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Introduction
The selection of some staple foods such as maize, rice, 
and wheat correlates with the prevalence of some nutri-
ent-deficiency diseases. Pellagra, which is an l-tryptophan 
(l-Trp) and niacin deficiency syndrome,1,2 prevails in regions 
of high maize consumption3 because the maize protein, zein, 
is low in l-Trp.4 Beriberi, which is due to vitamin B1 defi-
ciency,5 prevails in regions of high rice consumption6 because 
rice protein is high in l-Trp7 but has low levels of vitamin 
B1 in polished rice.8 With regard to wheat consumption 
regions, some special nutrient-deficiency diseases are not well 
understood.

The composition of dietary amino acids is reported to 
affect the conversion of l-Trp to nicotinamide (Nam).9–15 
Generally, a diet low in l-Trp provides a lower conversion of 
l-Trp to Nam. When a diet with the first limiting amino acid 
of l-Trp was fed to rats, the lowest conversion of l-Trp to Nam 
was observed.15 The concentration of l-Trp is lower in wheat 
protein than in rice protein.7

In the present study, the conversion percentages of 
l-Trp to Nam were compared between rice protein and 
wheat protein diets in rats. We also investigated whether 
the addition of limiting amino acids to the wheat protein 
diet resulted in an increased conversion percentage of l-Trp 
to Nam.

Materials and Methods
Chemicals. Amino acids and sucrose were purchased 

from Wako Pure Chemical Industries Co. Ltd. Corn oil 
was purchased from Ajinomoto Co. Ltd. Gelatinized corn-
starch, a mineral mixture (the AIN–93G mineral mixture),16 
and a vitamin mixture (nicotinic acid-free AIN-93 vita-
min mixture containing 25% choline bitartrate)16 were pur-
chased from Oriental Yeast Co. Ltd. l-Trp, anthranilic acid 
(AnA), 3-hydroxykynurenine (3-HK), quinolinic acid (QA), 
and Nam were purchased from Wako. Kynurenine sulfate, 
N1-methylnicotinamide (MNA) chloride, xanthurenic acid 
(XA), kynurenic acid (KA), and 3-hydroxyanthranilic acid 
(3-HA) were purchased from Tokyo Chemical Industry. 
5-Hydroxyindole 3-acetic acid (5-HIAA) was purchased 
from Sigma-Aldrich Chemicals Co. Ltd. Compounds 
N1-methyl-2-pyridone-5-carboxamide (2-Py) and N1-methyl-
4-pyridone-3-carboxamide (4-Py) were synthesized following 
the methods of Pullman and Colowick17 and that of Shibata 
et al.18, respectively. All other chemicals were of the highest 
purity available from commercial sources.

Animals and diets. The care and treatment of experi-
mental animals conformed to the guidelines for the ethical 
treatment of laboratory animals set by the University of Shiga 
Prefecture. The room temperature was 20 °C and the humidity 
was 60%. A 12-hour light–dark cycle was maintained.
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To acclimatize rats to their new environment, male 
Wistar rats (7 weeks old; CLEA Japan) were kept in indi-
vidual rat metabolic cages (CT-10; CLEA Japan) and fed with 
a complete 10% amino acid mixture19 diet ad libitum (Table 1) 
for 7 days. Rats (8 weeks olds, body weight ≈245 g) were then 
divided into five groups. Group 1 was fed with the complete 
10% amino acid mixture diet ad libitum and was used as the 
control group. Group 2 was fed with a 10% amino acid mix-
ture with wheat protein diet ad libitum and was used as the 
wheat protein group. Group 3 was fed with a 10% amino acid 
mixture with wheat protein + limited amino acids diet ad 
libitum and was used as the wheat protein + limited amino 
acids group. Group 4 was fed with a 10% amino acid mixture 
with rice protein diet ad libitum and was used as the rice pro-
tein group. Group 5 was fed with a 10% amino acid mixture 
with rice protein + limited amino acids diet ad libitum and 
was used as the rice protein + limited amino acids group. The 
experimental period was 28 days. Body weight and food intake 
were measured daily at around 09:00 hours, and food and water 

were renewed daily. Twenty-four-hour urine samples were 
collected (09:00–09:00) in amber bottles containing 1 mL of 
1 mol/L HCl on the last day of the experiment) and stored at 
−25 °C until use. Rats were killed by decapitation at ≈09:00, 
and blood samples were collected to measure the NAD levels; 
livers were taken to measure enzyme activity.

