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Abstract-Nitroreduction of anthelmintic and carcinogenic 5nitrothiophenes. 4-(2.3-dihydroxypropyl- 
amino)-2-(5-nitro-2-thienyl)quinazoline and 4-(2-hydroxyethylamino)-2-(5-nitro-2-thienyl~uinazoline, by 
rat tissues was studied. A procedure for photometric determination of 5-nitro- and 5-aminothiophenes 
was described. Nitroreduction of 5-nitrothiophenes was catalyzed by rat liver cytosol and microsomes. 
Cytosol enzyme activity was hypoxanthine-dependent and inhibited by air and allopurinol. Microsomal 
enzyme activity was NADPH-dependent and inhibited by air. The reaction was also catalyzed by 
a purified milk xanthine oxidase. Since 5-nitrofurans and 5-nitrothiophenes have great similarity in 
structure and chemical properties, their nitroreduction may be catalyzed by the same enzymes, namely 
xanthine oxidase and NADPH-cytochrome c reductase. Nitroreductase activities of rat small intestine 
and liver were higher than those of kidney and stomach, suggesting that the small intestine and liver 
were the main organs for metabolism of 5-nitrothiophenes. Depending upon the source of enzyme, 
only 25-50 per cent of the reduced 5-nitrothiophene was converted to the corresponding amine. The 
rest of the reduced product may exist as reduced intermediates or bind to protein. Nitroreduction 
of several 5-nitrofurans was also measured. 

4-(2,3-Dihydroxypropylamino)-2-(5-nitro-2-thienyl)- 
quinazoline (PNTQ) and 4-(2-hydroxyethylamino)-2- 
(5nitro-2-thienyl)quinazoline (ENTQ) exhibit anthel- 
mintic activity [ 11. Like 5-nitrofurans, these two com- 
pounds also possess carcinogenic activity in the rat 
[2]. Antibacterial [3] and carcinogenic [2,4] activi- 
ties of 5-nitrofurans have been attributed to the nitro 
group. Nitroreduction has been recognized as one of 
the main steps in the metabolism of aromatic and 
heterocyclic nitro compounds. 5-Nitrofurans were 
reduced in uitro by xanthine oxidase [5--S], aldehyde 
oxidase [9], and NADPH-cytochrome c reductase 
[S], and the intermediate metabolites bound to 
macromolecules 181. 5Nitrothiophenes and 
5-nitrofurans have similar chemical properties. Thus. 
5-nitrothiophenes may be reduced enzymatically in 
the same manner as 5-nitrofurans. 

Aromatic and heterocyclic nitro compounds may 
be reduced by several enzymes and yield either hy- 
droxylamine or amine as the main product. Enzyma- 
tic reduction of 5-nitrofurans produces both hydroxyl- 
amine and amine [IO]. However, the quantities of 
these two products were not determined, because 
neither hydroxylamine nor amine was available as a 
standard for measurement. Corresponding amines of 
PNTQ and ENTQ were successfully synthesized and 
permitted the quantitative determination of the 
amines as reduced products of PNTQ and ENTQ. 
The present report describes a photometric method 
for the determination of nitrothiophenes and 
aminothiophenes. The nature of the reductive enzyme 
reaction and the distribution of the enzymes in some 
organs of the rat were determined. Nitroreduction of 
several S-nitrofurans was also evaluated for compara- 
tive purposes. 

*This investigation was supported in part by Public 
Health Service Research Grants CA 11946 and CA 14520 
from the National Cancer Institute. 

MATERIALS AND METHODS 

Chemicals. PNTQ and ENTQ were obtained from 
Norwich Pharmaceutical Co., Norwich, N. Y., and 
were recrystallized repeatedly from dimethylforma- 
mide (DMFbwater until purity was ascertained with 
thin-layer chromatography (TLC). N-[4-(5-nitro-2- 
furyl)-2-thiazolyllacetamide (NFTA) was obtained 
from U. Ravizza, Milan, Italy. Trans-5-amino-3-[2-(5- 
nitro-2-furyl)vinyl]-1,2&oxadiazole (SQ 18,506) and 
l-(p-methoxybenzyl)-2-[2-(5-nitro-2-furyl)vinyl]imida- 
zole (H-59) were gifts of Dr. E. Bueding, Johns Hop- 
kins University. 5-Nitro-2-(pcarbamoylstyryl)furan 
(H-193) was a gift from Dr. Toru Miyaji, University 
of Osaka, Japan. NADPH, glucose B-phosphate, 
hypoxanthine, purified glucose 6-phosphate dehydro- 
genase and milk xanthine oxidase were purchased 
from Sigma Chemical, St. Louis, MO. 

