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SUMMARY. The present paper describes that mammalian liver alde- 
hyde oxidase is involved in the reduction of nicotinamide N-oxide 
to nicotinamide. Rabbit liver aldehyde oxidase supplemented 
with its electron donor exhibited a sisnificant nicotinamide N- 
oxide reductase activity under anaerobic conditions. Liver 
cytosols from rabbits, hogs, guinea pigs, hamsters, rats and mice, 
all of them, similarly exhibited the N-oxide reductase activity 
in the presence of an electron donor of aldehyde oxidase, but not 
xanthine oxidase. The cytosolic N-oxide reductase activity was 
almost completely inhibited by menadione, an inhibitor of alde- 
hyde oxidase. 

Nicotinamide N-oxide, which occasionally produced a marked 

stimulation of the squalene oxidocyclase activity (l), was found 

as an in vivo metabolite of nicotinamide in rats (1) and mice 

(2,3). Generally, N-oxide compounds undergo the biological redu- 

ction to the corresponding heterocyclic or tertiary amino com- 

pounds. However, only a little is known about the enzymes invol- 

ved. As regards nicotinamide N-oxide, Chaykin and Bloch (1) 

demonstrated first that hog liver homogenate catalyzes its reduc- 

tion to nicotinamide. An enzyme involved in the N-oxide reduc- 

tion was isolated from hog liver and identified as xanthine oxi- 

dase (4,5). 

On the other hand, recently, we found that liver aldehyde 

oxidase can catalyze the reduction of sulfoxides (6,7), nitrosa- 

mines (8,9), hydroxamic acids (lO,ll), azo dyes (12) and nitro- 

polycyclic aromatic hydrocarbons (13). The present communica- 

tion provides evidence that aldehyde oxidase functions as a major 
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liver enzyme responsible for the reduction of nicotinamide N- 

oxide to nicotinamide. 

MATERIALS AND METHODS 

Enzymes. Liver cytosol was prepared as follows: The liver was 
homogenized in four volumes of 1.15 % Xl, the homogenate was cen- 
trifuged for 20 min at 9,000 x g, and cytosol was separated from 
microsomes by centrifugation for 60 min at 105,000 x g. Rabbit 
liver aldehyde oxidase was purified according to the method of 
Rajagopalan et al. (14). Bovine liver catalase was purchased 
from Sigma Chemical Co. 

Assay of N-oxide reductase activity. The incubation mixture con- 
sisted of 0.5 umol of nicotinamide N-oxide, 2 umol of an electron 
donor, 0.005 unit of aldehyde oxidase, 12 hg of catalase and 1.25 
mg of bovine serum albumin in a final volume of 1 ml of 0.1 M 
phosphate buffer (pH 7.4). When liver cytosol was used in place 
of aldehyde oxidase, both catalase and bovine serum albumin were 
omitted from the incubation mixture. The incubation was per- 
formed using a Thunberg tube under anaerobic conditions. The 
side arm contained an electron donor and the body contained all 
other components. The tube was gassed for 3 min with deoxyge- 
nated nitrogen, evacuated with an aspirator for 10 min and again 
gassed with the nitrogen. The reaction was started by mixing 
the compounds of the side arm and the body together, continued 
for 5 min at 37O and stopped by adding 0.1 ml of 5 N NaOH. A 
control tube, lacking nicotinamide N-oxide, was run with each 
reaction tube to correct for formation of nicotinamide other than 
that from nicotinamide N-oxide. The mixture, after adding 30 pg 
of benzamide as an internal standard and 0.1 g of NaCl, was extra- 
cted twice with 5 ml each of ethyl acetate and the combined extra- 
ct was evaporated to dryness in vacua. The residue was dissolved 
in 0.1 ml of methanol and then subjected to high pressure liquid 
chromatography (hplc). Hplc was performed in a Gilson 1B high 
pressure liquid chromatograph equipped with a M & S Variactor 311 
ultraviolet absorption detector, The instrument was fitted with 
a 15 cm x 4.6 mm (I.D.] M & S Pack Cl8 column. 
was methanol-water (1:9). 