enzyme assays. The liver was dissected and a portion was 
homogenized immediately using a Teflon/glass homogenizer 
in five volumes of a cold 50 mmol/L KH2PO4/K2HPO4 buffer 
at pH 7.0. The resulting homogenate was used as an enzyme 
source. The methods used to measure the enzyme activities 
involved in the Nam catabolic pathway, Nam methyltrans-
ferase (NMTase) (S-adenosyl-l-methionine: nicotinamide 
N-methyltransferase, EC 2.1.1.1),20 2-Py-forming MNA 
oxidase (aldehyde: oxygen oxidoreductase, EC 1.2.3.1),21 and 
4-Py-forming MNA oxidase (EC number not determined),21 
have been described previously.

Measurement of l-trp metabolites. The concentra-
tions of l-Trp22 and its metabolites, such as 5-HIAA,23 

Table 1. compositions of diets.

ComPleTe amiNo  
aCiD mixTuRe DieT

WHeaT PRoTeiN  
DieT1

WHeaT PRoTeiN +  
limiTiNg amiNo aCiDS2

RiCe PRoTeiN  
DieT3

RiCe PRoTeiN +  
limiTiNg amiNo aCiDS4

g/kg diet

amino acid mixture 100 100 100 100 100

l-Isoleucine 5.3 3.41 5.3 3.95 5.3

l-leucine 7.7 6.74 7.7 8.25 8.25

l-lysine⋅hcl 7.8 2.33 7.8 4.5 7.8

l-Methionine 3.7 1.62 3.44 2.65 3.5

l-cysteine 2.1 2.53 2.53 2.47 2.47

l-phenylalanine 6.6 5.12 5.86 5.21 5.21

l-tyrosine 2.1 2.84 2.84 4.17 4.17

l-threonine 5 2.6 5 3.65 5

l-tryptophan 1.7 1.14 1.7 1.52 1.7

l-Valine 6.6 4.06 6.6 5.64 6.6

l-histidine 4.1 2.27 4.1 2.65 4.1

l-arginine·hcl 3.7 4.03 4.03 9.97 9.97

l-alanine 4.3 2.76 2.76 5.64 5.64

l-aspartic acid 8.8 3.9 3.9 9.55 9.55

l-Glutamic acid 18.8 34.41 16.21 15.01 5.55

Glycine 3.1 3.49 3.49 4.77 4.77

l-proline 4.3 12.19 12.19 4.77 4.77

l-serine 4.3 4.55 4.55 5.64 5.64

Gelatinized cornstarch 537 537 537 537 537

sucrose 268 268 268 268 268

corn oil 50 50 50 50 50

Mineral mixture (aIn-93G)4 35 35 35 35 35

Vitamin mixture without  
nia (aIn-93)4

10 10 10 10 10

Notes: 1amino acid mixture simulated with wheat protein. 2amino acid mixture simulated with wheat protein + limiting amino acids. 3amino acid mixture simulated 
with rice protein. 4amino acid mixture simulated with rice protein + limiting amino acids. 5ref. 16.
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kynurenine,24 Nam,18 2-Py,18 4-Py,18 MNA,25 KA,26 XA,27 
3-HA,27 AnA,28 QA,29 and 3-HK,30 in urine were measured 
using high-performance liquid chromatography.

