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Abstract: Mammals, including humans, can synthesize the vitamin nicotinamide from tryptophan in the liver. The resultant nicoti-
namide is distributed to non-hepatic tissues. We have studied the effects of changes in tryptophan—nicotinamide metabolism on nia-
cin nutritional status. The liver plays a critical role in nicotinamide supply. Animal studies showed that the tryptophan—nicotinamide
pathway is affected by physiological conditions, the presence of disease, nutrients, hormones, and chemicals. Human studies have
shown that 1 mg of nicotinamide is produced from 67 mg of tryptophan intake, and that the conversion ratio of tryptophan to nicoti-
namide is enhanced from mid to late pregnancy. These findings have contributed to the determination of dietary reference intakes for
niacin recommended in the Dietary Reference Intakes for Japanese 2010. Our findings suggest that the conversion of nicotinamide from
tryptophan is important in maintaining niacin nutrition.
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Introduction

Niacin, also called vitamin B,, refers to both
nicotinamide and nicotinic acid. The only route
by which nicotinamide is biosynthesized is from
tryptophan.! Niacin in the form of coenzymes NAD
and NADP functions in many reactions such as redox
reactions, ADP ribosylation, and sirtuin activation.
Niacin deficiency leads to pellagra, the typical symp-
toms of which are diarrhea, dermatitis, dementia, and
death. Pellagra was common in the United States and
parts of Europe in the early 20th century among peo-
ple consuming foods containing low levels of niacin
and tryptophan, such as corn. Pellagra epidemics have
been documented in several areas associated with a
high dietary dependence on unfortified corn.?

Nicotinamide can be synthesized from trypto-
phan in mammals, and the resultant nicotinamide is
distributed to non-hepatic tissues.! Dietary surveys
have shown that the amount of nicotinamide bio-
synthesized from tryptophan is equal to the amount
of pre-formed niacin from food intake in Japan,
and matches the niacin requirement in humans.'3*
Although niacin can be supplied from amino acid
tryptophan, nicotinamide biosynthesized from
tryptophan is considered to be a byproduct of the
kynurenine pathway, and the amount is thought not
to be sufficient to meet the requirement. Thus niacin
has been recognized as a vitamin. Disorders result-
ing from abnormal tryptophan metabolism, such as
Hartnup disease, show symptoms similar to those
of pellagra.’ These facts suggest that conversion of
nicotinamide from tryptophan is important in main-
taining niacin nutrition.

Conversion from tryptophan to nicotin-
amide requires nine steps, and this route is called
the tryptophan—nicotinamide pathway (Fig. 1). The
tryptophan—nicotinamide pathway is divided into
two parts: the first part involves metabolic conver-
sion of tryptophan to o-amino-f3-carboxymuconate-
e-semialdehyde (ACMS), also called the kynurenine
pathway, while the second part involves metabolic
conversion of ACMS to nicotinamide. Most ACMS
i1s metabolized to o-aminomuconate-e-semialdehyde
by ACMS decarboxylase (ACMSD), leading to pico-
linic acid or the tricarboxylic acid (TCA) cycle via
glutaryl-CoA and acetyl-CoA, while some ACMS is
spontaneously cyclized to quinolinic acid. Therefore,
quinolinic acid formation shows an inverse correlation
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Figure 1. The tryptophan-nicotinamide pathway.

Notes: The pathway consists of the two parts: the first part is from trypto-
phan to quinolinic acid, and the second is from quinolinic acid to 2-Py and
4-Py, which includes the NAD cycle and the nicotinamide catabolism.
Abbreviations: NaMN, nicotinic acid mononucleotide; NMN, nicotin-
amide mononucleotide; MNA, N'-methylnicotinamide; 2-Py, N'-methyl-2-
pridone-5-carboxamide; 4-Py, N'-methyl-4-pridone-3-carboxamide.