The mobile phase 
The chromatograph was operated at a 

flow rate of 1.1 ml/min at ambient temperature and at a wave- 
length of 254 nm. Nicotinamide (elution time, 6.3 min) formed 
was determined from its peak area. 

RESULTS 

As shown in Table I, rabbit liver aldehyde oxidase exhibited 

a significant nicotinamide N-oxide reductase activity in the pre- 

sence of its electron donor such as 2-hydroxypyrimidine, Ni- 

methylnicotinamide, benzaldehyde or butyraldehyde. In this case, 

2-hydroxypyrimidine was most effective. Rabbit liver cytosol, 

which contains aldehyde oxidase together with other flavoenzyme 

such as xanthine oxidase and DT-diaphorase, also exhibited the 

N-oxide reductase activity in the presence of the electron donors 
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Table I. Reduction of nicotinamide N-oxide by rabbit liver 
aldehyde oxidase and cytosol 

Addition 

Nicotinamide formed 

Aldehyde oxidase cytoso1 
(umol/S min/mg protein) (pmol/5 min/g liver) 

None 0 0.1 

2-Hydroxypyrimidine 51.5 116.4 

N1-Methylnicotinamide 9.1 12.6 

Benzaldehyde 6.4 13.3 

Butyraldehyde 6.8 12.1 

Xanthine 0 0.2 

NADH 0 0.2 

NADPH 

2-Hydroxypyrimidine plus menadione 

2-Hydroxypyrimidine plus p-benzoquinone 

0 0.2 

0 0 

0 0 

Each value represents mean of four experiments. 

of aldehyde oxidase. The 2-hydroxypyrimidine-linked activity of 

the cytosol as well as aldehyde oxidase was markedly inhibited by 

menadione and p-benzoquinone which are known as strong inhibitors 

of aldehyde oxidase. On the other hand, no significant N-oxide 

reductase activity above the control was found when xanthine, 

NADH or NADPH, which is an electron donor of xanthine oxidase or 

DT-diaphorase, was added. Furthermore, the ability of rabbit 

liver microsomes to reduce nicotinamide N-oxide was examine under 

anaerobic conditions. However, the liver preparation exhibited 

no N-oxide reductase activity even in the presence of NADPH or 

NADH (data not shown]. Thus, the present study demonstrated 

that aldehyde oxidase functions as a major nicotinamide N-oxide 

reductase in the rabbit liver. 

As shown in Table II, the liver cytosols from several mamma- 

lian species besides rabbits also exhibited, in varying degrees, 
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Table II. Nicotinamide N-oxide reductase activity of liver 
cytosols from several mammalian species 

Nicotinamide formed 
Addition (vmol/5 min/q liver) 

Ho9 Guinea pig Hamster Rat Mouse 

None 0.3 0.2 0.2 0.1 0.1 

2-Hydroxypyrimidine 67.9 64.7 208.4 5.1 14.8 

Xanthine 0.3 0.2 0.2 0.1 0.1 

2-Hydroxypyrimidine 
plus menadione 1.4 0.8 0.6 0 0 

Each value represents mean of four experiments. 

a significant nicotinamide N-oxide reductase activity in the pre- 

sence of 2-hydroxypyrimidine, but not xanthine. In either case, 

the 2-hydroxypyrimidine-linked activity was again markedly inhi- 

bited by menadione. From these results, we concluded that liver 

aldehyde oxidase plays a prominent role in the reduction of nico- 

tinamide N-oxide not only in rabbits, but also in other mammalian 

species. 

DISCUSSION 

Xanthine oxidase supplemented with its electron donor such 

as xanthine or NADH has been shown to be capable of reducing nico- 

tinamide N-oxide to nicotinamide under anaerobic conditions (5). 

