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Abstract: The purpose of this study was to determine, using the high-performance liquid chromatographic methods recently modified
by us, the fate of dietary tryptophan in 17 healthy female Japanese adults who ate self-selected food. The experimental period was
22 days. The habitual intake of tryptophan was 3328.4 umol/day. 24-hour urine samples were collected at the beginning of the experi-
ment and then once per week. Blood was collected at the beginning and end of the experiment. Levels of tryptophan and its metabolites
were measured in blood and urine. Tryptophan, nicotinamide and 2-oxoadipic acid were the major compounds of the blood. The urinary
excretion amounts of tryptophan, 5-hydroxyindole-3-acetic acid, kynurenine, anthranilic acid, kynurenic acid, 3-hydroxykynurenine,
xanthurenic acid, 3-hydroxyanthranilic acid and quinolinic acid were about 40, 20, 4, 1, 10, 4, 3, 5 and 20 umol/day, respectively.
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Introduction
In 1901, Hopkins discovered that tryptophan (Trp)
was an amino acid contained in proteins. The mean
Trp protein content in the human body is 1.2 g/100 g
of protein, which is much lower than that of other
essential amino acids such as lysine (7.6%), leucine
(7.1%) and threonine (4.0%)." The requirement of
protein for healthy Japanese females is approximately
(=) 50 g/day.’ They can maintain a state of the protein
dynamic equilibrium under these conditions (Fig. 1).
In other words, =0.6 g of Trp is supplied from daily
meals and is also catabolized daily by the body.
Apart from protein turnover, hydrolysis and biosyn-
thesis in cells, mounting evidence suggests that metab-
olites of Trp have a significant role. These metabolites
can be precursors of the vitamin nicotinamide (Nam),**
including the neuromodulators kynurenic acid (KA)?
and 3-hydroxykynurenine (3-HK),® the neurotoxin
quinolinic acid (QA),” the neurotransmitter® and regu-
lator of intestinal movement’ serotonin (5-HT), and
a hormone found in the pineal gland called mela-
tonin'® (Fig. 1). There are differences in Trp metab-
olism (including Nam metabolism) among strains
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and species. For example, the induction of trypto-
phan 2,3-dioxygenase (TDO) by Trp was observed in
cats but the response was less than that seen in rats."
TDO is the first enzyme in the Trp-Nam pathway that
catalyses the reaction of Trp—N-formylkynurenine in
liver. In extra-hepatic tissues, another enzyme called
indoleamine-2, 3-dioxygenase (IDO) also catalyzes the
reaction of Trp—N-formylkynurenine. This enzyme
is induced by several factors such as interferon-y,'
interleulin-1," and lipopolysaccharide.'

Excretion amounts of Trp metabolites are known
to be increased by pregnancy, contraceptive corticos-
teroids, and corticosteroid hormones.'>'® Hankes and
colleagues!” compared loading testing with Trp and
kynurenine in Caucasian and African—Americans
in the USA, and reported that the differences seen
between them were small. Payne and colleagues'®
studied the dietary intakes of Trp and niacin as well
as the urinary excretion of the metabolites of Trp in
schizophrenic subjects as compared to non-schizo-
phrenic subjects and found some differences between
groups. Shibata and colleagues compared the urinary
excretion of niacin and its metabolites in various
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Figure 1. Major metabolic pathway of tryptophan.

Abbreviations: 5-HIAA, 5-hydroxy-3-indole acetic acid; ACMS, 2-amino-3-caroxymuconate-6-semialdehyde; NMN, nicotinamide mononucleotide; MNA,
N'-methylnicotinamide; 2-Py, N'-methyl-2-pyridone-5-carboxamide; 4-Py, N'-methyl-4-puridone-3-carboxamide.
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mammals,'® and noted that the metabolism of Nam
was different among rodents.”® Yeh and Brown?!
compared Trp metabolism among rats, guinea pigs,
hamsters and female humans and reported that a high
percentage of the Trp administered was excreted as
KA and QA in rat urine, and as acetylkynurenine and
kynurenine in hamster urine. Alternatively, none of
the Trp metabolites in guinea pigs urine or human
urine accounted for more than 1% to 2% of Trp
administered.

Techniques that allow quantitative measurement
of Trp metabolism have not been developed, but Trp
metabolism has been investigated in various research
studies.” In these studies, Trp was found to be degraded
primarily through the kynurenine pathway. Ninety per-
cent of the Trp that is degraded is converted to kynure-
nine, but <1% of ingested Trp is used for serotonin
synthesis,” and =2% of ingested Trp is used for nicoti-
namide synthesis.”* Shibata and colleagues developed
a reliable and straightforward high-performance liquid
chromatography (HPLC) method for Trp* and its
metabolites. These metabolites included kynurenin,*
anthranilic acid (AnA),”” KA,?® 3-HK,” xanthurenic
acid (XA),* 3-hydroxyanthranilic acid (3-HA),*
Nam, N'-methyl-2-pyridone-5-carboxamide (2-Py),
N!-methyl-4-pyridone-3-carboxamide (4-Py),*! N!-
methylnicotinamide(MNA),*?5-HT,*5-hydroxyindole-
3-acetic acid (5-HIAA)* and 2-oxoadipic acid
(2-OAA).** Physiologically important intermediates
are present in the Trp pathway, and metabolic disorders
can be diagnosed through the urinary excretion of Trp
metabolites. Recently, we modified the methods for
pre-treatment of the HPLC samples to measure Trp and
its metabolites. In the current study, we investigated
the fate of Trp in young Japanese women using these
techniques.

Materials and Methods

Subjects

This study was approved by the Ethical Committee
of the University of Shiga Prefecture (Hikone, Japan).
The purpose and protocol of this study was explained
to all participants before they joined the study. Written
informed consent was obtained from all participants.
We excluded participants who were diagnosed with
cold or influenza, who had taken a multi-vitamin
supplement at least once during the previous month,
or whose 24-h urine collection was considered to

be incomplete with a collection time outside the
22-26-h range, with a urine volume < 250 mL. We
also excluded participants with creatinine excretion
in relation to body weight (creatinine (mg) divided
by body weight (kg)) outside the 10.8-25.2 mg/kg
range, or with an extremely low or high energy intake
(<2,092 klJ/day or >16,736 klJ/day). After these
screenings, 17 female students were found to be
eligible.

Chemicals

Trp, 5-HT creatinine sulfate, AnA, 3-HK, QA, Nam,
pyridoxal phosphate (PLP) and riboflavin were pur-
chased from Wako Pure Chemical Industries (Osaka,
Japan). 4-Pyridoxic acid (4-PIC) was manufactured
by ICN Pharmaceuticals (Costa Mesa, CA, USA) and
obtained through Wako Pure Chemical Industries.
Kynurenine sulfate, MNA chloride, XA, KA and
3-HA were obtained from Tokyo Kasei Kogyo (Tokyo,
Japan). 5-HIAA and 2-OAA were purchased from
Sigma-Aldrich Chemicals (St. Louis, MO, USA).
1,2-diamino-4,5-methylenebenzene was purchased
from Dojinkagaku Labs (Kumamoto, Japan). 2-Py
and 4-Py were synthesized using the methods of Pull-
man and Colowick®® and of Shibata and colleagues,*!
respectively. All other chemicals were of the highest
purity available from commercial sources.

Experimental design

The experiment began at 9 am on September 10 2010
(designated as day 1) and completed on Oct 1 2010 so
that the end of the experiment was at 9 am on day 23.
The experimental period was 22 days.