Measurement of blood NAd. NAD (NAD+ + NADH) 
was measured using the methods of Shibata and Murata.31

Calculation method for urinary excretion percentages 
of l-trp and its metabolites. The conversion percentages were 
calculated from the following equation:

Conversion percentage = (urinary excretion of metabolite 
[mol/d])/(Trp intake [mol/d]) × 100

statistical analyses. Values were reported as mean ± SE.  
Statistical significance was determined using one-way anal-
ysis of variance (ANOVA) followed by Tukey’s multiple-
comparison tests. Pearson correlation coefficients were 
calculated to determine the association between urine SUM 
(= Nam + MNA + 2-Py + 4-Py) and urine l-Trp and its 
metabolites. A P-value , 0.05 was considered statistically 
significant. Prism version 5.0 was used for all analyses.

results
body weight gain, food intake, and food efficiency ratio. 

Figure 1 shows the effects of feeding the five different diets 
containing 10% amino acid mixture with nutritionally ideal 
protein, with wheat protein, with wheat protein + limiting 
amino acids (l-isoleucine, l-leucine, l-lysine, l-methionine, 
l-threonine, l-Trp, l-valine, l-histidine) (Table 1), with rice 
protein, and with rice protein + limiting amino acids (l-isole-
ucine, l-lysine, l-methionine, l-phenylalanine, l-threonine, 
l-Trp, l-valine, l-histidine) (Table 1) on body weight changes 
and food intake in rats.

Daily food intake for each day showed no significant dif-
ferences among the five groups (Fig. 1), and the total food 
intake during the 28 days also showed no significant differ-
ences among the five groups (Table 2).

Body weight gain in the group fed with the wheat protein 
diet decreased from around day 15 compared with the other 
four groups (Fig. 1), and the final body weight gain was lower 
in the wheat protein group than in the other four groups 
(Table 2). Therefore, the food efficiency ratio (body weight 
gain/food intake) was lower in the wheat protein group than 
in the other four groups (Table 2).

Liver enzymes involved in Nam catabolism. NMTase 
activity showed no observable differences among the five 
groups (Table 2). The activities of 2-Py-forming and 4-Py-
forming MNA oxidases were lower in the wheat protein group 
than in the other four groups, whose activities were recovered 
by the addition of the limiting amino acids (Table 2).

blood NAd concentrations. The diets used in the 
present study did not contain preformed niacin (Table 1). 
Therefore, all NAD was derived from dietary l-Trp. The 
concentrations of blood NAD were slightly lower in groups 
fed with wheat protein and rice protein diets than in groups 
fed with the complete amino acid mixture, wheat protein + 
limiting amino acids, and rice protein + limiting amino acids 
(Table 3), although significant differences were not observed 
among the five groups.

Urinary excretion concentrations of l-trp and its 
metabolites. Table 4 shows the urinary excretion concentra-
tions of l-Trp and its metabolites, such as 5-HIAA, kynure-
nine, KA, AnA, 3-HK, XA, 3-HA, QA, Nam, MNA, 
2-Py, 4-Py, SUM, and (2-Py + 4-Py)/MNA, on day 28 as 
affected by dietary amino acids. The most characteristic find-
ing was that the urinary excretion concentration of SUM 
(Nam + MNA + 2-Py + 4-Py) was lowest in the group fed 
with the wheat protein diet compared with the other groups, 
which was partly recovered with the addition of the limiting 
amino acids.

Urinary excretion percentages of l-trp and its metab-
olites. As dietary concentrations of l-Trp among the diets 
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figure 1. effects of amino acid mixture with wheat protein and with rice protein on body weight changes (a) and food intake (b) in rats.  
Note: each symbol shows mean ± se for 4–5 rats.
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Table 3. effects of wheat and rice protein diets on the concentration of blood naD in rats.

ComPleTe amiNo aCiD  
mixTuRe DieT

WHeaT PRoTeiN  
DieT

WHeaT PRoTeiN +  
limiTiNg amiNo aCiDS

RiCe PRoTeiN  
DieT

RiCe PRoTeiN +  
limiTiNg amiNo aCiDS

Blood naD (nmol/ml) 80.3 ± 1.9 71.8 ± 1.7 82.7 ± 4.1 73.7 ± 3.1 79.4 ± 2.5

Notes: Values are mean ± se, n = 4–5. A significant difference was not observed, as determined by one-way ANOVA followed by Tukey’s multiple-comparison tests.