4-(2-Hydroxyethylamino)-2-(5-amino-2-thienyl)- 
quinazoline (EATQ) was synthesized in the following 
manner. ENTQ, lg, and 250 mg of loo/, palladium 
on charcoal were suspended in 200 ml methanol and 
hydrogenated under a pressure of 4 psi for 3 hr. TLC 
(Silica gel, methanol-ethyl acetate, 3:7) indicated no 
starting material remained. The reaction mixture was 
filtered through an ultrafine sintered glass filter. The 
methanol solution was concentrated at room tem- 
perature under reduced pressure. EATQ crystallized 
directly from the solution upon cooling. The light yel- 
low crystals, 600 mg (66 per cent), were collected on 
a filter without further purification, m.p. 222-224”. 
Chemical shift of the amino protons was found at 
6.13 ppm (6, singlet). Anal. Calcd. for Cr4Hr40N4S: 
C, 5874; H, 4.90; N, 19.58. Found: C. 58.65; H, 
4.90; N, 19.46. 

4-(2,3-Dihydroxypropylamino)-2-(5-amino-2-thienyl)- 
quinazoline (PATQ) was synthesized from PNTQ in 
a similar manner. However, instead of crystallization 
from the methanol solution, PATQ was precipitated 
by addition of ice-cold water into the concentrated 
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methanol solution. Yield was 66 per cent: m.p. 216- ture was cooled at 4” for 2t min and centrifuged. 
21%“. Chemical shift of the amino protons was found The clear supernatant solution was measured for light 
at 6.10 ppm (singlet). Anal. Calcd. for C, ,H,,O,N,S: absorption at 400 nm. The ex inction coefficients for 
C, 56.96; H, 5.06; N. 17.72. Found: C, 56.97; H, 510; the S-nitrofurans were: 11.2 (N ?A)? 10.2 (SQ 18,506), 
N, 17.79. Both EATQ and PATQ could be diazotized 19.0 (H-59) and 302 (H-193) nM_’ cm-‘. Enzyme 
and coupled with N-l naphthylethylenediamine to activity was expressed as prnc les of nitro disappear- 
give purple azo dyes. ance per g per hr. 

Preparation of enzyme for tlitroreductase assay. 
Female Sprague-Dawley rats, averaging 100 g (Spra- 
gue---Dawley, Madison, Wis.) were sacrificed by de- 
capitation and ex~n~uination. Liver. kidney, stom- 
ach and small intestine (from the end of the stomach 
to the beginning of the cecum) were removed and 
washed with cold 1.15% KC1 solution. Stomach and 
small intestine were incised longitudinally and the 
contents were rinsed out with KC1 solution, The tis- 
sues were cut into small pieces, homogenized in 4 
vol. of cold 1.15% KC1 solution and centrifuged at 
9ooO g for 20 min with a Beckman J-21 centrifuge. 
The supernat~t fraction was recentrifuged at 105,000 
g for 60 min with a Beckman L-Z ultracentrifuge. The 
microsomal pellets were suspended in ice-cold 1 .I 5% 
KC1 solution to make a final concentration of 250 
mg equiv. of fresh tissue per ml. The cytosol was dia- 
lyzed against 200 vol. of 0.05 M Tris-HCl (pH 7.4) 
at 4” overnight. 

Xarrthifte oxidase assay. The assays were performed 
at room temperature. Xanthine oxidase activity was 
measured by the rate of uric acid formation from 
hypoxanthine [S]. In a total volume of 2.5 ml. the 
incubation mixture contained 50 pmoles Tris-HCI 
(pH 7.4) 0.5 pmole hypoxanthine, and enzyme prep- 
aration. The absorbance change at 293 nm was 
recorded by a Beckman model 25 spectrophotometer 
and the uric acid formed was calculated using the 
extinction coefficient of 1@7 mM_’ cm - 1 at 293 nm. 