Seventeen healthy female students aged 18-26
years old (mean * SD = 20.2 £ 2.0), participated in
the present study. Height, body weight, and the body
mass index information is shown in Table 1. The
body weight of each subject did not change between
the beginning and end of the experiment.

The 24-hour urine samples were collected on four
occasions. These included the second urination at day
1 to the first urination at day 2 (designated “d-1 urine”),
the second urination at day 8 to the first urination at
day 9 (d-8 urine), the second urination at day 15 to
the first urination at day 16 (d-15 urine), and from the
second urination at day 22 to the first urination at day
23 (d-22 urine). Urine samples were stored in the dark
and at room temperature. After the collection of urine
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Table 1. Basic characteristics of subjects.

Values
Anthropometric data
Age (years old) 20220
Height (cm) 159.1£5.1
Weight (kg) 50.7+5.4
BMI (kg/m?) 20.0+1.3
Dietary intake
Energy (kJ/d) 6,690 + 2,114
Protein (% energy) 13.9+£23
Fat (% energy) 274 +6.6
Carbohydrate (% energy) 56.8+7.7
Vitamin B, (mg/d) 1.12+£0.48
Vitamin B, (mg/d) 0.80+0.43
Niacin (mg/d) 11.3+6.4
Trp (mg/d) 679 + 286
Niacin from Trp*' (mg/d) 11.3+4.8
Niacin equivalent intake*? (mgNE/d) 226+11.3

Notes: Values are means + SD for 17 subjects. *'Caluclated as
assumed by 60 mg of Trp is equivalent with 1 mg of Nam. *2Niacin
equivalent = niacin + niacin from Trp.

samples, urine volume was measured. The sample
was acidified to stabilize Trp and its metabolites by
adding concentrated HCI to make 0.1 mol/L the final
concentration (except for QA). For the measurement
of QA level, urine samples were used directly.

To obtain plasma samples, 30 mL of blood sam-
ples were collected in ethylenediamine tetra-acetic
acid-2 K (EDTA-2 K) tubes (Venoject II vacuum tube,
TERUMO, Tokyo, Japan) after the urine samples had
been collected. Blood samples were collected from
arm veins before breakfast as well as between 7:30
am and 8:30 a.m. on days 1 and 23. Blood samples
were centrifuged at 7,000 x g for 30 minutes at 4 °C,
and the resulting plasma was stored at =20 °C until
use.

Habitual intakes of nutrients were calculated by a
self-administered comprehensive diet history ques-
tionnaire (DHQ),’**” which was completed at the end
of the experiment.

Analyses of Trp and its metabolites

Trp

For the measurement of Trp in plasma, 0.3 mL of
plasma was added to 0.3 mL of 5% trichloroacetic acid
(TCA). For the measurement of Trp in urine, 0.5 mL
of the acidified 24-hour urine sample was added to
0.5 mL of 5% TCA. Each mixture was left to stand
for 10 min in cold water, centrifuged at 10,000 X g

for 5 minutes at 4 °C, and the resulting supernatant
passed through a 0.45-um microfilter. The filtrate
(for plasma, 20 pL; for urine, 10 uL) was injected
directly into the same HPLC system as that devel-
oped by Shibata and colleagues.” Trp was separated
using a Tosoh ODS 80 Ts column (particle size, 5 wm,
150 x 4.6 mm i.d.) eluted with 20 mmol/L KH,PO,
(pH adjusted to 3.7 by the addition of H,PO,) con-
taining 1 g/L sodium heptanesulfonate and 3 mg/L
EDTA-2 Na: acetonitrile (93:7, v/v) at a flow rate of
1.0 mL/min. Trp content in plasma was estimated by
electrochemical means at +900 mV compared with
that seen with Ag/AgCl. Trp content in urine was
estimated by fluorometric means at an excitation
wavelength of 280 nm and an emission wavelength
of 340 nm. The column temperature was maintained
at 40 °C. The total analysis time was 12 min. Trp was
eluted at =10 min under these conditions.

Kynurenine

For the measurement of kynurenine in plasma, 0.4 mL
of plasma was added to 0.4 mL of 10% TCA and
treated “as in the case of Trp”. For the measurement
of kynurenine in urine, the acidified urine sample was
passed through a 0.45-um microfilter. The filtrate
(for plasma, 20 uL; for urine, 10 pL) was directly
injected into the HPLC.?® Kynurenine was separated
by reversed-phase chromatography. A Tosoh ODS
80 Ts (particle size 5 um, 250 mm X 4.6 mm 1i.d.)
was used as the analytical column and eluted using
a mixture of 20 mmol/L KH,PO, (pH adjusted to 3.7
by the addition of H,PO,) containing 1-heptanesul-
fonate sodium salt (1 g): acetonitrile = 10:1 (v/v) as
the mobile phase. The flow rate was 1.0 mL/min and
the detection wavelength was 360 nm. The column
temperature was maintained at 40 °C. The total analy-
sis time was 20 min. Kynurenine is eluted at =7 min
under these conditions.

AnA

For the measurement of AnA in plasma, 0.4 mL of
plasma was added to 0.4 mL of 10% TCA and treated
using the method described for Trp. For the measure-
ment of AnA in urine, the acidified urine sample was
passed through a 0.45-um microfilter. The filtrate
(for blood, 20 pL; for urine, 20 uL) was injected
directly into the HPLC. AnA was measured by the
HPLC method developed by Shibata.?” This method
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employs a Tosoh ODS 80 Ts (particle size 5 um,
250 mm X 4.6 mm i.d.) column eluted with 50 mmol/L
KH,PO, (pH adjusted to 3.0 by H,PO,): acetonitrile
(65:35, v/v) at a flow rate of 1.0 mL/min. AnA was
measured at an excitation wavelength of 340 nm and
an emission wavelength of 410 nm. The column tem-
perature was maintained at 40 °C. The total analysis
time was 10 min. AnA was eluted at =5 min under
these conditions.

KA

For the measurement of KA in plasma, 0.4 mL
of plasma was added to 0.4 mL of 10% TCA and
treated using the method described for Trp. For the
measurement of KA in urine, the acidified urine
sample was passed through a 0.45-um microfilter.
The filtrate (for blood, 20 pL; for urine, 20 uL) was
injected directly into the HPLC. KA was measured
by the HPLC method developed by Shibata.?® This
method employs a Tosoh ODS 80 Ts (particle size
5 um, 150 mm X 4.6 mm i.d.) column eluted with
10 mmol/L CH,COOH-CH,COONa buffer (pH 4.5)
and acetonitrile (96:5, v/v) at a flow rate of 1.0 mL/
min. After separation under these conditions, KA was
reacted with 1 mol/L zinc acetate (used as the post-col-
umn reagent) delivered at a flow rate of 1.0 mL/min.
Kynurenic acid-Zn** was measured at an excitation
wavelength of 344 nm and an emission wavelength
of 398 nm. The column temperature was maintained
at 40 °C. The total analysis time was 20 min. KA is
eluted at =14 min under these conditions.