Table 4. effects of wheat and rice protein diets on urinary excretion concentrations of trp and its metabolites in rats.

ComPleTe amiNo aCiD  
mixTuRe DieT

WHeaT PRoTeiN  
DieT

WHeaT PRoTeiN +  
limiTiNg amiNo aCiDS

RiCe PRoTeiN  
DieT

RiCe PRoTeiN +  
limiTiNg amiNo aCiDS

trp (nmol/d) 93 ± 8b 39 ± 6c 78 ± 5bc 58 ± 8bc 143 ± 15a

5-hIaa (nmol/d) 144 ± 11 127 ± 24 131 ± 7 153 ± 23 128 ± 12

Kyn (nmol/d) 30 ± 4 23 ± 3 23 ± 3 25 ± 2 21 ± 3

ana (nmol/d) 106 ± 12 129 ± 7 78 ± 7 104 ± 7 90 ± 17

Ka (nmol/d) 800 ± 87 819 ± 90 910 ± 79 1,098 ± 97 1058 ± 121

Xa (nmol/d) 90 ± 7 105 ± 8 125 ± 11 116 ± 3 110 ± 5

3-hK (nmol/d) 26 ± 4 18 ± 2 23 ± 2 15 ± 2 26 ± 4

3-ha (nmol/d) 147 ± 16 80 ± 13 141 ± 16 158 ± 22 120 ± 26

Qa (nmol/d) 2,900 ± 219a 1,282 ± 109b 1,863 ± 138b 1,873 ± 138b 1,851 ± 342b

nam (nmol/d) 90 ± 4a 43 ± 4b 74 ± 7a 80 ± 2a 73 ± 3a

Mna (nmol/d) 178 ± 12a 86 ± 4b 147 ± 10ab 152 ± 27ab 158 ± 18ab

2-py (nmol/d) 336 ± 14a 73 ± 7b 335 ± 50a 292 ± 18a 367 ± 33a

4-py (nmol/d) 5,473 ± 201a 1,359 ± 104c 3,964 ± 337b 3,757 ± 206b 4,823 ± 374ab

suM (nmol/d) 6,079 ± 191a 1,562 ± 106c 4,520 ± 400b 4,281 ± 208b 5,421 ± 403ab

(2-py + 4-py)/Mna 33.6 ± 3.7a 16.7 ± 1.5b 29.2 ± 1.5ab 29.3 ± 4.1ab 34.2 ± 2.9a

Notes: Values are mean ± se, n = 4–5. the values in a row without a common letter differ, P , 0.05, as determined by one-way ANOVA followed by Tukey’s 
multiple-comparison tests.

Table 2. effects of wheat and rice protein diets on the activities of nMtase and Mna oxidases in rat liver.

ComPleTe amiNo aCiD  
mixTuRe DieT

WHeaT PRoTeiN  
DieT

WHeaT PRoTeiN +  
limiTiNg amiNo aCiDS

RiCe PRoTeiN  
DieT

RiCe PRoTeiN +  
limiTiNg amiNo aCiDS

Body weight gain (g/28 d) 105.6 ± 3.6a 68.1 ± 1.6b 97.4 ± 1.5a 108.4 ± 1.9a 99.7 ± 5.5a

food intake (g/28 d) 473.2 ± 7.3 472.7 ± 3.8 436.1 ± 7.0 455.5 ± 7.2 436.1 ± 7.0

fer 0.22 ± 0.01a 0.14 ± 0.00b 0.22 ± 0.01a 0.22 ± 0.00a 0.23 ± 0.01a

liver weight (g) 11.18 ± 0.46 10.81 ± 0.29 11.73 ± 0.22 11.59 ± 0.36 11.25 ± 0.82

nMtase (nmol/h/g liver) 468 ±24 443 ±120 391 ± 47 447 ± 44 439 ± 62

2-py-forming Mna oxidase  
(nmol/h/g liver)

