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Abstract

We have reported that the conversion ratio of tryptophan to niacin increased with increasing dietary concentration of di(2-
ethylhexyl)phthalate (DEHP); the conversion ratio was about 2.0% in the control rat, which increased by about 30% in the rat fed with 3.0%
DEHP diet. In this study, we investigated whether this abnormal increase in the conversion ratio by DEHP occurred through the alteration of
the enzyme activities involved in the metabolism of tryptophan to niacin. Rats were fed with a diet containing 0%, 0.1%, 0.5%, or 1.0%
DEHP for 21 days. The nine kinds of enzyme activities involved in the biosynthesis and catabolism in the liver and kidney were measured.
Based on previous findings that the formation of quinolinic acid and its” metabolites significantly increased with DEHP administration, we
proposed that the activity of 2-amino-3-carboxymuconate-6-semialdehyde decarboxylase would be inhibited by DEHP intake. However, we
found that the activities in the liver and kidney did not decrease in the rat fed with DEHP-containing diet. We discuss the discrepancy

between the metabolite results and the enzyme activities.
© 2004 Elsevier B.V. All rights reserved.
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I. Introduction

Treatment of rats with the plasticizer di(2-ethylhexyl)ph-
thalate (DEHP) increases the liver weight due to both
hyperplasia and hypertrophy [1], and the induction of
several metabolic enzymes, including those involved in
peroxisomal [3-oxidation [2]. Ganningm et al. [3] reported
that phthalate esters increased protein synthesis and de-
creased protein breakdown. Nair and Kurup [4] reported
that the specific incorporation of amino acids into the
proteins of whole liver and hepatic mitochondria was not
increased in DEHP-treated animals, but that the half-lives of
whole liver proteins and of mitochondria were increased in
DEHP-treated animals.

We studied the toxic mechanism of phthalate esters and
reported that the administration of large amounts of phtha-
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late esters such as di{(n-butyl)phthalate [5] and DEHP [6]
increased the conversion ratio of tryptophan to niacin in rats.
We also found that the administration of phthalate esters
increased the formation of quinolinic acid, which is a key
intermediate in the tryptophan-niacin metabolism. Shin et al.
[7] reported that administration of a MF diet (a commercial
diet; obtained from Oriental Yeast, Tokyo, Japan) containing
2% DEHP for 2 weeks increased rat liver quinolinate
phosphoribosyltransferase (QPRT) activity, decreased 2-
amino-3-carboxymuconate-6-semialdehyde decarboxylase
(ACMSD) activity, and as a result, increased liver NAD"
content. Shin’s [7] and our [8] results indicate that phthalate
esters disturb the metabolism of tryptophan to niacin
through changes in some enzyme activities. In a previous
paper in this series [8], we reported that the feeding of
DEHP increased the urinary excretions of quinolinic acid
and its metabolites in a time-dependent manner, and that the
increase in these excretions reached a peak 11 days after the
rats started on the DEHP diet [8].

To investigate how DEHP affects enzyme activities of
tryptophan to niacin metabolism and the amounts of quino-
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linic acid and its metabolites, we measured all the enzyme
activities involved in the tryptophan-niacin metabolism in
the liver and kidney, and intermediates of tryptophan to
niacin metabolism in the liver and blood. Furthermore, we
discuss a putative mechanism by which DEHP disturbs the
tryptophan-niacin metabolism.

2. Materials and methods
2.1. Chemicals

Nicotinamide mononucleotide, NAD" and NADP™ were
purchased from Sigma Chemical Company (St. Louis,
MO, USA). Vitamin-free milk casein, sucrose, L-methio-
nine, nicotinamide, tryptophan, and anthranilic acid were
purchased from Wako Pure Chemical Industries (Osaka,
Japan). Kynurenine sulfate, N'-methylnicotinamide (MNA)
chloride, xanthurenic acid, kynurenic acid and 3-hydrox-
yanthranilic acid were obtained from Tokyo Kasei Kogyo
(Tokyo, Japan). N'-methyl-2-pyridone-5-carboxamide (2-
Py) and N'-methyl-4-pyridone-3-carboxamide (4-Py) were
synthesized by the methods of Pullman and Colowick [9]
and of Shibata et al. [10], respectively. The mineral and
vitamin mixtures were obtained from Oriental Yeast
Kogyo, and all other chemicals used being of the highest
purity available from commercial sources.

