.07 

(5) 
0. IS -t 0.021 

(3) 
0.84 k 0. IO 

(4) 
0.85 f 0.0’) 

(5) 
0.07 + O.Oli 

(5) 
I.20 r 0.09t 

(J) 
I.45 + 0.051 

(4) 

* The complete system comprises the components listed 
in Methods. Results are means t S.E.M. The number of 
experiments is given in parentheses. 

t Significantly different from the complete system 
(P < 0.05). 

electron flow from cytochrome c reductase to cyto- 
chrome P-450, probably at a hydrophobic binding 
site of cytochrome c reductase [34], had no effect on 
the FAD- and paraquat-stimulated anaerobic bind- 
ing of misonidazole to bovine serum albumin in the 

presence of the above enzyme (Table 3). 
Tables 1 and 4 show that the nitrofurans, nitro- 

furantoin and nitrofurazone, and the O-demethy- 
lated metabolite of misonidazole inhibit the covalent 
binding of misonidazole to microsomal protein. 
Nitrofurantoin and nitrofurazone (both at 0.5 mM) 
inhibited the binding of misonidazole (7.5 mM) by 
47 and 26% respectively (Table 4). Desmethylmi- 
sonidazole, at a similar concentration to misonida- 
zole, reduced the binding to 62% of the control. The 
mechanism of inhibition of misonidazole binding by 
nitrofurantoin (0.5 mM) was further investigated 
over a range of misonidazole concentrations. The 
data for control and inhibition studies from three 
separate rats were pooled and analyzed by the 
method of Wilkinson and MLAB, and good agree- 
ment was obtained between the methods (Table 1). 
MLAB was then used to fit the inhibition data to 
the various inhibition rate equations, using the 
K,,, and V,,, obtained in the absence of nitrofuran- 

Table 1. Michaelis-Menten parameters for the covalent binding of [“C]misonidazole in the absence 
and presence of 0.5 mM nitrofurantoin* 

Wilkinson MLAB 

V “l&Y 

(nmoles ‘jC bound. mg-’ min ’ 
Wilkinson MLAB 

Control 0.72 t 0.09 0.74 2 0.03 0.77 2 0.03 0.64 r 0.06 
Nitrofurantoin 0.20 5 0.05 0.22 * 0.04 0.27 t 0.01 0.27 2 0.01 

* Data were analyzed as described in Methods. 



Table 3. Purified NADPH-cytochrome c reductase- 
mediated binding of [‘“C]misonidazole to bovine serum 

albumin* 

Reaction mixture 
“C Bound 

(nmolcs~mg “min ‘) 

Complete system 

-NADPH 

+NADH-NADPH 

+FAD (2.5 mM) 

+FAD + ellipticine (10 PM) 

+Paraquat (2.5 mM) 

+Paraquat + ellipticine (10 ,@I) 

+FAD-NADPH 

+Paraquat-NADPH 

(1.51 i- 0.01 

(5) 
;I.33 2 0.03 

(5) 
0.28 + 0.01 

(3) 
I .01 + 0.04 

(1) 
O.Y5 t 0.02 

(-1) 
I .i’) 2 0.03 

(4) 
1.21 i 0.13 

(-r) 
0.31 k 0.05 

(3) 
0.3s k 0.02 

(3) 

* The complete system comprises the components listed 
in Methods. Results are means 2 S.E.M. The number of 
experiments is given in parentheses. All values were sig- 
nificantly different from the complete system (P < 0.05). 

toin. To test for the adequacy of the model. the 
residuals at each substrate concentration were deter- 
mined by subtracting the observed velocity from the 
calculated velocity, as described previously [3S]. 
Ideally. the residuals should have a mean of zero 
together with a small standard deviation. The fol- 
lowing rate equation which describes uncompetitive 
inhibition 

most adequately described the data based on the 
above criteria. The K,for the inhibition of the binding 
of misonidazole by nitrofurantoin was 0.28 mM. 

Table 4. Inhibition of covalenl binding ol radioactiwt! Iron1 

The oxidation of adrenaline to adrenochrome ih 
used as a measure of superoxide production and ha’\ 
been shown to be stimulated by cycling agrnts \uch 
as paraquat (361 and nitrofurantoln [37]. Misonidzl- 
zole and desmethvlmisonidazolc at ;I concrntratron 
of 0.5 mM were jncapable of \timulatinp adrenal- 
chrome formation above the control (Table 5). How 

ever, nitrofurantoin, nitrofurazone and parsquat at 

the same concentration markedly stimulated super- 

oxide production. While misonidazole at ;I concen- 
tration of 5 mM enhanced adrenochrome formation 
by 150%. superoxide dismutasr ( 100 !(s) completcl! 

inhibited this misonid~lrole-stirnLil~itc~~ \uperoxidc 
production. In contrast, 5uperoxide di\muta\c \\;I\ 
incapable of completelv inhibiting aclrenochrome 
formation in the preset& of 0.5 rnbl paraquat or 
nitrofurantoin. 