Unless specified otherwit e, nitroreduction of 
PNTQ and ENTQ was mea arred in the following 
manner, When cytosoi was us d as enzyme, the incu- 
bation mixture contained a 5r) mg equiv. of cytosol, 
125 pmoles Tris-HC1 (pH 7.4) 0.1 ml DMF contain- 
ing O-4 pmole PNTQ or ENTQ, and 1 @mole hypo- 
xanthine in a total volume of 2, i ml. When microsomes 
were used as enzymes, hypoxanthine was replaced by 
an NADPH generating syste n (01 mg NADP, 0.1 
mg nicotinamide, 5 mg gluct se 6-phosphate, and 1 
unit of glucose CT-phosphate dt hydrogenase). After in- 
cubation at 37” for 30 min under N, atmosphere, 
the reaction was terminated b: adding 1.25 ml DMF 
and l.25ml of ZCr;‘/, ZnSO, squeous solution. The 
mixture was cooled at 4” for I!0 min and centrifuged. 
The light absorption of the clear supernatant solution 
at 370 and 420 nm was measured with a Beckman 
model 25 spectrophotometer. An incubation mixture 
with all the ingredients except nitrothiophenes was 
used to subtract the absorptton at 370 nm due to 
NADPH when microsomes were used. The method 
for ~lcu~ation of nitrothiophene and aminothiophene 
is described in the Results section. Four nmoles of 
nitroreduction or amine formation could be detected 
by this method. 

RESULTS 

Nitroreductase assay. Nitroreduction of .%nitro- 
furans was measured in the following manner. In a 
final volume of 25 ml, the reaction mixture contained 
50 moles Na phosphate buffer (pH 7.4). 0.1 ml DMF 
containing 0.25 pmole 5-nitrofuran. 1 /Imole NADPH 
and liver microsomes equivalent to 30 mg liver [l 11. 
After incubation at 37” under N, atmosphere, the 
reaction was terminated by adding 1.25 ml DMF and 
I.25 ml of 20’): trichloroacetic acid solution; the mix- 

Photometric determination of amino- a& nitrothb- 
pherux Figure 1 shows the absorption spectra of 
PNTQ, ENTQ and their corresponding amines in 
DMF-water solution with or without the presence 
of ZnSO,. The absorption spectra of these two 
nitrothiophenes were not changed by ZnSO,; how- 
ever, a bathochromic shift of 50 nm with increase in 
intensity was found in the amine solution in the pres- 
ence of ZnSO,. Absorption intensity of amine at 420 
nm was dependent on ZnSO, concentration and 
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Fig. 1. Absorption spectra of PNTQ and PATQ (left) and ENTQ and EATQ (right) in aqueous DMF 
solution with or without the presence of ZnSO,. The solution contained 20 nmoles/ml of the thiophenes. 
25”/, DMF and S:d &SO,, when present. -.--.-.-, Nitrothiophene in the solution with ZnSO,; 
---. aminothiophcne in the solution without ZnSO,; -. aminothiophene in the solution with 

ZnSO,. 



Nitroredu~tion of carcinogenic 5-nitrothiophenes 1565 
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Fig. 2. Absorbance of aminothiophene at 420 nm as a 
function of the inanition of ZnSO,. The solution eon- 
tained SO nmoIes/ml of aminothiophene and 25% DMF. 

l , PATQ; m, EATQ. 

maximum intensity was produced at a concentration 
of 5% ZnSO* (Fig. 2). Extinction coefficients of the 
nitrothiophenes and aminothiophenes are shown in 
TabIe 1. 