3-HK

For the measurement of 3-HK in plasma, 0.4 mL of
plasma was added to 0.4 mL of 10% TCA and the
resulting supernatant obtained. For the measurement
of 3-HK in urine, 3-HK in the acidified urine was
reacted with p-toluenesulphonyl chloride in a basic
medium. A total of 50 UL of 5% NaHCO, and 0.2 mL
of 0.5% p-toluenesulphonyl chloride in acetone were
added to 0.15 mL of the sample, and then allowed to
react for 10 min at room temperature. Then, the reac-
tion mixture was passed through a 0.45-um microfil-
ter, and the filtrate (for blood, 20 uL; for urine, 20 uL)
was injected directly into the HPLC system.”” The
analytical method for measurement of the fluorescent
compound employed a Tosoh ODS 80 Ts (particle
size 5 um, 250 mm X 4.6 mm i.d.) column eluted with

10 mmol/L KH,PO, (pH adjusted to 4.0 by the addi-
tion of H,PO,):acetonitrile (3:2, v/v) and detection
at an excitation wavelength of 375 nm and an emis-
sion wavelength of 455 nm. The column temperature
was maintained at 40 °C. The total analysis time was
15 min. 3-HK was eluted at =12.5 min under these
conditions.

XA and 3-HA

For the simultaneous measurement of XA and 3-HA
in plasma, 0.4 mL of plasma was added to 0.4 mL of
10% TCA and treated using the method described for
Trp. For the simultaneous measurement of XA and
3-HA in urine, the acidified urine sample was passed
through a 0.45-um microfilter. The filtrate (for blood,
100 uL; for urine, 40 uL) was injected directly into
the HPLC system. The amounts of XA and 3-HA were
measured simultaneously by the HPLC system.*® This
method employed an STR ODS II (250 mm X 4.6 mm
i.d.) column eluted with 50 mmol/L KH,PO, (pH
adjusted to 3.0 by the addition of H,PO,) containing
3 mg/L of EDTA-2 Na:acetonitrile (10:1, v/v) at a
flow rate of 1.0 mL/min. XA was measured at 340 nm
by an ultraviolet (UV) detector. 3-HA was measured
by electrochemical means at +500 mV compared with
Ag/AgCl. The column temperature was 40 °C. The
total analysis time was 25 min. XA and 3-HA were
eluted at =6.8 and 8 min, respectively, under these
conditions.

QA

For the measurement of QA in urine, the urine
sample was passed through a 0.45-um microfilter.
The filtrate (20 uL) was injected directly into the
HPLC system.®® This method employed a Unisil
QC,, (250 mm X 4.6 mm i.d.) column eluted with
35 mmol/LKH,PO, (pH adjusted to 3.8 by the addition
of 0.2 mol/L citric acid) containing 350 mmol/L H,O,
and 0.05 mmol/L tetramethylammonium hydroxide at
a flow rate of 0.6 mL/min. QA in the column effluent
was irradiated with UV light to produce fluorescence.
This fluorescence was monitored with an excitation
wavelength of 326 nm and an emission wavelength
of 380 nm. The column temperature was maintained
at 40 °C. The total analysis time was 30 min. QA was
eluted at =8 min under these conditions. The acidified
urine was not suitable for the HPLC method described
here.
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MNA

MNA in the acidified urine was reacted with aceto-
phenone in a strong alkali medium at 4 °C in the pres-
ence of a large amount of isonicotinamide for 10 min.
After the reaction, formic acid was added, the mix-
ture was cooled at 4 °C for 15 min, and then it was
heated at 95 °C for 5 min. The reaction mixture was
passed through a 0.45-um microfilter. The reaction
product, I-methyl-7-phenyl-1,5-dihydro-5-oxo-1,
6-naphthyridine, was analyzed by injecting into the
HPLC system.* The method used a Tosoh ODS 80
Ts (particle size 5 um, 250 mm X 4.6 mm 1.d.) col-
umn eluted with a mixture of 30 mmol/L KH,PO,
(pH adjusted to 3.0 by the addition of H,PO,) con-
taining 1 g of sodium heptanesulfonate: acetonitrile
(10:3, v/v) at a flow rate of 1.0 mL/min. The MNA
derivative was measured at an excitation wavelength
of 382 nm and an emission wavelength of 440 nm, and
the column temperature was 40 °C. The total analysis
time was 10 min. The derivative of MNA was eluted
at =6 min under these conditions.

Nam, 2-Py and 4-Py

For the simultaneous measurements of Nam, 2-Py,
and 4-Py in blood, 0.4 mL of whole blood was added
to 0.4 mL of 10% TCA and treated using the method
described for Trp. For the simultaneous measurements
of Nam, 2-Py, and 4-Py in blood and urine, Nam,
2-Py, and 4-Py in the acidified samples were extracted
into diethyl ether under saturated K,CO, conditions.
The Nam, 2-Py, and 4-Py in the extracted solution
were passed through a 0.45-um microfilter, and mea-
sured simultaneously by a HPLC method described
previously.’! This method employed a Chemcosorb
7-ODS-L (particle size 7 um, 250 mm X 4.6 mm i.d.)
column eluted with 10 mmol/L KH, PO, :acetonitrile
(96:4, v/v; with pH adjusted to 3.0 by the addition
of concentrated H,PO,) at a flow rate of 1.0 mL/min.
The UV detector was set at 260 nm, and the column
temperature was 25 °C. The total analysis time was
15 min. Nam, 2-Py, and 4-Py were eluted at =5.8, 6.8
and 9.0 min under the conditions, respectively.

2-OAA

For the measurement of 2-OAA in plasma, 0.4 mL of
plasma was added to 0.4 mL of 10% TCA and treated
using the method described for Trp. For the measure-
ment of 2-OAA in the acidified samples, the sample

was reacted with 1,2-diamino-4,5-methylenebenzene
to produce a fluorescent derivative.’* The reaction
mixture was passed through a 0.45-um microfilter
and the reaction product (for blood, 50 uL; for urine,
50 uL) was separated using a Tosoh ODS-80 Ts (par-
ticle size 5 um, 250 mm X 4.6 mm i.d.) column with
20 mmol/L of KH,PO,-K HPO, buffer (pH 7.0) con-
taining 26% methanol at a flow rate 0.8 mL/min. The
excitation wavelength of detection was 367 nm and
the emission wavelength was 446 nm. The column
temperature was maintained at 40 °C. The total analy-
sis time was 50 min. 2-OAA was eluted at =15 min
under these conditions.

SHT and 5-HIAA

For the simultaneous measurement of 5-HT and
5-HIAA in blood, 20 puL of whole blood was added
to 0.98 mL of cold 5% TCA containing 0.1% cysteine
and 0.06 pg/mL 5-hydroxy-N_-methyltryptamine
(M-5-HT; used as an internal standard), and the
resulting supernatant was used as an sample for mea-
suring 5-HT and 5-HIAA. The acidified urine (50 puL)
was treated with 0.95 mL of cold 0.6 mol/L perchlo-
ric acid containing 0.1% cysteine and 1.07 pg/mL
M-5-HT. Each of the diluted mixtures was mixed for
10 min, allowed to stand for 5 min and then centri-
fuged at 10,000 x g for 3 min at 4 °C. The resulting
supernatants were passed through a 0.45-mm filter,
and each aliquot (20 puL) was analyzed directly by
HPLC.* For the analysis of blood samples, the fol-
lowing conditions were used: column, 7-ODS-L (par-
ticle size 7 um, 250 mm X 4.6 mm i.d.); mobile phase,
40 mmol/L KH,PO, containing 3 mg/L of EDTA-2 Na
(pH 4.5):methanol (9:1, v/v); flow rate, 1.0 mL/min.
The applied voltage was set to +600 mV. The col-
umn temperature was maintained at 40 °C. The total
analysis time was 20 min. 5-HT, M-5-HT (internal
standard), and 5-HIAA were eluted at =10, 11.5 and
13 min under these conditions, respectively. For the
analysis of urine samples, the following conditions
were used: column, 5-ODS-H (particle size 5 pm,
150 x 4.6 mmi.d.); mobile phase, 40 mmol/L KH,PO,
containing 3 mg/L EDTA-2 Na and 100 mg/L sodium
octanesulfonate (pH adjusted to 3.5 by the addition
of H,PO,): methanol (8:2, v/v); flow rate 0.7 mL/
min. The applied voltage was set to +600 mV. The
column temperature was maintained at 40 °C. The
total analysis time was 20 min. 5-HIAA, 5-HT, and
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M-5-HT (internal standard) were eluted at =11, 15
and 16.5 min under these conditions, respectively.

