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 ABSTRACT: 

Aldehyde oxidase-mediated oxidation of N1-methylnicotinamide to 

N1-methyl-2-pyridine-5-carboxamide (2-PY) and 

N1-methyl-4-pyridone-5-carboxamide (4-PY) in chimeric mice constructed by 

transplanting human hepatocytes into uPA+/+/SCID mice was examined in vivo and 

in vitro. The activity in liver cytosol of chimeric mice with a high replacement index 

was about four-fold higher than that in control mice. Further, the oxidation products 

in control mice were 2-PY and 4-PY, while in chimeric mice, the major product was 

2-PY, as in humans. The aldehyde oxidase in chimeric mouse liver was confirmed to 

be of human type by immunoblotting analysis. The ratio of pyridones (2-PY/4-PY) 

excreted in the urine of chimeric mice was closer to that of humans than to that of 

control mice. Thus, the aldehyde oxidase in chimeric mice has human-type 

functional characteristics.  
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Introduction 

 

 Tateno et al. (2004) established chimeric mice in which the liver was almost 

completely repopulated with human hepatocytes. Such mice should be an excellent 

in vivo model for predicting drug metabolism, drug-drug interactions, drug 

induction and inhibition of drug-metabolising enzymes in humans. Katoh et al. 

(2004; 2005a) reported that the patterns of cytochrome P450 isoforms and phase II 

enzymes, such as UDP-glucuronosyltransferase, sulfotransferase, 

N-acetyltransferase and glutathione S-transferase, in chimeric mice having a nearly 

90 % replacement rate with human hepatocytes were almost identical with those in 

human liver, and they used these mice to estimate the in vivo induction of 

cytochrome P450 enzymes in humans (Katoh et al., 2005b). Nishimura et al. (2005) 

reported that hepatocytes from chimeric mice with nearly completely humanized 

liver are useful for predictive screening of the induction potency of new drugs on 

drug-metabolizing enzymes in humans. We were interested to know whether drug 

metabolism by a cytosolic drug-metabolizing enzyme, aldehyde oxidase, in these 

mice is also similar to that in humans. 

    Aldehyde oxidase (EC 1.2.3.1) contains FAD, molybdenum and iron-sulfur 

centers. It has been suggested to be relevant to the pathophysiology of a number of 

clinical disorders (Berger et al., 1995; Moriwaki et al., 1997; Wright et al., 1995). 

The enzyme in liver of various species catalyzes the oxidation of various aldehydes 

and nitrogenous heterocyclic xenobiotics, such as methotrexate and 

cyclophosphamide (Beedham, 1985; Kitamura et al., 2006), and also catalyzes the 

metabolism of physiological compounds, such as retinaldehyde (Huang and 

Ichikawa, 1994). However, there are marked species differences and strain 

differences of the enzyme activities for oxidative reaction in rats and mice 

(Beedham, 1985; Kitamura et al., 2006; Schofield et al., 2000; Sugihara et al., 2006). 

This has presented problems in preclinical studies.  Many aldehyde oxidase 

substrates, such as methotrexate and phthalazine, show similar metabolic profiles 
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among different species, though the level of the oxidase activity is 

species-dependent (Beedham, 1985; Kitamura et al., 1999; 2006). However, other 

substrates, such as famciclovir, 6-deoxypenciclovir, quinozaline, 2-aminopteridine 

and N1-methylnicotinamide (NMN), show species differences of the  metabolic 

profile (Beedham, 1985; Rashidi et al., 1997; Kitamura et al., 2006). We considered 

that NMN, which shows different metabolic profiles in mice and humans, would be 

most suitable substrate for the present purpose. 

    NMN, which is formed from nicotinamide by nicotinamide 

N-methyltransferase, is widely distributed in animals (Yan et al., 1997), and its 

metabolism to N1-methyl-2-pyridone-5-carboxamide (2-PY) and 

N1-methyl-4-pyridone-3-carboxamide (4-PY)is catalyzed by aldehyde oxidase. 