The enzyme can also reduce the N-oxide group of several Purine N- 

oxide derivatives (15). Therefore, a preliminary attempt was 

made to roughly compare nicotinamide N-oxide reductase activity 

of xanthine oxidase with that of aldehyde oxidase. When nicotin- 

amide N-oxide (0.5 umoles) was anaerobically incubated at 37' 

with milk xanthine oxidase (1 unit) and xanthine (2 I-moles.) in 

0.1 M phosphate buffer, pH 7.4, the amount of nicotinamide formed 

was only 3.6 nanomoles per 5 minutes. The value is too much 

lower, compared with 62 micromoles of nicotinamide formed per 5 

minutes per unit of rabbit liver aldehyde oxidase when nicotin- 
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amide N-oxide was incubated with the enzyme and 2-hydroxypyrimi- 

dine as described in the experimental section. This seems to 

be a reason why all of mammalian liver cytosols tested exhibited 

no significant nicotinamide N-oxide reductase activity over the 

control in the presence of xanthine. 

Another preliminary study showed that aldehyde oxidase acti- 

vity of liver cytosols from six mammalian species tested, which 

was assayed by using 2-hydroxypyrimidine as an electron donor and 

ferricyanide as an electron acceptor, was almost parallel to 

their 2-hydroxypyrimidine-linked nicotinamide N-oxide reductase 

activity. This fact supports the idea that the 2-hydroxypyrimi- 

dine-linked N-oxide reductase activity in these liver cytosols is 

due to aldehyde oxidase. In addition, the study showed that 

rabbit liver aldehyde oxidase in the presence of 2-hydroxypyrimi- 

dine can also catalyze the reduction of N-oxide compounds such as 

nicotinic acid N-oxide, quinoline N-oxide, 2-bromopyridine N-oxide 

and 8-picoline N-oxide. 

REFERENCES 

1. Chaykin,S. and Bloch,K. (1959) Biochim.Biophys.Acta 31,213-216. 
2. Bonavita,V., Narrod,S.A. and Kaplan,N.O. (1961) J.Biol.Chem. 

236, 936-939. 
3. Chaykin,S., Dagani,M., Johnson,L. and Samli,M. (1965) J.Biol. 

Chem. 240, 932-938. 
4. Murray,K.N. and Chaykin,S. (1966) J.Biol.Chem. 241, 2029-2034. 
5. Murray,K.N. and Chaykin,S. (1966) J.Biol.Chem. 241, 3468-3473. 
6. Tatsumi,K., Kitamura,S. and Yamada,H. (1982) Chem.Pharm.Bull. 

(Tokyo) 30, 4585-4588. 
7. Tatsumi,K., Kitamura,S. and Yamada,H. (1983) Biochim.Biophys. 

Acta 747, 86-92. 
8. Tatsumi,K., Yamada,H. and Kitamura,S. (1983) Chem.Pharm.Bull. 

(Tokyo) 31, 764-767. 
9. Tatsumi,K., Yamada,H. and Kitamura,S. (1983) Arc.h.Biochem. 

Biophys. 226, 174-181. 
10. Sugihara,K., Kitamura,S. and Tatsumi,K. (1983) Chem.Pharm.Bull. 

(Tokyo) 31, 3366-3369. 
11. Sugihara,K., Kitamura,S. and Tatsumi,K. (1983) J.Pharm.Dyn. 

6, 677-683. 
12. Kitamura,S. and Tatsumi,K. (1983) Chem.Pharm.Bull. (Tokyo) 31, 

3334-3337. 
13. Kitamura,S., Narai,N., Hayashi,M. and Tatsumi,K. (1983) Chem. 

Pharm.Bull. (Tokyo) 31, 776-779. 
14. Rajagopalan,K.V., Fridovich,I. and Handler,P. (1962) J.Biol. 

Chem. 237, 922-928. 
15. StGhrer,G. and Brown,G.B. (1969) J.Biol.Chem. 244, 2498-2502. 

606 