Vitamin B,

For assessment of the nutritional status of vitamin B,
we measured the contents of vitamin B, in blood and
urine. For measuring vitamin B, in blood, 0.1 mL
of whole blood was added to 0.44 mL of water
and 0.26 mL of 0.5 mol/L H,SO,. The mixture was
heated at 80 °C for 15 min, and then cooled to room
temperature. The treated mixture was added to 0.2 mL
0f 10% TCA, and centrifuged at 10,000 X g for 3 min-
utes at 4 °C. The resulting supernatant (0.2 mL) was
transferred in a glass tube and 0.2 mL of 1 mol/L NaOH
was added. The alkalized mixture was irradiated with
fluorescent light for 30 min at room temperature to
convert riboflavin, flavin mononucleotide (FMN), and
flavin adenine dinucleotide (FAD) into lumiflavin.
The reaction was stopped by the addition of 20 UL of
glacial acetic acid. The acidified mixture was passed
through a 0.45-um microfilter. The filtrate (20 pL)
was injected directly into a HPLC system.* A Tosoh
ODS 80Ts (particle size 5 um, 250 mm X 4.6 mm
i.d.) column eluted with a mixture of 7 mL of 1 mol/L
NaH,PO, (pH 5.5), 150 mL of acetonitrile, and
843 mL of water at a flow rate of 0.8 mL/minutes
was used. Lumiflavin was measured at an excitation
wavelength of 445 nm and an emission wavelength of
530 nm, and the column temperature was 40 °C. The
total analysis time was 20 min. Lumiflavin was eluted
at =14 min under these conditions. For the measure-
ment of riboflavin in urine, the acidified urine sample
was passed through a 0.45-um microfilter. The filtrate
(20 uL) was analyzed by injecting into the HPLC sys-
tem.* The HPLC system was exactly the same as that
used for measuring lumiflavin. The total analysis time
was 20 min. Riboflavin was eluted at =9.3 min under
these conditions.

Vitamin B

For assessment of the nutritional status of vitamin
B,, we measured the contents of vitamin B, in blood
and urine. For measuring pyridoxal phosphate
(PLP), a coenzyme form of vitamin B, 0.1 mL of
plasma was added to 0.1 mL of 5% metaphosphoric
acid. The mixture was agitated for 5 min at room
temperature and then centrifuged at 10,000 x g for
3 min at 4 °C. The resulting supernatant (0.1 mL)

was added to 50 pL of dichloromethane, agi-
tated for 2 minutes at room temperature, and then
centrifuged at 10,000 x g for 3 min at 4 °C. The
supernatant obtained was passed through a 0.45-
pum microfilter. The filtrate (20 uL) was analyzed
by injection into the HPLC system.*' This method
involved using a Tosoh ODS 80 Ts (particle size
5 um, 250 X 4.6 mm i.d.) column eluted with a mix-
ture of 100 mmol/L NaH,PO, (pH adjusted to 3.1
by the addition of H,PO,) and acetonitrile (95:5,
v/v) at a flow rate of 0.7 mL/min. The column tem-
perature was maintained at 35 °C. PLP separated
under these conditions was treated with 22 mmol/L
sodium chloride (used as a post-column reagent)
delivered at a flow rate of 0.1 mL/min. The mixture
was reacted by passing a coil (550 mm X 3 mm i.d.)
heated at 75 °C. PLP was measured at an excitation
wavelength of 325 nm and an emission wavelength
of 425 nm. The total analysis time was 20 min. The
derivative of PLP was eluted at =11.4 min under
these conditions.

For measuring 4-PIC, a catabolite of vitamin B, in
urine, the acidified urine sample was passed through
a 0.45-um microfilter. The filtrate (20 uL) was ana-
lyzed via injection into the HPLC system.*> This
method involved using a Tosoh ODS 120 A (particle
size 5 um, 250 mm X 4.6 mm i.d.) column eluted with
a mixture of 2.3 mL of 85% phosphoric acid, 100 mL
of methanol, and 900 mL of water (pH adjusted to
2.2 by the addition of 50% NaOH at a flow rate of
1.0 mL/min). 4-PIC was measured at an excitation
wavelength of 355 nm and an emission wavelength
of 436 nm, and the column temperature was 30 °C.
The total analysis time was 20 min. 4-PIC was eluted
at =6.2 min under these conditions.

General biomarkers in blood

The whole blood collected was sent to Shiga Health
Center and general biomarkers in blood were
measured. Parts of 24-hour urine samples were sent to
Mitsubishi Chemical Medience Corporation (Tokyo,
Japan) and the contents of K*, Na*, and urinary urea
nitrogen (UUN) were ascertained.

Statistical analyses

Mean values are reported in terms of mean t SD.
The significance of the differences in the mean val-
ues between the beginning and end of the experiment
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was tested using Student’s two-tailed paired z-test.
Linearity was determined using linear regression
analysis. Pearson correlation coefficients were cal-
culated to determine the relationship between the
urinary excretion amount of Trp and the urinary
excretion amount of each Trp metabolite. The alpha
level was set at 0.05. Graph Pad Prism 5.0 (Graph
Pad Software, San Diego, CA, USA) was used for all
analyses.

Results
Characteristics of the subjects and

intakes of major nutrients and Trp

The intakes of major nutrients and Trp are shown in
Table 1. These values are the same as those for nor-
mal young Japanese women.

General biomarkers in blood and urine
The general biomarkers in blood and urine are shown
in Table 2. These values were all within the normal
range.

Table 2. General biomarkers in blood and urine.

Blood

The blood contents of Trp and its metabolites, the
vitamins involved in the metabolism of Trp, as well
as vitamins B, and B, at the beginning and end of the
experiment are shown in Table 3.

The blood concentrations of Trp were almost simi-
lar and the value was =55 pumol/L.

The serotonin concentration was=1 umol/L, whereas
that of 5-HIAA was under the limit of detection.

Intermediates such as kynurenine, KA, AnA,
3-HK, XA, 3-HA and QA were very low, at trace lev-
els, or under the limit of detection.

The level of 2-OAA, which is an intermedi-
ate of lysine as well as Trp, was relatively high
(=400 pumol/L).

The concentration of Nam (ie, the sum of the
contents of the free type of Nam and the coen-
zyme forms of Nam, NAD(P)" and NAD(P)H
was =40—45 umol/L. The amounts of Nam catabo-
lites such as 2-Py and 4-Py were at trace levels or
under the limit of detection.

The concentrations of vitamin B, and PLP, a
coenzyme form of vitamin B, were within nor-
mal ranges (vitamin B, = 150-200 nmol/L;
PLP = 50-70 nmol/L).

Table 3. Contents of Trp and its metabolites, and vitamins
B, and B, in blood of Japanese young women.