Misonidazole. like certain nitrofurans [ 1X-ZOJ and 
the S-nitroimidazole metronidazole [21]. can be 
reduced enzymatically to a reactive intermediate(s) 
which binds to tissue macromolecules. Simitarl\-. the 
microsomal reduction of misonidazole as with other 
nitroaromatic compounds 112. 13. IX. X.33] i\ 
NADPH-cytochrome C’ reductase mediated. The 
activation of misonidazole required an anaerobic 
environment and is not inhibited by carbon IIIOIP 
oxide, negating the involvement of cytochrome 
P-450 in the reduction process. Both rat liver micro- 
somes and purified NADPII-cytochromc (’ 
reductase-mediated covalent binding of misonida- 
zole showed an absolute requirement for NADPH 
and were stimulated by Ilavine and paraquat. In 

addition, nitrofurantoin [20] and nitrofurazone [It;]. 
both of which have been sho\vn to be reduced by rat 

liver microsomal NADPH~c\tclchrorric (’ rcductasc 
and to covalently bind to &sue Inacromoleculc~. 
inhibited the covalent binding of misonida7ole. Fail- 
ure of ellipticine under anaerobic conditions to 
inhibit misonidazole bindin? (Table 3) suppcstc that 
the proposed hydrophilic bmding site on the cvto- 
chrome c reductase enzyme [34] may he respons-ible 

for the nitroreductase activity. [Ioivcvcr. further 
studies are necessary to fully understand the inter- 
action of cytochrome c reductase and rniwnida~olc. 

[“C]misonidazole to rat liver microsomal protein. 

Reaction mixture 

Complete system 
+Nitrofurantoin (0.05 mM)t 

in DMSO 
+ 10 ~1 DMSO 
+Nitrofurazone (0.5 mM)t 

in propyleneglycol 
+200 ~1 Propyleneglycol 
+Desmethylmisonidazole (7.5 mM) 

(I.88 ? 0 0: 

0.45 i 0.021 
0.x5 i 0.01 

0.56 i Il.O_:I 
0.76 - 0.05 
0.3-I f O.l)l : 

* The complete system comprises the components listed in hlcthods 
Each result is the mean + S.E.M. of duplicate determination\ on 
microsomes from four separate rats. DMSO = d~methylsulfoside. 

t Solubility problems limited the concentration of thcw compound\ 
$ Significantly different from the complete system (I’ _ 0.05). 
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Table 5. Adreno~hrome formation in rat liver microsomes in the presence of nitromi- 
dazoles, nitrofurans, paraquat and/or superoxide dismutase* 

Reaction mixture 

A0.D. X 103 in absence or presence 
of superoxide dismutase (0.1 mg) 

_ + 

Control 12.0 2 2.4 0.0 
(4) (4) 

Misonidazole (5 mM) 31 .o k 2.0 0.0 
(4) 

Paraquat (5 mM) 
(4) 

67.X -e 2.5 12.8 c_ 4.2 
(4) (4) 

Misonidazoie (0.5 mM) il.0 0.0 
(2) (2) 

Desmethylmisonidazole (0.5 mM) 7.0 0.0 
(2) (2) 

Nitrofurantoin (0.5 mM) 63.5 ii.5 
(2) (3 

Paraquat (0.5 mM) 59.5 6.0 
(2) (2) 

* Results unless indicated are the average of duplicate determinati(3ns on microsomes 
from two rats. 

When the effect of nitrofurantoin on the kinetics 
of misonidazole covalent binding to microsomal pro- 
tein was investigated, a complex interaction was 
observed, Both the apparent K,, and the apparent 
V max were decreased but the ratio of K,JV,~,, 
remained unchanged (Table 1). This type of inter- 
action is indicative of an uncompetitive type of 
inhibition 132.381. The interpretation of the above 
kinetics is complicated by the fact that the end point 
of the reaction (covalent binding) may not reflect 
directly the enzymatic process. Indeed, if the 
hydroxylamine is the reactive species involved in 
covalent binding, as has been suggested for other 
nitroheterocyclics 113-15, 19,20.39-411. production 
of this metabolite according to the mechanism pro- 
posed by Peterson et al. [41] entaiis a three-step 
process, Mison~dazole is initially reduced to the nitro 
anion radical by NADPH-cytochrome c reductase, 
and then two nitro radical anions spontaneously 
interact to form the nitroso and the parent com- 
pound. The nitroso could then be reduced enzy- 
matically or nonenzymatically by NADPH to give 
the hydroxylamine. Further, as nitrofurantoin is also 
a substrate for NADPH-cytochrome c reductase, 
there may be competition at the enzyme for reducing 
equivalents. 