2.2. Animals, diets and treatments

The animal room was maintained at a temperature of
around 22 °C and a humidity of about 60% with a 12
h light/12 h dark cycle. Body weight and food intake were
measured daily at around 09:00 a.m., and food and water
were renewed daily. The care and treatment of the exper-
imental animals conformed to The University of Shiga
Prefecture guidelines for the ethical treatment of laboratory
animals. Male rats of the Wistar strain (6 weeks old) were
obtained from Clea Japan (Tokyo, Japan) and immediately
placed in individual metabolic cages (CT-10; Clea Japan).
They were then divided into four groups, and fed ad
libitum for 21 days (Table 1). On day 21, the rats were
decapitated, a 10 pl sample of blood was taken from the
carotid artery, and their livers and kidneys were used for
measuring the enzyme activities and intermediates in-
volved in the tryptophan-niacin metabolism.

2.3. Analyses
2.3.1. Assay of enzymes

2.3.1.1. Enzyme preparation. The rats were killed by
decapitation at about 09:00 h on day 21. Their livers
and kidneys were dissected, and a portion of liver and a
portion of kidney were immediately homogenized with a
Teflon-glass homogenizer in five volumes of cold 50 mM

Table |
Diet compositions

Control 0.1% 0.5% 1.0%

DEHP DEHP DEHP

Casein - 20 20 20 20
L-Methionine 0.2 0.2 0.2 0.2
Gelatinized cornstarch 459 45.8 45.5 452
Sucrose 22.9 229 22.8 22.6
Corn oil 5 5 5 5
Mineral mixture” 5 S 5 5
Vitamin mixture® (NiA-free) 1 | 1 |
DEHP 0 0.1 0.5 1.0

Each value is expressed as g/100 g of diet.
Male rats of the Wistar strain (6 weeks old) were obtained from Clea Japan.
The rats were immediately placed in individual metabolic cages (CT-10;
obtained from Clea Japan). They were divided into four groups and then fed
freely with one of the above diets for 21 days.

? The compositions of the mineral and vitamin mixtures are described in
Ref. [13].

KH,PO,4~K,HPO, buffer, pH 7.0. The resulting homoge-
nates were used as enzyme sources. For measuring the
activities of 3-hydroxyanthranilic acid dioxygenase and
ACMSD, homogenates were centrifuged at 20,000 X g
for 20 min, and the resulting supernatant were used as
enzyme SOurces.

2.3.1.2. Tryptophan dioxygenase (TDO) (tryptophan: oxy-
gen 2,3-oxidoreductase (decyclizing), EC 1.13.11.11). The
activities of the liver and kidney homogenates were
measured by using HPLC. The samples were prepared
as follows [11]: each reaction mixture (total volume of
1500 pl) contained 120 pl of 0.5 M KH,PO,—K,HPO,
buffer (pH 7.0), 740 pl of water, 70 pl of 50 mM L-
tryptophan, and 60 ul of enzyme source. The reactions
were started by addition of the enzyme source, incubated
for 60 min at 37 °C, and stopped by addition of 60 pl of
70% perchloric acid. The kynurenine formed in the
deproteinized supernatant was measured by the HPLC
method described below (Section 2.3.2.7). The activity
of holo-TDO was expressed as nmol kynurenine formed
per h per g of wet weight of tissue. The kynurenine is
converted to the anthranilic acid by kynureninase, and
kynureninase is contained in the enzyme source. On the
measurement of TDO activity in this protocol, it is
considered the kynurenine is not converted to the anthra-
nilic acid because K, value of kynureninase (substrate;
kynurenine, 2.4 x 10~ % M) is higher than the condition of
this protocol (1077 M level) [12].