Values
Blood
Erythrocyte count (x10*mm?) 442 + 28
Hemoglobin (g/dL) 13.2+0.9
Hematocrit (%) 41.4+8.2
MCV (fL) 89.1+5.1
MCH (pg) 29.8+2.0
MCHC (%) 33.5+0.6
Stab cell (%) 4,94 +1.64
Segmented leukocyte (%) 52.9+8.9
Eosinocyte (%) 259+2.18
Basocyte (%) 1.12+0.78
Lymphocyte (%) 33.1+8.8
Monocyte (%) 594 +1.34
AST (U/L) 175+ 3.1
ALT (U/L) 11.2+3.7
v-GTP (U/L) 15.6+5.2
HDL-Cho (mg/dL) 61.1+16.4
LDL-Cho (mg/dL) 103+ 25
Triglyceride (mg/dL) 58.7 +31.7
Blood Glucose (mg/dL) 81.0 + 8.1
Urine
K* (meq/d) 36.1+154
Na* (meg/d) 103.5+44.2
UUN (g/d) 5.40+1.70

Compound Beginning of the  End of the
experiment experiment

Trp*! 574+7.9 554 +6.0

5-HT*2 1.02+0.28 1.07 +0.30

5-HIAA*? N.D. N.D.

Kynurenine*' 0.69+0.13 0.64+0.19

KA*! Trace*? Trace™®

AnA*! Trace** Trace™

XA*! 0.361+0.129 0.421 +£0.097

3-HK* N.D. N.D.

3-HA* N.D. N.D.

QA Not measured Not measured

2-OAA* 412 +59 415+ 87

Nam*" 43.6 + 54 42.4+9.2

MNA Not measured Not measured

2-Py*? Trace*® Trace*®

4-Py*? N.D. N.D.

Vitamin B, 0.141 £0.015 0.152 +£0.013

(riboflavin)*?

Vitamin B, (PLP)*'  0.073 £ 0.037 0.069 £0.035

Note: Values are means + SD for 17 subjects.

Abbreviations: MCV, mean corpuscular volume; MCH, mean corpuscu-

lar hemoglobin; MCHC, mean corpuscular hemoglobin concentration.

Notes: Values are expressed as umol/L and means + SD for 17 subjects.
*'Serum; *2Whole blood; **Trace, ca. 0.01 umol/L; “Trace, ca. 0.03 umol/L;
**Trace, ca. 1 umol/L.
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Urine

The average daily urine volume was 1,127 + 449 mL
in 17 subjects. The daily creatinine excretion was
11.1 £ 3.6 mmol/day.

The urinary excretion of vitamin B, and 4-PIC, a
catabolite of vitamin B,, were 407 + 270 nmol/day
and 3.38 = 0.88 umol/day, respectively.

The urinary excretion profiles of Trp and interme-
diates of the kynurenine pathway are shown in Sup-
plemental Figure 1. The average urinary excretion
amounts are shown in Table 4.

The urinary excretion profiles of 5-HT and its
catabolite 5-HIAA are shown in Supplemental
Figure 2. The average urinary excretion amounts are
shown in Table 4.

The urinary excretion of 2-OAA is shown in
Supplemental Figure 3. 2-OAA is not only a Trp
metabolite but also a metabolite of lysine. The average
urinary excretion of 2-OAA was 46.4 + 11.4 umol/day
(Table 4).

The urinary excretion of Nam and its catabo-
lites reflects not only Trp intake but also the intake
of Nam itself. The urinary excretion of Nam was
very low (0.42 + 0.20 umol/day) and near the limit
of detection (Supplemental Fig. 4A). The excretions

Table 4. Relationship between urinary excretion of Trp
and each of Trp metabolite.

Values™' p*2 P value*®

Trp 435+ 111

Variables (urine)
5-HT 417+1.94 0.0188 0.713
5-HIAA 19.9+54 0.174 0.159
Kynurenine 3.78+1.79 0.0756 0.058
KA 9.97+259 0.0705 0.239
AnA 1.05+048 -0.00589 0.607
XA 276+1.54 0.0210 0.563
3-HK 3.70+£1.70 0.0534 0.170
3-HA 5.36 £3.46 0.0372 0.648
QA 18.9+8.3 -0.250 0.191
2-OAA 46.4+11.4 -0.160 0.553
MNA 31.1£10.5 -0.0430 0.863
2-Py 47.3+8.6 —-0.285 0.146
4-Py 6.58+1.31 -0.0332 0.277

Notes: *'Values are presented as umol/d, and the average + SD for the urine
samples in 17 subjects; *23 stands for a number in the slope of the linear
equation between the excretion amount of Trp and the urinary excretion
amount of each of the Trp metabolite); **Pearson correlation coefficients
were calculated to determine the relationship between the urinary excretion
amount of Trp and the urinary excretion amount of each Trp metabolite.
P stands for probability. P < 0.05 was considered to be significant.

of catabolites such as MNA and 2-Py were relatively
high compared with those of other Trp metabolites
(Supplemental Fig. 4B and C). The average urinary
excretion amounts of MNA and 2-Py were shown in
Table 4. The excretion of another catabolite, 4-Py,
was not high (6.58 £ 1.31 umol/day).

The fate of Trp

Figure 2 summarizes the fate of Trp in young Japanese
women. The values were calculated using a compari-
son of the intake of Trp and the urinary excretion of
Trp and each of its metabolites at day 22.

The mean basal intake of Trp was 3328.4 umol/
day, namely 0.7 g/day. The urinary excretion percent-
age of Trp to the intake of Trp was 1.5% in a molar
ratio, whereas that of kynurenine excretion was 0.2%,
that of AnA was 0.04%, that of KA was 0.3%, that
of 3-HK was 0.15%, that of XA was 0.07%, that of
3-HA was 0.2%, that of QA was 0.5%, that of 5-HT
was 0.1%, that of 5-HIAA was 0.6%, and that of
2-OAA was 1.5%.

Relationship between urinary excretion

of Trp and each Trp metabolite

Table 4 shows the relationship between the urinary
excretion amount of Trp and the urinary excretion
amount of each of the Trp metabolites, including
5-HT, 5-HIAA, kynurenine, KA, AnA, XA, 3-HK,
3-HA, QA, 2-OAA, Nam, MNA, 2-Py, and 4-Py. The
association between the urinary excretion amount of
Trp and the amount of each of these metabolites was
not significantly different.

Discussion

As described above, there are physiologically impor-
tant intermediates in the Trp pathway. Therefore,
several investigators have developed analytical
methods® to reveal the fate of Trp in humans. 152444
They have demonstrated that the abnormal increase
in Trp metabolites such as XA in the urine of vitamin
B,-deficient or vitamin B -dependent individuals usu-
ally follows a Trp load of 2 g.*! The level of another
intermediate of Trp, 3-HK, is known to increase in
cases of active tuberculosis, fever of various types,
leukemia, multiple myeloma lymphosarcoma, and
Hodgkin’s disease.* Furthermore, deficiency of vita-
min B, causes an increase in the urinary excretion of
AnA because the enzyme kynurenine hydroxylase
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Figure 2. The fate of Trp in Japanese young women.