with ACMSD. The second part consists of quinolinic
acid formation, the NAD cycle, and nicotinamide
catabolism (Fig. 1). In this part, quinolinic acid is
converted to nicotinic acid mononucleotide in the
presence of 5-phosphoribosyl-1-pyrophosphate by
quinolinic acid phosphoribosyltransferase (QPRT).
Nicotinic acid mononucleotide is synthesized to NAD
via nicotinic acid adenine dinucleotide. NAD is hydro-
lyzed to nicotinamide, which enters the NAD cycle
and is catabolized. Nicotinamide is methylated to N'-
methylnicotinamide (MNA), and MNA is then oxidized
to either N'-methyl-2-pyridone-5-carboxamide (2-Py)
or N'-methyl-4-pyridone-3-carboxamide (4-Py). Since
nicotinamide and these nicotinamide metabolites are
excreted in urine, the amounts of urinary nicotinamide
and its metabolites can be used as indices to evalu-
ate the amount of nicotinamide biosynthesized from
tryptophan.® Of three rate-limiting or key enzymes,
the initial enzyme tryptophan 2,3-dioxygenase (TDO),
ACMSD and QPRT in the tryptophan—nicotinamide
pathway, ACMSD is considered to play a crucial role
in the formation of nicotinamide.

In the present article, recent findings from our
animal experiments and human studies are described
to elucidate the importance of the tryptophan—
nicotinamide pathway for maintaining niacin
nutrition.
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Necessity of tryptophan intake

for niacin nutrition

In animal experiments, a 14%—20% casein diet con-
taining 30 mg/kg nicotinic acid has been generally
used. This diet contains enough niacin and trypto-
phan to maintain niacin nutrition. We investigated
whether rats can maintain their niacin nutrition from
nicotinamide supplied only from tryptophan with no
dietary niacin.” Rats were fed a niacin-free 20% casein
diet starting from the age of 3 weeks until the age of
80 weeks. Blood NAD and liver nicotinamide levels
as nutritional biomarkers for niacin in aged rats were
the same as those in young rats. Although urinary
excretion of nicotinamide and its metabolites, used as
indices of the conversion of nicotinamide from tryp-
tophan, gradually decreased to 60% from 30 weeks
of age, these results show that enough dietary tryp-
tophan can sustain niacin nutrition without niacin
intake in rats.

Human studies have shown that urinary excretion
of nicotinamide metabolites and blood NAD levels in
elderly Japanese are not different from those in young
Japanese, suggesting a similar conversion ratio in the
elderly and young.®’ Although many studies have
shown the effects of age on the tryptophan metabo-
lism in animals and humans,'®'? little is known about
the tryptophan—nicotinamide metabolism from nutri-
tional aspects in the elderly people.

Primary tissue converting tryptophan

to nicotinamide

The processes involved in the tryptophan—
nicotinamide pathway occur in the liver and kidneys.
Only the liver has all the pathway enzymes. The
kidneys lack several enzymes, such as TDO and
kynureninase.” To determine the tissue that plays
a critical role in the biosynthesize of nicotinamide,
we created animal models of renal failure and liver
injury, and investigated the relationships between tis-
sue enzyme activities and niacin nutritional status.'>!*
Rats were fed a diet containing orotic acid, which
induces fatty liver.' In the fatty liver, TDO activity
was decreased to 40%, the conversion ratio of tryp-
tophan to nicotinamide to 30%, and liver NAD levels
to 60% of the values in control animals. Chronic renal
failure was induced by feeding an adenine-containing
diet.’* Renal failure led to decreases in liver TDO,

liver QPRT, and kidney ACMSD activities, and to an
increase in liver ACMSD activity, causing the liver
enzymes to suppress the conversion of nicotinamide
to tryptophan and the kidney enzymes to enhance it.
The renal failure rats showed lower blood and liver
NAD levels, and conversion of tryptophan to nicotin-
amide, corresponding to the changes in liver enzyme
activities but not in the kidney enzyme activities.
These results show that the liver plays a critical role
in nicotinamide supply to peripheral tissues (Fig. 2).
Since the kidneys have higher ACMSD activity than
the liver, and the rats with renal insufficiency showed
higher serum quinolinic acid levels,'® the kidney may
have the pathway to eliminate tryptophan metabolites
rather than to product nicotinamide.