2.3.1.3. Kynureninase (L-kynurenine hydrolase, EC
3.7.1.3).  The activities of the liver and kidney homoge-
nates were measured by using HPLC, and the samples
were prepared as follows [11]: each reaction mixture (total
volume of 1000 pl) contained 200 pl of 0.5 M Tris—HCI
buffer (pH 8.0), 590 ul of water, 10 ul of 50 mM -
kynurenine sulfate, and 200 ul of enzyme source. The
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reactions were started by the addition of enzyme source,
incubated for 30 min at 37 °C, and stopped by the

addition of 500 pl of 10% trichloroacetic acid. The -

anthranilic acid formed in the deproteinized supernatant
was measured by the HPLC method described below
(Section 2.3.2.5). The activity of kynureninase was
expressed as nmol anthranilic acid formed per h per g
of wet weight of tissue.

2.3.1.4. 3-Hydroxyanthranilate-3,4-dioxvgenase (3-HAO)
(3-hydroxyanthranilate: oxvgen 3,4-oxidoreductase (decyci-
izing), EC 1.13.11.6). The activities of the supernatants
of the liver and kidney homogenates were measured by
using a UV-spectrophotometer as follows [11]: each reac-
tion mixture in a cuvette (total volume of 1500 uly
contained 500 ul of 0.5 M Tris-acetate buffer (pH 8.0,
940 ul of water, 50 ul of 3.3 mM 3-hydroxyanthranilic
acid, and 10 pl of enzyme source. The reactions were
started by the addition of enzyme source, and monitored
over 30 s at 25 °C (the absorbance increases under these
conditions). In order to calculate the enzyme activity, the
molar extinction coefticient of the reaction product, 2-
amino-3-carboxymuconate-6-semialdehyde (ACMS),
(45,000 M~" em™ ! ar 360 nm) was used [13]. The
activity of 3-HAO was expressed as umol ACMS formed
per h per g of wet weight of tissue.

2.3.1.5. 2-Amino-3 -carbo..\'ymucona{e-6—5elnialde/7yde de-
carboxylase ACMSD (2-amino-3-(3-oxoprop-2-envl)but-2-
enedioate carboxyluse, EC 4.1.1.45). The activities of the
supernatants of the liver and kidney homogenates were
measured by using a UV-spectrophotometer as follows
[13]: each reaction mixture in a cuvette (total volume of
1500 pl) contained 500 pl of 0.5 M Tris-acetate buffer (pH
8.0), 830 ul of water, 20 ul of 3.3 mM 3-hydroxyanthranilic
acid, and 50 pl of partially purified 3-HAO [13]. After the
absorbance at 360 nm reached a plateau, 100 pl of the
enzyme source was added to the cuvette in order to start the
ACMSD reaction, and the absorbance was then monitored
over 5 min at 25 °C (the absorbance decreases under this
condition). The ACMSD activity was expressed as pmol
ACMD disappearance per h per g of wet weight tissue.

2.3.1.6. Quinolinate phosphoribosvitransferase (QPRT)
(nicotinatenucleotide: pyrophosphate phosphoribosylirans-
Jerase (carboxylating), EC 2.4.2.19).  The activities of the
liver homogenates were measured by using HPLC. The
samples were prepared as follows [14]: each reaction
mixture (total volume of 500 pl) contained 50 ul of 0.5
M KH,PO4~K,HPO, buffer (pH 7.0), 50 ul of 10 mM
quinolinic acid, 50 ul of 10 mM 5-phosphoribosyl-1-
pyrophosphate, 10 ul of 100 mM MgCl,, 290 ul of water,
and 50 pl of enzyme source. The reactions were started by
addition of the enzyme source, incubated for 60 min at 37
°C, and stopped by immersion of the reaction tubes in a
boiling water-bath for $§ min. The nicotinic acid mononu-

cleotide formed in the deproteinized supernatant was
measured by HPLC [14]. The activity of QPRT was
expressed as nmol nicotinic acid mononucleotide formed
per h per g of wet weight of tissue.

2.3.1.7. Nicotinamide mononucleotide adenvivitransferase
(NMNAT) (ATP: NMN adenvivliransferase, EC
2.7.7.1). The activities of the liver homogenates were
measured as follows [15]: each reaction mixture (total
volume of 160 pl) contained 20 pl of 0.5 M KH,PO4-
KoHPO, buffer (pH 7.0), 10 ul of 50 mM nicotinamide
mononucleotide, 20 pl of 50 mM ATP, 20 ul of 100 mM
MgCly. 40 pl of I M nicotinamide, 20 pl of water, and 30
ul of enzyme source. The reactions were started by the
addition of enzyme source, incubated for 30 min at 37 °C,
and stopped by immersion of the reaction tubes in hot
water at 90 °C for I.5 min. The NAD" formed in the
deproteinized supernatant was measured by the enzyme
cycling method [16]. The activity of NMNAT was
expressed as nmol NAD™ formed per h per g of wet
weight of tissue.