However, the ratio of pyridones (2-PY/4-PY) formed from NMN varies among 

species. For example, 2-PY is mainly formed in humans, while 2-PY and 4-PY are 

equally formed in mice (Kitamura et al., 2006). In this study, we examined the 

characteristics of aldehyde oxidase activity in control mice and chimeric mice with 

a humanized liver by using NMN as a substrate. We demonstrated that oxidation of 

NMN in high-replacement chimeric mice showed a human-type pattern, rather than 

a mouse-type pattern. 
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Materials and Methods 

 

   Chemicals.   NMN, N’-methylnicotinamide and benzaldehyde were obtained 

from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). 2-PY and 4-PY were 

prepared by the reported method (Sugihara et al., 2006). 

   Animals.  Chimeric mice with humanized liver using human hepatocytes were 

prepared according to Tateno et al. (2004). Human hepatocytes were transplanted 

into albumin promoter/enhancer-driven urokinase-type plasminogen 

activator-transgenic SCID mice (uPA+/+/SCID mice, 20-30 days after birth). The 

human hepatocytes progressively repopulated the host liver. Donor hepatocytes used 

in this study were obtained from BD Biosciences (San Jose, CA). The replacement 

index (RI) of human hepatocytes, required to estimate the degree of humanization of 

the liver in chimeric mice, was determined by measuring the levels of human 

albumin (hAlb) in blood collected periodically from the tail vein with a latex 

agglutination assay (Eiken Immunochemical Laboratory, Tokyo, Japan). The 

uPA+/+/SCID mice were generated by crossing uPA mice 

(B6SJL-TgN(Alb1Plau)144Bri; The Jackson Laboratory, Bar Harbor, ME) with 

SCID mice (Fox Chase SCID C.B-17/Icr-scid Jcl; Clea Japan Inc., Tokyo, Japan). 

The mice were housed in cages at 22oC with a 12-h light/dark cycle, with free access 

to tap water and a standard pellet diet, MM-3 (Funabashi Farm, Funabashi, Japan). 

The present study was approved by the Ethics Committees of Hiroshima University.  

 Administration of NMN to Mice.     NMN dissolved in saline (50 mg/ml) was 

administered to mice orally at a single dose of 50 mg/kg. After treatment, urine was 

collected at 24, 48 and 72 hr. 

 Preparation of Liver Cytosol.  Livers were excised from control (uPA+/+/SCID 

mice) and chimeric male mice (6-8 weeks after transplantation) and homogenized in 

four volumes of 1.15 % KCl. The cytosolic fraction was obtained from the 

homogenate by successive centrifugation at 9,000 x g for 20 min and 105,000 x g for 

60 min.  
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   Immunoblot Analysis of Aldehyde Oxidase.     Aldehyde oxidase protein 

was determined by immunoblot analysis of mouse liver cytosolic protein. Mouse 

microsomal proteins (5 µg) were separated on SDS-polyacrylamide gel 

electrophoresis (10% gel) and transferred to polyvinylidene fluoride membranes 

(Bio-Rad, Hercules, CA) by electroblotting. Membranes were then incubated with 

5% skimmed milk in 25 mM tris-buffered saline (pH 7.6) - 0.1% Tween 20 for 1 h 

and probed with an anti-rat aldehyde oxidase (1:1000) for 3 h. The membranes 

were washed, and antibody binding was detected with horseradish 

peroxidase-conjugated goat anti-rabbit IgG, followed by development with ECL 

Plus (GE Healthcare, Buckinghamshire, England).  

   Assay for aldehyde oxidase activity.     Aldehyde oxidase activity was 

measured with NMN as a substrate according to the reported method (Sugihara et 

al., 2006). The amounts of 4-PY and 2-PY formed were measured by 

high-performance liquid chromatography (HPLC). Briefly, the incubation mixture 

consisted of 0.2 µmol of NMN and liver cytosol equivalent to 50 - 100 mg of liver 

wet weight in a final volume of 1 ml of 0.1 M K, Na-phosphate buffer (pH 7.4). 