Notes: Values in the open figures are the averages of the urinary excretion percentages of Trp and the metabolites, which were calculated by the com-
parison of the intake of Trp and the urinary excretion of Trp itself or each of the Trp metabolite. Values in the closed figures are the averages of the urinary
excretion percentages of Nam and its metabolites, which were calculated by the comparison of the niacin equivalent intake and the urinary excretion of

Nam or each of the Nam metabolites.

needs FAD as a coenzyme.*® However, techniques to
allow adequate quantitative measurements have not
been fully developed, because all of these reports
were published before 1980. In particular, the data
about the fate of Trp at the basal level (ie, the fate of
Trp without Trp loading) are considered unreliable.
Recently, modern chromatographic separation of Trp
and its metabolites has been reported.*’*° Shibata and
co-workers***developed HPLC measurements of Trp
and its metabolites in urine samples, gradually modi-
fied these methods, and recently developed the HPLC
measurement of 2-OAA, which is an intermediate
of the Trp-glutarate pathway. Now, we can measure
the levels of Trp,” 5-HT,** 5-HIAA,* kynurenine,?
AnA,” KA,?® XA,* 3-HA,*® 3-HK,*” QA,*® Nam,*
MNA,* 2-Py,*! 4-Py*! and 2-OAA** in urine and
blood. In addition, we can measure the contents of
riboflavin®**” and 4-PIC (a catabolite of vitamin B)*
in urine and also measure the level of total vitamin B,
(ie, the sum of the free forms of riboflavin, FMN,
and FAD) in blood, and PLP in plasma.’’ Therefore,
we were able to investigate the fate of Trp in human

subjects who ate self-selected food and lived freely,
using these analytical methods.

The young Japanese women took = 0.7 g/day
(3,300 umol/day) of Trp. They excreted = 40 umol
of Trp per day, which accounted for 1.5% of
ingested Trp. The respective quantities were:
kynurenine, = 4 umol/day, 0.2%; AnA, = 1.0
pmol/day, 0.04%; KA, = 10 umol/day, 0.3%;
3-HK, =4 umol/day,0.15%; XA, =3 umol/day, 0.07%;
3-HA, = 5 umol/day, 0.2%; QA, = 20 umol/day, 0.5%;
5-HT, = 4 umol/day, 0.1%; 5-HIAA, = 20 umol/day,
0.6%; and 2-OAA, = 50 umol/day, 1.5%. The ratios
of the urinary excretions of Nam, MNA, 2-Py and
4-Py could not be calculated because the subjects took
Nam itself from their food. The values obtained from
the methods reported previously!!:!>172223 gaye higher
values for Trp metabolites than the values reported in
the present study. The blood contents of Trp metabo-
lites such as kynurenine, AnA, KA, XA, 3-HK, 3-HA,
and 5-HIAA were under the limit of detection.

In 1971, Leklem* reviewed the quantitative
aspects of Trp metabolism in humans. It was found
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that the mean excretion of kynurenine was 10 and
14 pumol/day, KA was 12 and 23 umol/day, XA was 9
and 15 umol/day, 3-HK was 12, 27 and 40 pumol/day,
3-HA was 20 and 50 umol/day, and QA was 27
and 46 umol/day. Donald and Bosse™ reported that
American college-aged women excreted kynurenine
that was under the limit of detection, with the rate of
excretion for KA being = 10 umol/day, and the rate of
excretion for XA being = 9 umol/day.

The subjects participating in the present study
were typical young Japanese women with nor-
mal anthropometric characteristics and habit-
ual intake of energy and nutrients.? The mean
intake of Trp during the survey period of 22 days
was =700 mg/day, which was estimated by a self-
administered DHQ.***7 This was higher than the
estimated average requirement of Trp 300 mg/day.’!
The intakes of vitamins B, and B, (which are involved
in Trp metabolism) were also higher than the recom-
mended dietary allowance.? General biomarkers in
blood and urine in the subjects were all within nor-
mal ranges. Trp metabolism is known to affect female
hormones;*** the data from the present study did not
consider the physiological cycles of women.

Trp metabolism is known to be affected by dis-
orders such as schizophrenia,® multiple trauma,
celiac disease,** alcoholism,* HIV infection,*® malig-
nant tumor disease,’’ cardiovascular disease,”® and
hormones such as steroid hormones.* In the present
study, the relationship between the urinary excretion
of Trp and each of the Trp metabolites was not sig-
nificantly different, suggesting that the fate of Trp in
healthy humans remained constant. The HPLC meth-
ods developed and modified by our research team
were found to be suitable for determining the fate
of Trp via kynurenine, 5-HT, Nam, and glutaric acid
pathways.

Conclusion

The HPLC methods developed and modified by us
were found to be sophisticated techniques for deter-
mining the fate of Trp via kynurenine, serotonin, nic-
otinamide, and glutaric acid pathways.

Funding
This investigation was part of the project “Studies
on the nutritional evaluation of amino acids and

B-group vitamins” (principal investigator, Katsumi
Shibata), which was supported by a Research Grant
for Grants-in-Aid for Scientific Research from
Japan Society for the Promotion of Science. This
study was also part of the project entitled “Devel-
opment of an index of metabolic upper intake level
instead of tolerable upper intake level of tryptophan
for humans” (principal investigator, Katsumi Shi-
bata), which was supported by The International
Council on Amino Acid Science (ICAAS) Research
Funding.

Competing Interests
Author(s) disclose no potential conflicts of interest.

Author Contributions

The authors’ responsibilities are as follows: CH, TF,
and KS designed research; CH conducted research;
CH and KS analyzed data; CH and KS drafted the
paper; KS had primary responsibility for final con-
tent. All authors read and approved the final manu-
script. The authors declare that they have no conflict
of interest.

Disclosures and Ethics

As a requirement of publication author(s) have pro-
vided to the publisher signed confirmation of com-
pliance with legal and ethical obligations including
but not limited to the following: authorship and
contributorship, conflicts of interest, privacy and
confidentiality and (where applicable) protection of
human and animal research subjects. The authors
have read and confirmed their agreement with the
ICMIJE authorship and conflict of interest criteria.
The authors have also confirmed that this article is
unique and not under consideration or published in
any other publication, and that they have permission
from rights holders to reproduce any copyrighted
material. Any disclosures are made in this section.
The external blind peer reviewers report no conflicts
of interest.

References

1. Mahan DC, Shields RG. Essential and nonessential amino acid composition
of pigs from birth to 145 kilograms of body weight, and comparison to other
studies. J Anim Sci. 1998;76:513-21.

2. Ministry of Health, Labour and Welfare of Japan (2010) Dietary Reference
Intake for Japanese. 2010; Daiichi Shuppan Publishing Co, Ltd: Tokyo.

International Journal of Tryptophan Research 2012:5

43


http://www.la-press.com

Hiratsuka et al

11.

20.

21.

22.

23.

24.

25.

. Rosen F, Huff JW, Perlzweig WA. The effect of tryptophan on the synthesis

of nicotinic acid in the rat. J Biol Chem. 1946;163:343-4.

. Heiderberger C, Abraham EP, Leprovsky S. Tryptophan metabolism; con-

cerning the mechanism of the mammalian conversion of tryptophan into
nicotinic acid. J Biol Chem. 1949;179:151-5.

. Hilmas C, Pereira EFR, Alkondon M, Rassoulpour A, Schwarcz R,

Albuquerque EX. The brain metabolite kynurenic acid inhibits alpha7
nicotinic receptor activity and increases non-alpha7 nicotinic receptor
expression: physiopathological implications. J Neurosci. 2001;21:7463-73.

. Schwarcz R, Guidetti P, Sathyasaikumar KV, Muchowski PJ. Of mice, rats

and men: Revising the quinolinic acid hypothesis of Huntington’s disease
Prog Neurobiol. 2010;90:230-45.