2.3.1.8. NAD™ synthetase (deamido-NAD™: L-glutamine
amido-ligase (AMP-forming), EC 6.3.5.1). The activities
of the liver homogenates were measured as follows [y
each reaction mixture (total volume of 200 ul) contained 20
ul of 0.5 M Tris—HCI buffer (pH 8.0), 20 ul of 10 mM
nicotinic acid adenine dinucleotide, 10 pl of 50 mM ATP, 20
ul of 200 mM of L-glutamine, 10 p! of 100 mM MgCl,, 20
nbof 560 mM KCl. 40 ul of I M nicotinamide, 30 ul of
water, and 30 ul of enzyme source. The reactions were
started by the addition of enzyme source, incubated for 30
min at 37 °C, and stopped by immersion of the reaction
tubes in hot water at 90 °C for 1.5 min. The NAD" formed
in the deproteinized supernatant was measured by the
enzyme cycling method [16]. The activity of NAD™ syn-
thetase was expressed as nmol NAD™ formed per h per g of
wet weight of tissue.

2.3.1.9. NAD" kinase (ATP: NAD* 2 -phosphotransferase,
EC 2.7.1.23).  The activities of the liver homogenates were
measured as follows: each reaction mixture (total volume of
400 ul) contained 100 ul of | M Tris—HCl (pH 7.0), 40 pul of
0.1 M NAD", 40 pul of 0.13 M ATP, 40 pul of 0.1 M
nicotinamide, 40 ul of 0.1 M sodium pyruvate, 40 ul of
0.1 M MgCl,, 50 pl of water, and 50 pl of enzyme source.
The reactions were started by addition of the enzyme source,
incubated for 30 min at 37 °C, and stopped by immersion of
the reaction tubes in 90 °C water for 1.5 min. The NADP"
formed in the deproteinized supernatant was measured by
the enzyme cycling method [17]. The activity of NAD"
kinase was expressed as nmol NADP* formed per h per g of
wet weight of tissue.

2.3.1.10. NAD™ degrading enzymes. The activities of the
liver homogenates were measured as follows: each reaction
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mixture (total volume of 500 ul) contained 50 ul of 0.5 M
KH,PO,—K,HPO, buffer (pH 7.0), 100 ul of 5 mM NAD™,
340 ul of water, and 10 pl of enzyme source. The reactions
were started by the addition of enzyme source, incubated for
10 min at 37 °C, and stopped by immersion of the reaction
tubes in 90 °C water for 1.5 min. The remaining NAD" in
the deproteinized supernatant was measured by the enzyme
cycling method [16]. The activity of NAD" degrading
enzymes was expressed as nmol NAD™ disappearance per
h per g of wet weight of tissue.

2.3.1.11. Nicotinamide methyltransferase (NMT) (S-adeno-
syl-L-methionine: nicotinamide N-methyltransferase, EC
2.1.1.1). The activities of the liver homogenates were
measured by using HPLC, and samples were prepared as
follows [18]: each reaction mixture (total volume of 500
ul) contained 50 pl of 0.5 M KH,PO,-K,HPO, buffer
(pH 7.0), 5 pl of 1 M nicotinamide, 50 ul of 10 mM S-
adenosylhomomethionine, 295 pl of water, and 100 pl of
enzyme source. The reactions were started by the addition
of enzyme source, incubated for 30 min at 37 °C, and
stopped by the addition of 30 pl of 70% perchloric acid.
The MNA formed in the deproteinized supernatant was
measured by the HPLC method described below (Section
2.3.2.2) [19]. The activity of NMT was expressed as nmol
MNA formed per h per g of wet weight of tissue.