Incubation was performed at 37o for 10 min, then 10 µg of N’-methylnicotinamide 

(an internal standard) was added as an internal standard, and the whole was 

extracted with ethyl acetate. The extract was subjected to analysis by HPLC. 

   Measurement of NMN, 2-PY and 4-PY excreted in urine.    NMN, 2-PY and 

4-PY in urine of mice were determined according to the reported method (Sugihara 

et al., 2006). Briefly, to measure 2-PY and 4-PY, 10 µg of N ’-methylnicotinamide 

(an internal standard) and 0.6 g of KCO3 were added to a mixture of urine (0.1 ml) 

and water (0.4 ml), and the solution was extracted with diethyl ether. The extract 

was evaporated to dryness, and the amounts of 2-PY and 4-PY were determined by 

using HPLC. To measure NMN, urine (0.01 ml) was added to a mixture of 1 ml of 

0.2 M isonicotinamide and 0.5 ml of 0.1 M acetophenone. One ml of 6 N NaOH and 

0.5 ml of formic acid were added, and the solution was left to stand on ice for 10 

min. Then, the mixture was boiled in a water bath for 5 min. The amount of 
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fluorometric compound, 1-methyl-7-phenyl-15-dehydro-5-oxo-1,6-naphthyridine, 

formed from NMN and acetophenone was determined by means of HPLC as 

described below.   

  RP values in control and chimeric mice.    The ratio of the amounts of the 

pyridones to the total amounts of NMN and the pyridones excreted in the urine (RP) 

was calculated to estimate the aldehyde oxidase level in vivo in mice. The 

calculation was as follows. 

 

         RP (%)= [(2-PY + 4-PY)/(2-PY + 4-PY + NMN)] x 100 

 

   HPLC.    HPLC was performed using a Hitachi L-6000 chromatograph 

(Hitachi Co. Ltd., Tokyo, Japan) fitted with a Capcell pak C18 UG120 column (25 

cm x 4.6 mm, Shiseido Co. Ltd., Tokyo, Japan) for the separation of 2-PY and 4-PY. 

The mobile phase was acetonitrile-water (3:97, v/v). The chromatograph was 

operated at a flow rate of 0.5 ml/min and with a detection wavelength of 254 nm. 

The elution times of 4-PY, 2-PY and N’-methylnicotinamide were 13.5, 14.7 and 

30.0 min, respectively. The detection limit for both 4-PY and 2-PY was 0.05 

nmol/ml urine. The limit of quantification for both 4-PY and 2-PY was 0.2 nmol/ml 

urine. For the detection of NMN, a LiChrospher Select B column (15 cm x 4.6 mm, 

Merck Co. Ltd., Tokyo, Japan) was used, and the mobile phase was acetonitrile-0.1 

M KH2PO4 (1:4, v/v). The chromatograph was operated at a flow rate of 0.5 ml/min, 

with fluorometric detection (excitation at 382 nm and emission at 440 nm). The 

elution time of 1-methyl-7-phenyl-15-dehydro-5-oxo-1,6-naphthyridine was 6.2 min. 

The amount of the product was determined from the specific peak area of the 

fluorometric derivatives by using a standard curve. The detection limit was 0.02 

nmol/ml urine. The limit of quantification was 0.1 nmol/ml urine.  
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Results 

 

   Characterization of Aldehyde Oxidase in Chimeric Mouse Liver.    When 

NMN was incubated with liver cytosols of control (uPA+/+/SCID) mice with no 

human hepatocytes and of chimeric mice having 80-90 % replacement with human 

hepatocytes, a marked difference of pyridone formation was observed. The amounts 

of 2-PY and 4-PY formed were approximately the same in liver cytosol of control 

mice, but 2-PY was the major metabolite in that of the chimeric mice. The oxidase 

activities of these liver cytosols toward NMN were also different. The activity in 

high-RI chimeric mice was about four-fold higher than that in control mice. 