Ekcause of the distinctive absorption spectra for 
ammo- and nitrothiophenes in aqueous DMF-ZnSO, 
solution, it was possible to calculate the con- 
centrations of these two compounds in a mixed solu- 
tion. The concentrations of these two compounds 
were computed utilizing the following equations: 

A370 = 12-7c~,,,i + 1095~i,,,i (1) 

A 420 = 5~2t-b3>1 + 27%&i,1 (2) 
@4&j and @k&J denote the con~n~tions of nitro 
and amine in the solution, and AsTo and A4*,, the 
absorptions at 370 and 420 nm. The extinction coeffi- 
cients of PNTQ and PATQ at 370 and 420 nm are 
the constants. The concentrations of nitro and amine 
are derived from these two equations: 

m,,-j = (275 x A3,0 - 105 x A4,0)/29465 (3) 

CM& = (A.+,, - 5434,,11/~7+5 (4) 

Table 1. Extinction coefficients of n&o- and aminothio- 
phenes in the presence of ZnSO,* 

Thiophenet 
Extinction coefficients (mM - ’ cm- ‘) 

370 nm 420 nm 

PNTQ 12.7 5.2 
PATQ 10.5 27.5 
EmQ 13.2 5.9 
EATQ 11.0 28.5 

* The compounds were dissolved in 1.25 ml DMF, 2.5 
ml water and 1.25 ml of 20% ZnSO.+ 

t 

$-JJJ~ 

PNTQ : R’ = NOz; R”= CH~C~OHCH*OH; 

PATO : R’= NHa; RI= CH2CHOHCHaOH ; 

ENTP: R’ = N02; R”= CH2CH20ti; 

EATQ: R’= NHz; R” = CH&H,OH 

INCUBATION TIME (mini 

Fig. 3. Nitroreduction of 4-(2,3-dihydroxypropylamino)-2- 
(.5-nitro-2-thienyl)quinazoline as a function of incubation 
time. Dialyzed cytosof was prepared from three 100-g 
Sprague-Dawley rats. The reaction mixture contained 12.5 
&moles Tris-HCI (pH 7,4), 0.4 mole PNTQ, 1 pmole 
hypoxanthine and cytosol equivalent to 50 mg fresh liver 
in a total volume of 2.5 ml and was incubated anaerobi- 
cally at 37”. The data represent duplicate determinations, 

The concentrations of ENTQ and EATQ in a 
mixed solution can be determined as follows: 

[MNo,] = (28.5 x A3,0 - II.0 x A,,o);311‘3 (5) 

MN,,1 = fA420 - 5+TJ%cJf/28.5 , (6 
Nitroreduction of PNTQ by rat liver cytosol and 

microsomes. Disappearance of PNTQ and formation 
of PATQ were a linear function of time within 30 
min of incubation when 50 mg of liver cytosol was 
added (Fig. 3) and the optimum concentration of 
hypoxanthine was between O-8 and t.0 @oIe/2+5 ml 
of incubation mixture (Table 2). 

Both cytosol and microsomes carried out the 
reduction of PNTQ (Table 3). The microsomal 
enzyme activity was NADPH-dependent and was 
inhibited by air. The cytosol activity was hypoxan- 
thine-dependent and was inhibited by air or allo- 
purinol. Reduction of PNTQ yielded’ the corre- 
sponding amine. However, when PNTQ was cata- 
lyzed by cytosol, there was only a 43 per cent 
yield of PATQ; when PNTQ was catalyzed by 
microsomes, there was only a 25 per cent yield 
of PATQ. The rest of the reduced product may 
exist as a reduced intermediate, such as nitroso and 

Table 2. Effect of concentration of hypoxanthine on rat 
liver cytosol PNTQ nitroreductase activity* 

Hypoxanthine NO* NH, 
added disappearance? appekrancet 

(&moles) (~mol~/~r) (~moles/g/hr) 

0.4 IO.41 ): 084 4.45 + 0.28 
0.6 Il.60 + 016 4.72 + 0.30 
0.8 Il.68 + 0.28 4.99 + 0.08 
1.0 11.65 f 0.17 5.01 + 0.02 
1.2 11.24 & 0.08 4.78 k 0.09 

* Dialyzed rat liver cytosol fraction was prepared from 
three 100-g female Sprague-Dawley rats. The incubation 
mixture contained 125 pmoles Tris-HCI (pH 7.4), 0.4 
gmole PNTQ, 50 mg liver equivalent of cytosol and 
various amounts of hypoxanthine in a total volume of 2.5 
ml. 

t Mean f S.D. (n = 5). 
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Table 3. Nitroreduction of 4-(2.3-dihydroxypropylamino)-?-(S-nitro-2-thienyi)quinazoline by rat liver cytosol and 
microsomes 