. SchwarczR, Whetsell WO Jr, Mangano RM. Quinolinic acid: anendogenous metab-

olite that produces axon-sparing lesions in rat brain. Science. 1983;219:316-8.

. Nishizawa S, Benkelfat C, Young SN, et al. Differences between males and

females in rates of serotonin synthesis in human brain. Proc Natl Acad Sci
USA.1997;94:5308-13.

. Turvill JL, Connor P, Farthing MJ. The inhibition of cholera toxin-induced

5-HT release by the 5-HT(3) receptor antagonist, granisetron, in the rat. Br
J Pharmacol. 2000;130:1031-6.

. Axelrod J, Shein HM, Wurtman RJ. Stimulation of C14-melatonin synthesis

from Cl14-tryptophan by noradrenaline in rat pineal in organ culture. Proc
Natl Acd Sci U S A. 1969;62:544-9.
Leklem JE, Woodford J, Brown RR. Comparative tryptophan metabolism
in cats and rats: differences in adaptation of tryptophan oxygenase and in
vivo metabolism of tryptophan, kynurenine and hydroxykynurenine. Comp
Biochem Physiol. 1969;31:95-109.

. Sucher R, Kurz K, Weiss G, Margreiter R, Fuchs D, Brandacher G.

IDO-mediated tryptophan degradation in the pathogenesis of malignant
tumor disease. Int J Tryptophan Res. 2010;3:113-20.

. Hu B, Hissong BD, Carlin JM. Interleukin-1 enhances indoleamine 2,3-

dioxygenase activity by increasing specific mRNA expression in human
mononuclear phagocytes. J Interferon Cytokine Res. 1995;15:617-24.

. Von Bubnoff D, Scheler M, Wilms H, Fimmers R, Bieber T. Identification

of IDO-positive and IDO-negative human dendritic cells after activation by
various proinflammatory stimuli. J Immunol. 2011;186:6701-9.

. Rose DP, Braidman IP. Excretion of tryptophan metabolites as affected by

pregnancy, contraceptive steroids, and steroid hormones. Am J Clin Nutr.
1971;24:673-83.

. Fukuwatari T, Murakami M, Ohta M, et al. Changes in the urinary excretion

of the metabolites of the tryptophan-niacin pathway during pregnancy in
Japanese women and rats. J Nutr Sci Vitaminol (Tokyo). 2004;50:392—8.

. Hankes LV, Leklem JE, Brown RR, Mekel RC. Tryptophan metabolism in

patients with pellagra: problem of vitamin B 6 enzyme activity and feedback
control of tryptophan pyrrolase enzyme. Am J Clin Nutr. 1971;24:730-9.

. Payne IR, Walsh EM, Whittenburg EJ. Relationship of dietary tryptophan and

niacin to tryptophan metabolism in schizophrenics and nonschizophrenics.
Am J Clin Nutr. 1974;27:565-71.

. Shibata K, Taguchi H, Sakakibara Y. Comparison of the urinary excretion of

niacin and its metabolites in various mammals. Vitamins. 1989;63:369-72.
Shibata K, Kakehi H, Matsuo H. Niacin catabolism in rodents. J Nutr Sci
Vitaminol (Tokyo). 1990;36:87-98.

Yeh JK, Rown RR. Effects of vitamin B-6 deficiency and tryptophan load-
ing on urinary excretion of tryptophan metabolites in mammals. J Nutr.
1997;107:261-71.

Leklem JE. Quantitative aspects of tryptophan metabolism in humans and
other species: a review. Am J Clin Nutr. 1971;24:659-72.

Wolf H, Price JM, Brown RR, Madsen PO. Studies on tryptophan metabo-
lism in male subjects treated with progestational agents. Scan J Clin Lab
Invest. 1970;,25:237-49.

Fukuwatari T, Shibata K. Effect of nicotinamide administration on the
tryptophan-nicotinamide pathway in humans. Int J Vitam Nutr Res. 2007;
77:255-62.

Shibata K, Onodera M, Aihara S. High-performance liquid chromato-
graphic measurement of tryptophan in blood, tissues, urine, and food-
stuffs with electrochemical and fluorometric detections. Agric Biol Chem.
1991;55:1475-81.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Fukuwatari T, Ohta M, Sugimoto E, Sasaki R, Shibata K. Effects of dietary
di(2-ethylhexyl)phthalate, a putative endocrine disrupter, on enzyme activi-
ties involved in the metabolism of tryptophan to niacin in rats. Biochim
Biophys Acta. 2004;1672:67-75.

Shibata K, Onodera M. Measurement of 3-anthranilic acid and anthranilic
acid in urine by high-performance liquid chromatography. Agric Biol Chem.
1991;55:143-8.

Shibata K. Fluorimetric micro-determination of kynurenic acid, as endoge-
nous blocker of neurotoxicity, by high-performance liquid chromatography.
J Chromatogr. 1988;430:376-80.

Shibata K, Onodera M. High-performance liquid chromatographic deter-
mination of 3-hydroxykynurenine with fluorometric detection: com-
parison of preovulatory phase and postovulatory phase urinary excretion.
J Chromatogr. 1991;570:13-8.

Shibata K, Onodera M. Simultaneous high-performance liquid chromato-
graphic measurement of xanthurenic acid and 3-hydroxyanthranilic acid in
urine. Biosci Biotechnol Biochem. 1992;56:974.

Shibata K, Kawada T, Iwai K. Simultaneous micro-determination of nico-
tinamide and its major metabolites, N'-methyl-2-pyridone-5-carboxamide
and N'-methyl-3-pyridone-4-carboxamide, by high-performance liquid
chromatography. J Chromatogr. 1988;424:23-8.

Shibata K. Ultramicro-determination of N'-methylnicotinamide in urine by
high-performance liquid chromatography. Vitamins. 1987;61:599—-604.
Shibata K, Onodera M, Kawada T, Iwai K. Simultaneous micro-determi-
nation of serotonin and 5-hydroxyindole-3-acetic acid with 5-hydroxy-N
omega-methyl-tryptamine, as an internal standard, in biological materials
by high-performance liquid chromatography with electrochemical detection.
J Chromatogr. 1988;430:381-7.

Shibata K, Yasui M, Sano M, Fukuwatari T. Fluorometric determination
of 2-oxoadipic acid, a common metabolite of tryptophan and lysine, by
high-performance liquid chromatography with pre-chemical derivatization.
Biosci Biotechnol Biochem. 2011;75:185-7.

Pullman ME, Colowick SP. Preparation of 2- and 6-pyridones of N'-meth-
ylnicotinamide. J Biol Chem. 154;206:121-7.

Sasaki S, Yanagibori R, Amano K. Self-administered diet history ques-
tionnaire developed for health education: a relative validation of the test-
version by comparison with 3-day diet record in women. J Epidemiol.
1998;8:203-15.

Sasaki S, Yanagibori R, Amano K. Validity of a self-administered
diet history questionnaire for assessment of sodium and potassium-
comparison with single 24-hour urinary excretion. Jpn Circ J. 1998;62:
431-5.

Mawatari K, Oshida K, linuma F, Watanabe M. Determination of quinolinic
acid in human urine by liquid chromatography with fluorimetric detection.
Adv Exp Med Biol. 1996;398:697-701.

Ohkawa H, Ohishi N, Yagi K. A simple method for micro-determination of
flavin in human serum and whole blood by high-performance liquid chro-
matography. Biochem Int. 1982;4:187-94.