Specifically, in chimeric mice with various levels of human hepatocyte replacement 

(0, 0-10, 20-30, 30-40, 40-50, 60-70 and 80-90 %), the activity and the ratio of 

pyridones (2-PY/4-PY) formed were well correlated with the hepatocyte 

replacement index (RI), which was assessed in terms of hAlb concentration in blood, 

as noted before (Fig. 1). The ratio of pyridones formed by liver cytosol of chimeric 

mice having 80-90 % replacement with human hepatocytes was close to that of 

pooled human liver cytosol. Further characterization of aldehyde oxidase in these 

liver cytosols was conducted by Western blot analysis using aldehyde oxidase 

antibody. The pattern is similar to the reported data (Sugihara et al., 1997) and 

shows that human liver-type aldehyde oxidase was present in the chimeric mice (Fig. 

2). These facts suggest that aldehyde oxidase in liver of the chimeric mice is 

functionally a human-type aldehyde oxidase.  

 

(Fig. 1)(Fig. 2)  

 

   Detection of NMN, 2-PY and 4-PY in Urine of Control (uPA+/+/SCID) and 

Chimeric Mice.    We previously reported that aldehyde oxidase levels in animals 

in vivo could be estimated by measuring the ratio of the amounts of the pyridones to 

NMN in the urine (RP value) (Sugihara et al., 2006). The ratio of pyridones 
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(2-PY/4-PY) generated from NMN was species-specific in many animals, including 

humans. We therefore measured the amounts of NMN, 2-PY and 4-PY excreted in 

the urine of control (uPA+/+/SCID) and chimeric mice, and the RP value and the 

ratio of pyridones (2-PY/4-PY) were calculated as described in Materials and 

Methods. The RP values and the ratio (2-PY/4-PY) in control and chimeric mice 

showed clear differences. Amounts of 2-PY and 4-PY excreted in the urine of 

control (uPA+/+/SCID) mice were approximately equal. In contrast, the level of 

2-PY in chimeric mice was higher than that in control mice, and the level increased 

with increasing human hepatocyte replacement ratio in chimeric mice (Fig. 3). This 

result showed that aldehyde oxidase in the chimeric mice functions as a human-type 

aldehyde oxidase in vivo.   

The ratio of pyridones in mouse urine (Fig. 3) was well correlated with that formed 

in in vitro NMN oxidation by liver cytosol of the same mice (Fig. 1): the correlation 

coefficient was 0.74 (Fig. 4). However, the formation ratio of 2-PY to 4-PY in in 

vitro NMN oxidation was much higher than that in urine. 

 

(Fig. 3) (Fig. 4) 

 

    In Vivo Metabolism of NMN to 2-PY and 4-PY in Chimeric Mice after 

Administration of NMN.    NMN was administered to chimeric mice, and the 

excretion patterns of NMN, 4-PY and 2-PY, in the urine were determined. After 

administration of NMN, the amount of unchanged NMN excreted in the urine was 

in the order of RI=0-10%, 30-40% and 80-90% mice. The ratio of 2-PY and 4-PY 

excreted in the urine of low-RI chimeric mice (RI=0-10%), moderate-RI chimeric 

mice (RI=30-40 %) and high-RI chimeric mice was 1.0, 1.5 and 2.0, respectively. 

The amount of 2-PY in the urine of RI=0-10% mice was also slightly higher than 

that of 4-PY, and the amount of parent NMN in RI=0-10% mice was higher than 

that of high-RI mice (Fig. 5). The amounts in non-treated urine were less than one 

nanomole per day, so the excreted NMN and pyridones were concluded to have 
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been metabolites of administered NMN. This supports the view that NMN and 

pyridones excreted in the urine reflect the in vivo metabolism of NMN in the 

chimeric mice. 