NO2 disappearancet NH2 appearancet 
Subfraction* Electron donor? Gas phase (ItmoW&) (~moles/g/hr) 

Cytosol Hypoxanthine Air 0 0 

N2 0 0 
Hypoxanthine~ NZ 0 0 
Hypoxanthine N1 10.4 4 0.5 4.5 * 0.2 

Microsomes NADPH Air 0 0 
Nz 0 0 

NADPH N1 6.5 + 0.3 1.7 * 0.3 
N? 0 0 

Microsomes + cytosol Hypoxanthine + NADPH Nt 21.9 * I.1 7.4 + 06 

* Livers were pooled from three 100-g female Sprague-Dawley rats and the cytosol fraction was dialyzed. Cytosol. 
microsomes, or cytosoi and microsomes equivalent to 50 mg of fresh liver, 125 bimoles Tris-HCI (pH 7.4) and O-4 
pmole PNTQ were contained in 2.5 ml of incubation mixture. 

7 Consisted of 1 pmole hypoxanthine or an NADPH generating system containing 0.1 mg NADP, 5 mg glucose 
&phosphate, 0.1 mg nicotinamide and 1 unit of glucose &phosphate dehydrogenase. 

j Mean zt: SD. (n = 4). 
$Allopurinol, 10m5 M, was added. 

hydroxylamine, and/or bind to protein. The 105,000 
g pellets obtained from the incubation mixture, con- 
taining microsomes, PNTQ and NADPH generating 
systems, were tinged with a brown color not seen in 
the zero time incubation mixture. This color could 
not be washed out with either methanol or DMF. 
The precipitate obtained after adding the DMF- 
ZnSO, solution to the incubation mixture was also 
tinged with brown color, which could not be removed 
by the above solvents, suggesting that the reduced 
metabolite of PNTQ was bound to cytosol and mi- 
crosomal constituents, presumably macromolecules. 

Table 4. Nitroreduction of 4~3,4-dihydroxypropyiamino)- 
2-(5-amino-2-thienyl)quinazoline by various concen- 

trations of rat liver cytosol* 

Incubation NQz NH, 
Cytosol time disappearance? appearancet 

(mg) (min) (nmoles) (nmoles) 

10 150 259 f 29 108 i 12 
30 50 293 + 8 108 * 4 
50 
70 Z.5 

292 t 5 125* 1 
291 +4 120 f 2 

* Dialyzed liver cytosol was prepared from three 100-g 
female Sprague-Dawley rats. The incubation mixture con- 
tained 125 pmoles Tris-HCl (pH 7.41, 1 gmole hypoxan- 
thine, 0.4 @mole PNTQ and various amounts of liver cyto- 
sol in a total volume of 2.5 ml. 

t Mean & S.D. (n = 5). 

As shown in Table 4, the PNTQ nitroreductase 
activity of liver cytosol was not altered by varying 
the Concentration of cytosof in the reaction mixture. 
Since reduced product, presumably nitroso and hy- 
droxylamine, binds to cytosol, it is possible that these 
intermediates may “poison” the enzyme performing 
the reduction reaction. Apparently this “poison” effect 
does not occur at the range of cytosol concentrations 
used. 

PNTQ rlitroreductase activity of a purified milk sm- 
thirw oxidase. Nitroheterocyclics are susceptible to 
nitr~redu~tion by xanthine oxidase [S-S, 121. PNTQ 
ni~oreduc~~ activity of rat liver cytosol was hypo- 
xanthine-dependent and inhibited by al~opurinol. This 
reaction thus may be carried out by xanthine ox&se. 
Indeed. reduction of PNTQ by hypoxanthine was 
catalyzed by a purified milk xanthine oxidase (Table 
5). Reduction of PNTQ yielded 23 per cent PATQ. 
Again, the ZnSO, precipitate of the reaction mixture 
was tinged with a brown color, suggesting that the 
PNTQ metabolite was bound to the enzyme. 