Ohkawa H, Ohishi N, Yagi K. New metabolites of riboflavin appear in
human urine. J Biol Chem. 1983;258:5623-8.

Rybak ME, Pfeiffer CM. Clinical analysis of vitamin B(6): determination of
pyridoxal 5’-phosphate and 4-pyridoxic acid in human serum by reversed-
phase high-performance liquid chromatography with chlorite postcolumn
derivatization. Anal Biochem. 2004;333:336-44.

Gregory JF 3rd, Kirk JR. Determination of urinary 4-pyridoxic acid using high
performance liquid chromatography. Am J Clin Nutr. 1979;32:879-83.
Price JM, Brown RR, Yess N. Testing the functional capacity of the trypto-
phan-niacin pathway in man by analysis of urinary metabolites. 4dv Metab
Disord. 1965;2:159-225.

Wolf H, Brow RR, Price JM, Madsen PO. Studies of tryptophan metabo-
lism in male subjects treated with female sex hormones. J Clin Endocrinol
Metab. 1970;31:397-408.

Cheminal R, Echenne B, Bellet H, Duran M. Congenital non-progressive
encephalopathy and deafness with intermittent episodes of coma and hyper-
kynureninuria. J Inher Metab Dis. 1996;19:25-30.

Nishimoto Y, Takeuchi F, Shibata Y. Molecular properties of L-kynurenine
3-hydroxylase from rat liver mitochondria. J Biochem. 1977;81:1413-25.

44

International Journal of Tryptophan Research 2012:5


http://www.la-press.com

Fate of Trp in humans

47.

48.

49.

50.

S1.

52.

53.

Zhao J, Chen H, Ni P, et al. Simultaneous determination of urinary trypto-
phan, tryptophan-related metabolites and creatinine by high performance
liquid chromatography with ultraviolet and fluorimetric detection. J Chro-
matogr B Analyt Technol Biomed Life Sci. 2011;879:2720-5.

Xiang ZY, Tang AG, Ren YP, Zhou QX, Luo XB. Simultaneous determina-
tion of serum tryptophan metabolites in patients with systemic lupus ery-
thematosus by high performance liquid chromatography with fluorescence
detection. Clin Chem Lab Med. 2010;48:513-7.

Ma L, Xu B, Wang W, Deng W, Ding M. Analysis of tryptophan catabo-
lism in HBV patients by HPLC with programmed wavelength ultraviolet
detection. Clin Chim Acta. 2009;405:94-6.

Donald EA, Bossé TR. The vitamin B6 requirement in oral contraceptive
users. 1. Assessment by tryptophan metabolites, vitamin B6, and pyridoxic
acid levels in urine. Am J Clin Nutr. 1979;32:1024-32.

WHO/FAO/UNU. Protein and amino acid requirements in human nutrition.
Report of a Joint WHO/FAO/UNU Expert Consultation. WHO Technical
Report Series. 2007; Geneva.

Payne IR, Walsh EM, Whittenburg JR. Relationship of dietary tryptophan and
niacin to tryptophan metabolism in schizophrenics and nonschizophrenics.
Am J Clin Nutr. 1974;27:565-71.

Ploder M, Spittler A, Schroecksnadel K, et al. Tryptophan degradation in
multiple trauma patients: survivors compared with non-survivors. Clin Sci
(Lond). 2009;116:593-8.

54.

55.

56.

57.

58.

59.

Torres MI, Lopez-Casado MA, Lorite P, Rios A. Tryptophan metabolism
and indoleamine 2,3-dioxygenase expression in coeliac disease, Clin Exp
Immunol. 2007;148:419-24.

Payne IR, Lu GH, Meyer K. Relationship of dietary tryptophan and niacin
to tryptophan metabolism in alcoholics and nonalcoholics. 4m J Clin Nutr.
1974;27:572-9.

Manches O, Fernandez MV, Plumas J, Chaperot L, Bhardwaj N. Activation
of the noncanonical NF-xB pathway by HIV controls a dendritic cell immu-
noregulatory phenotype. Proc Natl Acad Sci U S A.2012;109:14122-7.
Tawara I, Shlomchik WD, Jones A, et al. A crucial role for host APCs in the
induction of donor CD4* CD25* regulatory T cell-mediated suppression of
experimental graft-versus-host disease. J Immunol. 2010;185:3866-72.
Cuffy MC, Silverio AM, Qin L, et al. Induction of indoleamine 2,3-dioxy-
genase in vascular smooth muscle cells by interferon-gamma contributes to
medial immunoprivilege. J Immunol. 2007;179:5246-54.

Rose DP, Braidman IP. Excretion of tryptophan metabolites as affected by
pregnancy, contraceptive steroids, and steroid hormones. Am J Clin Nutr.
1971;24:673-83.

International Journal of Tryptophan Research 2012:5

45


http://www.la-press.com

3

Hiratsuka et al

Supplementary Figures

C
A g B 25 b 15
2 - < g
= °3 I < 20
e -7 ‘S
) 60 g 3 67 5 o
c= -] _ c =
S 3 o £ S %154 S & 104
3 g< £ g2
5 404 o 2 44 £3 g
§ 15 E‘E x E 1.0 [ E
2 c o o 3" 33:
E‘ == > & 54
S 201 5 & 21 ] £
= X £ 054 =
> 5 o
0 T T T 0 T T T 0.0 T T T 0 —
0 5 10 15 20 25
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Days Days
y y Days Days
E F G H
10 6 15 50
S g <
iy 8 I T < 40
5 ° > g
£ g3 4 5 _ 104 s
T 6 =] = < = 30
23 g2 5% e
©3 oo =3 k)
S £ x £ 3 °=
M 44 o5 b S O 204
v 3 = % E x
o= g7 53 5 5§
s 2
e 24 = 5 E 10
= =] c £
= =
=) 5 5
0 T T T T 0 T T T T 0 T T T T 0 T T T T
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25 0O 5 10 15 20 25
Days Days Days Days

Figure S1. Daily changes of urinary excretion of Trp-kynurenine pathway such as Trp (A), kynurenine (B), anthranilic acid (C), kynurenic acid (D),
3-hydroxykynurenine (E), xanthurenic acid (F), 3-hydroxyanthranilic acid (G) and quinolinic acid (H).
Note: Values are means + SD for 17 subjects.
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Figure S2. Daily changes of urinary excretion of the intermediates of Trp-serotonin such as serotonin (A) and 5-HIAA (B).
Note: Values are means + SD for 17 subjects.
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Figure S3. Daily changes of urinary excretion of 2-oxoadipic acid, which is an intermediate of Trp-glutarate pathway.
Note: Values are means + SD for 17 subjects.
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Figure S4. Daily changes of urinary excretion of Trp-Nam pathway such as Nam (A), MNA (B), 2-Py (C) and 4-Py (D).
Note: Values are means + SD for 17 subjects.
A
- 150
° —_—
c >
S5
‘é 3 100
% E
°3
E = 50
c
=0
o]
0 T T T T
0 5 10 15 20 25
Days
B 1o c 3
> >
QO g o
3 i
> 4 > 24
a 6 A<
N ~ =
5 4 ==
o o 14
5 2 2
I\ <
12
O T T T T C T T T T
0 5 10 15 20 25 0 5 10 15 20 25
Days Days

Figure S5. Daily changes of urinary excretion of SUM of the Nam and its metabolites (A), and the ratios of 2-Py/4-Py (B) and (2-Py+4-Py)/MNA (C).
Note: Values are means + SD for 17 subjects.
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