Factors affecting tryptophan—

nicotinamide conversion

The processes involved in tryptophan—nicotinamide
metabolism can be elucidated by measurement of
tryptophan metabolites in urine as several urinary
tryptophan metabolites increase following tryptophan
intake.'® Changes in urinary tryptophan—nicotinamide
metabolites reflect their enzyme activities, and thus
can be used as biomarkers to evaluate changes in
the pathway.”!”"'® Furthermore, apparent tryptophan—
nicotinamide conversion can be calculated using nico-
tinamide and its metabolites in urine as output versus
tryptophan intake as input in animals fed a niacin-
free diet." Using these techniques, many factors have
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Figure 2. Schematic representation of tryptophan dynamics and nicotin-
amide supply in the tryptophan-nicotinamide pathway.

Abbreviations: NaMN, nicotinic acid mononucleotide; NMN, nicotin-
amide mononucleotide; MNA, N'-methylnicotinamide; 2-Py, N'-methyl-
2-pridone-5-carboxamide; 4-Py, N'-methyl-4-pridone-3-carboxamide.
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been found to affect the tryptophan—nicotinamide
pathway. Table 1 summarizes the factors affecting
tryptophan—nicotinamide conversion. Animal studies
have shown that the tryptophan—nicotinamide path-
way is affected by conditions such as diabetes, renal
failure, and pregnancy,'****' as well as by nutrients
such as protein and fatty acids,”** hormones such
as thyroxin and adrenaline,”** and chemicals such
as the anti-tuberculosis drug pyrazinamide, the per-
oxisomal proliferator clofibrate, and phthalate ester
plasticizers. 82627

Analysis of mice deficient in the

tryptophan—nicotinamide pathway gene

To investigate niacin deficiency, niacin-free and
tryptophan-imbalanced diets have been used to cre-
ate a niacin deficiency animal model.®®3! These
diets contain low casein levels, high sucrose levels
and additional amino acids without niacin, and the
rodents show reductions in body weight gain and tis-
sue NAD levels which can be prevented by feeding
niacin-containing diets. However, many factors affect
tryptophan—nicotinamide metabolism, and elucidation
of the effects of factors that affect niacin deficiency,
is sometimes difficult in animals fed niacin-free and
tryptophan-imbalanced diets. To study the niacin
nutritional status regardless of tryptophan status, we
generated mice that are missing the QPRT gene.*
Growth retardation, lower niacin nutritional status
including blood and liver NAD levels, and no detec-
tion of urinary nicotinamide or its metabolites were
observed in the gprt-deficient mice fed a niacin-free

Table 1. Factors affecting tryptophan-nicotinamide
conversion.

Enhance Suppress

Nutrients Nutrients

High-quality protein3®
Unsaturated fatty acids®

Low tryptophan diet®
Low-molecular peptides®

Hormones Less vitamin B, intake*
Thyroxine?* Less vitamin By intake”
Chemicals Excess protein intake*!
Antihyperlipidemic drug?®  Hormones
Antitubercular drugs?” Adrenaline?
Phthalate esters™® Estrogen*?
Physiological conditions Diseases

Pregnancy?’ Type-l diabetes?

Renal failure

Note: Superscript numbers reflect reference number.

diet, but not in mice fed a niacin-containing diet.
Histological observation of tissues from the gprt’~
mice fed a niacin-free diet revealed disappearance of
the inner circular layer of smooth muscle cells in the
small intestine. These results indicate that the gprt-
deficient mice may be a useful animal model to study
niacin deficiency.