It is generally assumed that nitro group reduction 
is obligatory for most of the biological activities of 
nitro aromatic compounds. Indeed, the chronic aero- 
bic toxicity [42], hypoxic cell cytotoxicity 131. radio- 
sensitization [43,44] and mutagenicity (45,461 of 
nitro aromatics appear to be correlated with the 
electron affinities of their respective nitro groups. 
However, the reduction of the nitro group may not 
be the only factor involved in the toxicity of nitro- 
heterocyclics, as Basaga et al. [47] found the more 
electron affnite misonidazole to be reduced more 
rapidly than metronidazoie by bacteria but metro- 
nidazole was more toxic. The effect of other 
reducing agents on misondiazole toxicity is far from 
clear. Reduced glutathione has been shown to both 
protect ]48-501 and potentiate [Sl. 521 misonidazole 
toxicity in mammalian cells. If misonidazole toxicity 

is mediated via the reduction of the nitro group to 
a reactive intermediate, then glutathione may be 
expected to protect cells from misonidazole toxicity. 
In the present study, glutathione reduced the cov- 
alent binding of misonidazole below the level 
observed for boiled microsomes (Table 2). Further, 
ascorbic acid has been shown to enhance misoni- 
dazole toxicity in mammalian cells [49,51] but to 
have no effect on the mutagenicity of misonidazole 
in bacterial systems 1531. In this study, ascorbic acid 
had no effect on the covalent binding of misonidazole 
to microsomal protein. Extrapolation of data from 
one system to another may be complicated by the 
fact that the cytotoxicity of misonidazole depends 
on cell type, cell age. temperature, incubation time, 
and drug concentration [23]. 

Inhibition of misonidazole covalent binding in air 
is presumably due to the capacity of oxygen to com- 
bine with nitro radical anion giving back the parent 
compound and generating superoxide [40,41]. Boyd 
[54] has postulated the lung toxicity of nitrofurantoin 
to be due to the redox cycling of this compound, 
leading to the consumption of NADPH and the 
“activation” of molecular oxygen. In agreement with 
previous studies, both paraquat [36] and nitrofur- 
antoin [37] stimulate superoxide production as meas- 
ured by adrenochrome formation (Table 5). How- 
ever, misonidazole at an approximate maximum 
therapeutic concentration (0.5 mM) did not stimu- 
late superoxide production. At similar therapeutic 
levels, Jacobson et al. [55] found misonidazole to be 
a very poor stimulator of oxygen consumption by rat 
liver S9 preparations. Assuming the K,,l for covalent 
binding to be a measure of the ease of reducing 
misonidazole to the nitro anion, then at therapeutic 
levels the production of superoxide would be sub- 
maximal. However, even when the concentration of 
misonidazole was increased to 5 mM, both paraquat 
and nitrofurantoin were far superior in stimulating 
superoxide production. Since the nitro radical anion 
of misonidazole has a faster reaction rate with mol- 
ecular oxygen than the corresponding nitro radical 
anion of nitrofurantoin [SB], this implies that the 
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rate-li~niting step in superoxide production is the 
reduction to the nitro anion radical. Based on the 
one electron reduction potentials of NADPH-cyto- 
chrome c reductase [57], misonidazole and nitrofur- 
antoin 131, one would predict a faster rate of reduc- 
tion of nitrofurantoin than misonidazole. In 
agreement with this, Boyd ef al. [ZO] found nitro- 
furantoin to bind covalently to rat liver microsomal 
protein (2 nmoles bound . mg”’ . min -‘) at more than 
twice the rate for misonidazoie in the present study 
(0.84 nmol . mg’“’ . min-I). From these observations 
it appears unlikely that misonidaz~)le produces its 
neurotoxicity by generating potentially toxic oxygen 
radicals. However, Josephy et al. 1261. using a 
spectrophotometric technique, have recently shown 
xanthine oxidase to reduce misonidazoie. and the 
contribution of this enzyme and other cellular nitro- 
reductase enzymes [IS-171 in superoxide pr~~duction 
and NADPH depletion in the presence of misoni- 
dazole is being assessed. 
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