PNTQ atzd ENTQ ~zitroreductase activjt~ qf cytnsot 
atld ~~t~cro~i~les of rat tissues. PNTQ and ENTQ 
nitroreductase activities of cytosol and microsomes 
of rat tissue are shown in Table 6. Nitroreductase 
activity in these tissues was quite variable; however, 
the reduced products were qualitatively similar. Liver 
and small intestine were more active than stomach 
and kidney, and cytosol was more active than the 
microsomes. Reduction of PNTQ atid ENTQ yielded 
only small quantities of PATQ and EATQ. Again. 

Table 5. Nitroreduction of 4-(2,3-dihydraxypropylaminof-2-(5-nitro-2-thienylfquinazoline by a purified milk xanthine 
oxidase 

Uric acid Nitro Amine 
formation disappearance 

Substrate 
appearance 

(nmoles/mg/min) (nmoles/mg/min) (nmoles/mg/min) 

Hypoxanthine* 46.3 I 0.7 (3)t 
PWQS 62.3 f 3.5 (5)T 13-S f 0.6 (5)t 

* Xanthine oxidase activity was determined aerobically at 25” according to the procedure described in Methods. 
t Mean + S.D.; the parentheses indicate the number of determinations. 
$ PNTQ nitroreductase activity was determined anaerobically at 37” according to the method described in Methods. 
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Table 6. Nitroreduction of 4-(2,3-dihydroxypropylamino)-2-(5-nitro-2-thienyl~uinazoline and 4-(2-hydroxyethylamino)-2- 
(5-nitro-2-thienyl)quinazoline by cytosol and microsomes of rat tissues 

Tissue* Fraction 

PNTQ ENTQ 
NOz disappearance NH, appearance NO, disappearance NH2 appearance 

(pmotes/g/hr) (~mofesltir) (pmoles/g/hr) (pmoles/g/hr) 

Liver Cytosol 9.4 * 0.4t 3.6 f O-2t 7.8 _+ 0.4t 3.6 + 0.2t 
Microsomes 6.2 _+ 0% 1.9 * 0.2 3.3 f 0.6 04 f 0.0 

Small intestine Cytosol 7.6 + 0.4 2.8 + 0.2 4.2 + 0.4 2.2 & 0.2 
Microsomes 0.3 + 0.0 < 0.1 03 * 0.0 < 0.1 

Kidney Cytosol 1.3 * 0.2 0.5 f 0.1 1.5 + 0.1 0.3 + 0.2 
Microsomes @3 + 0.1 01 + 0.0 0.3 + 0.0 < 0.1 

Stomach Cytosol 2.0 + 0.2 0.9 * 0.1 1.4 f 0.2 0.6 f 0.1 
Microsomes 0.2 + 0.1 0.1 * 0.0 < 0.1 < 0.1 

* Pooled tissues were obtained from five 100-g female Sprague-Dawley rats; the cytosol fraction was dialyzed before 
use. The assay procedure was described in Methods. 

t Mean + SD. of quadruplicate determinations for cytosol and triplicate determinations for microsomes. 

the ZnSO,-precipitated product was stained brown, 
suggesting that the reduced metabolite was bound to 
macromolecules. These results strongly suggest small 
intestine and liver as the main organs for metabolism 
of nitrothiophenes. 

Nitrofuran nitroreductase activity of rat liver micro- 
somes. Nitroreduction of NFTA [S] and SQ 18,506 
[7] has been shown previously. Nitroreduction of SQ 
18,506, NFTA. H-59 and H-193 by rat liver micro- 

Table 7. Nitroreduction of SQ 18,506, H-59, H-193 and 
NFTA by rat liver microsomes 

Nitrofuran* 

SQ 18,506 
H-59 
H-193 
NFTA 

Nitroreductase activity? 
(pmofes/g/hr) 

31.4 f 2.5 
18.6 * 3.0 
8.9 f 1.0 
9.6 + 1.0 

* 

N-O 

SQ 16,506 

H-59 

OCH, 

H-193 

N FTA 

t Mean k S.D. of determinations from four individual 
rats. The assay procedure was described in Methods. 

somes was compared (Table 7). Responsiveness to 
reduction was: SQ 18,506 > H-59 > NFTA > H-193. 
The carcinogenic activities of SQ 18,506, H-59 and 
H-193 are not known. 