Determination of the conversion ratio

of tryptophan to nicotinamide in Japanese
As previously mentioned, dietary surveys of Japanese
populations have shown that half of the niacin utilized
is nicotinamide biosynthesized from tryptophan.*
Estimates of how much tryptophan is convertible to
nicotinamide are important in deciding niacin require-
ments in humans. In 1956, a human study first showed
that in men approximately 60 mg of tryptophan is
equivalent to 1 mg of niacin calculated using supple-
mented intake of the free form of tryptophan and uri-
nary MNA, one of the metabolites of nicotinamide.*
Various conversion ratios of tryptophan to nicotin-
amide were subsequently reported.’**> One of the
reasons for this might be related to the methodolo-
gies used: calculations were based on supplemental
tryptophan intake and not on proteinous tryptophan
intake, not all urinary nicotinamide metabolite was
measured, and urinary nicotinamide metabolites are
derived from both tryptophan and dietary niacin.
Therefore, we performed a study in humans to
determine the conversion ratio of tryptophan to nico-
tinamide in Japanese women fed a niacin-free puri-
fied diet not supplemented with the free form of
tryptophan.*® Young Japanese women consumed the
niacin-free purified diet for 7 days; the diet contained
0.67 g/day of tryptophan corresponding to habitual
tryptophan intake in Japanese women. The conver-
sion ratio was calculated from dietary tryptophan and
urinary nicotinamide and its metabolites, and 67 mg
of tryptophan was found to be equivalent to 1 mg of
nicotinamide. This finding was adopted as part of the
evidence for setting the conversionratio for tryptophan
to nicotinamide in the Dietary Reference Intakes for
Japanese 2010.> The Ministry of Health, Labor, and
Welfare of Japan releases dietary reference intakes
for Japanese every 5 years. The Dietary Reference
Intakes for Japanese 2010 was published in 2009 and
was developed to provide reference values for the
intake of energy and 34 nutrients for the maintenance
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and promotion of health and the primary prevention
of lifestyle-related diseases in healthy individuals and
groups.

Changes in tryptophan—nicotinamide

metabolism during pregnancy

The dietary habits of pregnant women are important
for meeting the nutritional needs of the women and
their unborn children, especially in the early stages of
the growth of the fetus. Although increased excretion
of urinary nicotinamide metabolites during pregnancy
was reported as early as the 1940s,’” no evidence
has been found as to how tryptophan—nicotinamide
metabolism is altered in pregnancy. Since under-
standing tryptophan—nicotinamide metabolism during
pregnancy is important in maintaining niacin nutri-
tion in pregnant women and their unborn children, we
investigated the urinary excretion of metabolites of
the tryptophan—nicotinamide pathway from spot urine
samples taken from pregnant women.?! Spot urine
samples were collected from a total of 434 pregnant
Japanese women who were between 5 to 40 weeks
of gestation, and the intermediates and metabolites
of the tryptophan—nicotinamide pathway in the urine
samples were measured. Urinary excretion of nicoti-
namide metabolites increased from 20 weeks of ges-
tation during the second trimester, reached a peak of
2.3 times normal at 33 weeks during the third trimes-
ter, and declined to control levels postpartum. The
changes in urinary excretion of 3-hydroxyanthranilic
acid and quinolinic acid showed similar patterns to
those of all nicotinamide metabolites such as MNA,
2-Py and 4-Py, increasing from 15-20 weeks of ges-
tation, reaching a peak at 30-35 weeks, and then
declining postpartum.

These results show that tryptophan—nicotinamide
metabolism is enhanced during mid and late pregnancy.
Energy and nutrient requirements increase during
pregnancy to allow for fetal growth, and these findings
suggest that nicotinamide production is also enhanced
during pregnancy to compensate for the increase in
niacin requirement. These findings also contributed
to the Dietary Reference Intakes for Japanese 2010
for niacin in pregnant women, which notes that “the
amount of nicotinamide biosynthesized from trypto-
phan increases during pregnancy, and this compensates
for the increase in niacin requirement.” Thus, pregnant
women do not require additional niacin intake.?

Conclusion

We conclude that the tryptophan—nicotinamide path-
way plays a critical role in maintaining niacin nutri-
tion via supply of biosynthesized nicotinamide
to the peripheral. In addition, many factors affect
tryptophan—nicotinamide metabolism, and these
changes should be considered in maintaining niacin
nutrition. However, precise mechanisms for these
changes have not been fully elucidated. We have
recently generated gpre-deficient mice, and hope
that these mice will contribute to the elucidation
of the tryptophan— nicotinamide pathway at the
molecular level.
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