610 ± 29a 246 ±59b 613 ± 21a 602 ± 59a 654 ± 86a

4-py-forming Mna oxidase  
(nmol/h/g liver)

2,268 ± 243a 1,294 ± 168b 2,346 ± 216a 2,344 ± 95a 2,187 ± 185a

Notes: Values are mean ± se, n = 4–5. the values in a row without a common letter differ, P , 0.05, as determined by one-way ANOVA followed by Tukey’s 
multiple-comparison tests. 
abbreviation: FER, food efficiency ratio.

differed, urinary excretion percentages of l-Trp and its metab-
olites were calculated (Table 5). The most characteristic find-
ing was that the conversion percentage of l-Trp to Nam was 
lower in the group fed with the wheat protein diet than in the 
group fed with the rice protein diet, which was recovered with 
the addition of limiting amino acids.

Association between urinary excretion of sUM and 
urinary excretion of trp and its metabolites. Figure 2 shows 
the association between urinary excretion of SUM and uri-
nary excretion of l-Trp and its metabolites. For l-Trp and its 
metabolites, a significant relationship was observed for QA and 
the latter metabolites, but not for the metabolites prior to QA.
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discussion
The supply of Nam from l-Trp makes up about half of that found 
in humans and experimental animals.32 Therefore, studies on 
examining the effects of nutrients on the metabolism of l-Trp 
to Nam are very important for preventing pellagra outbreak.

Zein is a major protein in maize and is known to be a pel-
lagragenic protein,4 as it has a very low l-Trp concentration. 
Pellagra has had high prevalence in regions with high maize 
consumption since the beginning of the twentieth century.33 
Maize is thought to cause pellagra because of its low l-Trp con-
tent. However, Shibata15 clarified that the pellagragenic effect of 
maize is not simply due to the lower concentration of l-Trp but it 
is because zein causes a lower conversion of l-Trp to Nam. That 
is, the two factors, namely the low concentration of l-Trp and the 
low conversion of l-Trp to Nam, both contribute to pellagra.

Shibata et al.14,34 reported that the urinary excretion ratio 
(2-Py + 4-Py)/MNA reflects the dietary protein nutritional 
value because this value affects the activities of 2-Py-forming 
and 4-Py-forming MNA oxidases but not that of NMTase. 
Similar findings were observed in the present study. The activi-
ties of MNA oxidases were higher in the rice protein group than 
in the wheat protein group. The excretion ratio (2-Py + 4-Py)/
MNA was higher in the rice protein group than in the wheat 
protein group. The addition of limiting amino acids to the wheat 
protein diet enabled the recovery of values up to that of control 
values. Body weight gain data also showed that the amino acid 
value of rice protein was greater than that of wheat protein. 
These results indicate that the amino acid value of rice protein 
was greater than that of wheat protein in a whole animal experi-
ment, a finding consistent with the general understanding.

The diets used in the present study did not contain pre-
formed niacin, meaning that all Nam and its metabolites 

originated from dietary l-Trp. The values were found to be 
higher in the rice protein diet group than in the wheat protein 
diet group. A similar phenomenon was also observed in blood 
NAD concentrations. The addition of limiting amino acids 
to the wheat protein diet enabled recovery up to the control 
value. Therefore, the addition of limiting amino acids is suit-
able not only for growth promotion but also for the supply of 
Nam from l-Trp.

A correlation was observed between urine QA and urine 
SUM; that is, the biosynthesized amount of Nam from l-Trp 
was found to be subject to the formation of QA. Although 
the correlation was not significant, a weak relationship was 
observed between urine SUM and urine 3-HA. These results 
mean that QA is a key substance for the conversion of l-Trp 
to Nam.