2.3.1.12. 2-Py-forming MNA oxidase (aldehyde: oxygen
oxidoreductase, EC 1.2.3.1) and 4-Py-forming MNA
oxidase (EC number not determined). The activities of
the liver homogenates were measured by using HPLC.
The samples was prepared as follows [20]: each reaction
mixture (total volume of 100 ul) contained 20 ul of 0.5 M
KH,PO,~K,HPO, buffer (pH 7.0), 20 pl of 20 mM
MNA, 10 ul of 0.5 M NH4Cl, and 50 pl of enzyme
source. The reactions were started by the addition of
enzyme source, incubated for 10 min at 37 °C, and
stopped by the addition of 400 pl of 0.75% perchloric
acid. The 2-Py and 4-Py formed in the deproteinized
supernatant were measured by the HPLC method de-
scribed below (Section 2.3.2.1) {10]. The activities of 2-
Py-forming MNA oxidase and 4-Py-forming MNA oxi-
dase were expressed as nmol 2-Py or 4-Py formed per
h per g of wet weight of tissue. {

2.3.2. Measurement of tryptophan metabolites

2.3.2.1. Nicotinamide, 2-py, and 4-py. The amounts of
nicotinamide, 2-Py, and 4-Py were measured simultaneous-
ly by the HPLC method developed by Shibata et al. [1o}.
This method employs a Chemcosorb 7-ODS-L (250 X 4.6
mm 1.D.) column eluted with 10 mM KH,PO,—acetonitrile
(96:4, v/v; pH adjusted to 3.0 by the addition of concen-
trated 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. Nicotinamide, 2-Py and 4-Py in the deprotei-

nized supernatant were extracted into diethyl ether under
saturated K,CO; conditions {10].

2.3.2.2. MNA. MNA was measured by the HPLC method
developed by Shibata [19]. MNA in the deproteinized
supernatant was reacted with acetophenone in a strong
alkali medium at 4 °C in the presence of a large amount
of isonicotinamide for 10 min. After reaction, formic acid
was add, the mixture was cooled at 4 °C for 15 min, and
then heated at 95 °C for 5 min. The reaction product, 1-
methyl-7-phenyl-1,5-dihydro-5-0xo0-1,6-naphthyridine  was
analyzed. The method used a Tosoh ODS 80Ts
(250 + 0.6 mm 1D.) column eluted with a mixture of
1000 m! of 30 mM KH,PO, (pH adjusted to 3.0 by the
addition of concentrated H;PO,) containing 1 g of hepta-
nesulfonic acid sodium salt and 290 ml of acetonitrile 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 temper-
ature was 40 °C.

2.3.2.3. Kynurenic acid. Kynurenic acid was measured by
the HPLC method developed by Shibata [21]. This method
employs a Chemcosorb 5-ODS-H (150 % 4.6 mm LD.)
column eluted with 10 mM sodium acetate-acetic acid
buffer (pH 4.5) and acetoniuile (96:5, v/v) at a flow rate
of 1.0 ml/min. Kynurenic acid separated under these con-
ditions was reacted with 1 M zinc acetate (used as the post-
column reagent) delivered at a flow rate of 1.0 ml/min.
Kynurenic acid-Zn® * was measured at an excitation wave-
length of 344 nm and an emission wavelength of 398 nm.
The column temperature was maintained at 40 °C. The
deproteinized supernatant was injected directly into the
HPLC system.

2.3.2.4. Xanthurenic acid and 3-hydroxyanthranilic
acid. The amounts of xanthrenic acid and 3-hydroxyan-
thranilic acid were measured simultaneously by the HPLC
method developed by Shibata and Onodera [22]. This
method employs an STR ODS II (250 x4.6 mm 1D.)
column eluted with 50 mM KH,PQO, (pH adjusted to 3.0
by the addition of concentrated H3PQO,) containing 3 mg/
| of EDTA-2Na and acetonitrile (10:1, v/v) at a flow rate
of 1.0 ml/min. Xanthurenic acid was measured at 340 nm
by UV detector, and 3-hydroxyanthranilic acid was
amperometrically measured at +300 mV vs. Ag/AgCl
The column temperature was 40 °C. The deproteinized
supernatant was injected directly into the HPLC system.