 

(Fig. 5) 
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Discussion 

   

    We have shown here that a cytosolic drug-metabolizing enzyme, aldehyde 

oxidase, in chimeric mice having high replacement levels of human hepatocytes 

functions as human-type aldehyde oxidase both in vivo and in vitro. Specifically, the 

metabolizing ability toward NMN and the conversion pattern of NMN to pyridones 

(2-PY and 4-PY) in the high-RI chimeric mice resembled those in humans in vivo 

and in vitro, being different from those in the control mice, in accordance with the 

reported species difference (Kitamura et al., 2006). Therefore, these chimeric mice 

should be useful in preclinical drug metabolic studies. 

    Recently, aldehyde oxidase homologues 1 and 2, which may have different 

metabolic roles, were identified in mice (Terao et al., 2000; Garattini et al., 2003). In 

humans, subtypes of aldehyde oxidase have not been identified, though bands found 

by Western blot analysis of liver cytosol in human and chimeric mice using 

aldehyde oxidase antibody may be due to human subtypes. We found two main and 

two minor bands of aldehyde oxidase by Western blot analysis of aldehyde oxidase 

in human and monkey livers (Sugihara et al., 1997). It is also important to consider 

the source of hepatocyte used to prepare chimeric mice, because inter-individual 

variations of aldehyde oxidase activity are known to occur in humans (Rodrigues, 

1994; Sugihara et al., 1997; Tayama et al., 2007). Chimeric mice should be a useful 

model for predicting drug metabolism in humans, but the role of enzyme activity in 

extrahepatic organs must be taken into account. The ratio of pyridones (2-PY/4-PY) 

formed from NMN by liver cytosol of chimeric mice was well correlated with that in 

urine of the same mice, but the values in vitro were higher than those in vivo (Fig. 4). 

This result suggests that other extrahepatic enzymes may play a role. Aldehyde 

oxidase also is known to exist in organs other than the liver. Nevertheless, liver 

aldehyde oxidase is the major determinant of urinary metabolites of NMN in vivo, 

judging from the results of the present study. In preclinical tests using chimeric mice, 
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it will be important to confirm that this remains the case in vivo for the test 

compounds.  

    In conclusion, chimeric mice having high levels of replacement with human 

hepatocytes in the liver expressed functionally human-type aldehyde oxidase. These 

mice with humanized liver should be a useful model in studies of drug metabolism 

involving aldehyde oxidase.  
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Legends to Figures 

 

Fig. 1. N1-methylnicotinamide (NMN) oxidase activity of aldehyde oxidase in liver 

cytosols of chimeric mice. 

NMN oxidase activity and ratio of pyridones (2-PY/4-PY) (value in parenthesis) 

formed from NMN in liver of chimeric mice with various values of replacement 

index with human hepatocytes (RI) are shown. Each column represents the mean of 

duplicate determinations and data from SCID and uPA+/+/SCID mice are shown as 

means and +s.d.. NMN oxidase activity was assayed using HPLC, as described in 

Materials and Methods. 

 

Fig. 2. Western blots of mouse and human liver cytosol probed with anti-rat 

aldehyde oxidase antibody. 

 

Fig. 3. N1-Methylnicotinamide (NMN) and pyridones excreted in the urine of 

chimeric mice. 

RP values and ratio of pyridones (2-PY/4-PY) (value in parenthesis) excreted in the 

urine of chimeric mice with various values of replacement index (RI) are shown. 

Each column represents the mean of duplicate determinations. Amounts of NMN 

and pyridones excreted in the urine were measured using HPLC, as described in 

Materials and Methods. 

 

Fig. 4. Correlation of the ratio of pyridones (2-PY/4-PY) detected in urine and that 

in NMN oxidation by liver cytosol of the same mice. 

The data were taken from Fig. 3 and Fig. 1, respectively.  

 

Fig. 5. N1-Methylnicotinamide (NMN) and pyridones excreted in the urine of 

chimeric mice treated with NMN (50 mg/kg). 
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Accumulation of NMN, 2-PY and 4-PY in the urine of chimeric mice (RI=80-90 %) 

(A), RI=30-40 % (B) and RI=0-10 % (C). Each value represents the mean of 

duplicate determinations. Amounts of NMN and pyridones excreted in the urine 

were measured using HPLC, as described in Materials and Methods. 
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