The amounts of upper metabolites of l-Trp, such as 
5-HIAA, kynurenine, AnA, KA, XA, and 3-HK, were 
almost the same between the wheat and rice protein diet 
groups, but the amounts of the latter metabolites from 3-HA 
and the beyond metabolites such as QA and Nam metabolites 
were significantly higher in the rice protein diet group than in 
the wheat protein diet group. The addition of limiting amino 
acids to the wheat protein diet increased the formation of QA 
from l-Trp. Liver 3-hydroxyanthranilic acid 3,4-dioxygenase 
(3-HADOase) and aminocarboxymuconate semialdehyde 
decarboxylase (ACMSDase) are involved in the formation of 
QA.35 However, we did not measure the activities of these 
enzymes.

The l-Trp→3-HA pathway exists in every organ and 
tissue,36 while the l-Trp→3-HA→ACMS→QA pathway is 
mainly located in the liver since the activity of 3-HADOase 
(the enzyme which catalyzes the 3-HA→ACMS reaction) is 

Table 5. effects of wheat and rice protein diets on urinary excretory percentages of trp and its metabolites in rats.

ComPleTe amiNo aCiD  
mixTuRe DieT

WHeaT PRoTeiN  
DieT

WHeaT PRoTeiN +  
limiTiNg amiNo aCiDS

RiCe PRoTeiN  
DieT

RiCe PRoTeiN +  
limiTiNg amiNo aCiDS

trp (%) 0.058 ± 0.005b 0.035 ± 0.005b 0.055 ± 0.005b 0.035 ± 0.004b 0.095 ± 0.013a

5-hIaa (%) 0.008 ± 0.007 0.12 ± 0.025 0.092 ± 0.006 0.089 ± 0.012 0.085 ± 0.009

Kyn (%) 0.018 ± 0.002 0.021 ± 0.001 0.017 ± 0.002 0.015 ± 0.001 0.014± 0.002

ana (%) 0.065 ± 0.007 0.12 ± 0.005 0.055 ± 0.006 0.038 ± 0.003 0.059 ± 0.011

Ka (%) 0.48 ± 0.044 0.75 ± 0.091 0.64 ± 0.057 0.644 ± 0.047 0.691± 0.071

Xa (%) 0.061 ± 0.004c 0.10 ± 0.009a 0.087 ± 0.007ab 0.068 ± 0.001bc 0.072 ± 0.003bc

3-hK (%) 0.010 ± 0.002 0.017 ± 0.001 0.016 ± 0.002 0.009 ± 0.001 0.017 ± 0.002

3-ha (%) 0.089 ± 0.008 0.073 ± 0.012 0.099 ± 0.013 0.094 ± 0.015 0.078 ± 0.017

Qa (%) 1.77 ± 0.073a 1.18 ± 0.096b 1.31 ± 0.099ab 1.10 ± 0.036b 1.20 ± 0.189b

nam (%) 0.055 ± 0.004 0.039 ± 0.003 0.052 ± 0.005 0.053 ± 0.002 0.048 ± 0.003

Mna (%) 0.110 ± 0.010 0.079 ± 0.004 0.104 ± 0.009 0.100± 0.017 0.104 ± 0.011

2-py (%) 0.206 ± 0.011a 0.067 ± 0.006b 0.236± 0.038a 0.192 ± 0.007a 0.240 ± 0.021a

4-py (%) 3.34 ± 0.03a 1.25 ± 0.108c 2.80 ± 0.282ab 2.49 ± 0.189b 3.15 ± 0.179ab

suM (%) 3.71 ± 0.034a 1.44± 0.036b 3.19± 0.331a 2.84 ± 0.193a 3.63 ± 0.208a

Notes: Values are mean ± se, n = 4–5. the values in a row with superscript letters without a common letter differ, P , 0.05, as determined by one-way anoVa 
followed by Tukey’s multiple-comparison tests.
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found in the liver.36 ACMS is an unstable compound but the 
majority of ACMS is catalyzed to form AMC by ACMSDase, 
and some ACMS that escapes from ACMSDase spontane-
ously cyclizes to form QA.

In conclusion, our results generally support the think-
ing that the composition of amino acids affects the conversion 
ratio of l-Trp to Nam. In addition, our results suggest that the 
amino acid composition affects the activity of ACMSDase as 
much as the dietary protein levels.11
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