DISCUSSION 

Nitroreduction has long been recognized as a 
major step in the metabolism of aromatic and hetero- 
cyclic nitro compounds. Several enzymes are capable 
of catalyzing the reaction with either hydroxylamine 
or amine as the main product. For example, 4-nitro- 
quinoline N-oxide is reduced to 4-hydroxylamino- 
quinoline N-oxide catalyzed with aldehyde oxidase 
[9] or DT diaphorase [12]. Reduction of 1-(5-nitro-2- 
thiazolyl)-2Gmidazolidinone catalyzed by NADPH- 
cytochrome c reductase yields the corresponding hy- 
droxylamine [13]. Arylnitro compounds, such as 
nitronaphthalenes and 4-nitrobiphenyl [14] and p- 
nitrobenzoic acid [15], may be catalyzed by 
NADPH-cytochrome P-450 reductase with amines as 
the main products. 

5-Nitrothiophenes and 5nitrofurans have great 
similarity in structure and chemical properties. Thus, 
both may be metabolized in the same manner. Like 
5-nitrofurans, 5-nitrothiophenes are susceptible to 
reduction catalyzed by rat liver cytosol and micro- 
somes. The cytosol nitroreductase activity is hypoxan- 
thine-dependent and is inhibited by air and allopur- 
inol. Nitroreduction is also carried out by a purified 
milk xanthine oxidase, suggesting that the cytosol 
enzyme activity may be due to xanthine oxidase. The 
microsomal enzyme activity is NADPH-dependent 
and is inhibited by air. This enzyme activity may be 
due to NADPH-cytochrome c reductase, because 
nitroreduction of 5-nitrofurans is catalyzed by the 
enzyme [g]. 5-Nitrothiophene nitroreductase activity 
is high in small intestine and liver, suggesting that 
these are the main organs for metabolism of 5- 
nitrothiophenes. 

It is generally accepted that hydroxylamine is the 
active intermediate of carcinogenic aromatic and 
heterocyclic nitro or amino compounds. A qualitative 
study has suggested that 5-nitrofuran is reduced to 
a hydroxylamine by NADPH-cytochrome c reduc- 
tase, whereas addition of mouse liver cytosol further 
reduces it to an amine [lo]. In the present study, 
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it was found that, depending upon the enzyme source, 
about 2550 per cent of the reduced 5-nitrothiophene 
was converted to the corresponding amine. The rest 
of the reduced product may be either bound to pro- 
tein or may exist as reduced intermediates such as 
nitroso or hydroxylamine. The quantitative deter- 
mination of protein binding may require a more 
sophisticated method, such as radiometric determina- 
tion [S]. 

Reduction of S-nitrofuran, catalyzed by purified 
milk xanthine oxidase or partially purified NADPH- 
cytochrome c reductase. yields a reduced intermediate 
which binds to protein [S]; the binding site may be 
the sulfhydryl group [ 1 I. 163. Binding of 5-nitrofuran 
to protein [ 11, 17, 1 S] and sulfhydryl groups [ 1 S] has 
been shown itI tkx In the present study, binding of 
5-nitrothiophenes to macromolecules mediated by the 
enzyme reaction was also found. The mechanism of 
binding of 5-nitrofuran and Snitrothiophene is not 
known. 4-Hydroxylaminoquinoline N-oxide binds to 
macromolecules. probably through formation of a 
free radical intermediate or nitroso derivative [19]. 
Binding of 5-nitrofuran and 5-nitrothiophene metabo- 
lite to protein may be mediated by the same 
mechanism. 

Besides xanthine oxidase and NADPH-cytochrome 
c reductase. other enzymes such as aldehyde oxidase 
are capable of catalyzing nitroreduction [9]. The 
physiological importance of xanthine oxidase and 
NADPH-cytochrome c reductase for the nitroreduc- 
tion of 5-nitrofurans and 5-nitrothiophenes has yet 
to be demonstrated. Wolpert rt al. [9] pointed out 
that the oxygen tension in liver and other organs is 
at a significant level. Under such conditions, xanthine 
oxidase may not carry out nitroreduction because it 
is extremely sensitive to oxygen. NADPH-cytochrome 
c reductase carries out nitroreduction of the hetero- 
cyclic nitro compound; however, the reduced interme- 
diates, such as nitroso and hydroxylamine, are suscep- 
tible to reoxidation in air [ 133 
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