2.3.2.5. Anthranilic acid. Anthranilic acid was measured
by the HPLC method developed by Shibata and Onodera
[23]. This method employs a Tosoh ODS 80Ts (250 x 4.6
mm 1.D.) column eluted with 50 mM KH,PO, (pH
adjusted by concentrated phosphoric acid) and acetonitrile
(65:35, v/v) at a flow rate of 1.0 ml/min. Anthranilic acid
was measured at an excitation wavelength of 340 nm and
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an cmission wavelength of 410 nm. The column temper-
ature was maintained at 40 °C. The deproteinized super-
natant was injected directly into the HPLC systems.

2.3.2.6. Quinolinic acid. Quinolinic acid was measured
by the HPLC mcthod developed by Mawatari et al. [24).
This method employs a Unisil Q CI18 (250 x4.6 mm
[.D.) column eluted with 35 mM KH,PO, (pH adjusted to
3.8 by 0.2 M citric acid) containing 350 mM H»O-, and
0.05 mM tetramethylammonium hydroxide at a flow rate
of 0.6 ml/min. The quinolinic acid in the column effluent
was irradiated with ultraviolet light to produce fluores-
cence. This fluorescence was monitored with an excitation
wavelength of 326 nm and an emission wavelength of
380 nm. The column temperature was maintained at 30
°C. The deproteinized supernatant was injected directly
into the HPLC systems.

2.3.2.7. Kynurenine. The kynurenine content in the liver
and blood was measured as follows: for the measurement
of kynurenine in liver, the liver was homogenized with 10
volumes of cold 3% perchloric acid, and the resulting
homogenate was centrifuged at 10,000 X ¢ for 5 min at 4
°C. The supernatant was injected directly into the HPLC.
Kynurenine was separated by reversed-phase chromatogra-
phy (a Tosoh ODS 80Ts was used as the analytical column)

using a mixture of 20 mM KH>PO, (adjusted to pH 3.7 by
addition of H;PO,) containing -heptanesulfonate sodium
salt (1 g): acetonitrile=10:1 (v/v) as a 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,

2.3.2.8. NAD"+NADH. The amount of NAD (NAD" +-
NADH) was measured by the enzyme cycling method of
Shibata and Murata [16].

2.3.2.9. NADP"+NADPH. The amount of NADP
(NADP™+NADPH) was measured by the enzyme cycling
method of Shibata and Tanaka [17].

3. Results

3.1, Effect of various DEHP concentrations on the liver
enzvime activities invelved in the tryptophan-niacin
metabolisn

A 0.1% and 0.5% amount of DEHP in the diet did not
affect the body weight gain, as shown in Table 2. Liver
weight was increased with increasing DEHP concentration.

The metabolic pathway of tryptophan to niacin is depicted
in Scheme 1. The activities of kynureninase, ACMSD,

Table 2
Effect of dictary DEHP on the enzymes involved in the metabolism of tryptophan to niacin in the rat liver

Control 0.1% DEHP 0.5% DEHP 1.0% DEHP
Body weight gain (g/21 days) 137.6 £ 98 1438 £7.7 138.7£5.7 95.2 £ 6.0*
Liver weight (g 121+£1.0 17.6 £ 0.5% 209+ 1.1* 193 + 1.2%

Biosvithesis of NAD™ fiom truptophan

TDO* 128+ 0.1 (153 + 1.1)
Kyuse” 0.76 £ 0.03 (9.2 + 0.4)
3-HAO® 715 4 20 (8,644 + 568)
ACMSD 1.05 4024 (12.7+2.9)
QPRT® 1.27 £ 0.03 (15.4 + 1.4)
NMN ATase" 9.01 £0.53 (109 + 6)
NAD" synthetase 0.41 +0.03 (4.96 + 0.37)
NAD™ kinase 2.50+£022 302+ 1.9)

Degradation of NAD™

NAD" Dase® 30.8 6.8 (372 £ 82)
NMT" 0.57 + 0.07 (6.89 £ 0.81)
MNAO' (2-Py) 1.85+0.37 (224 + 4.5)
MNAO' (4-Py) 4.17 % 0.07 (50.4 + 0.9)

0.76 +0.04* (134 £ 0.8)
0.70 £ 0.06 (123 £ 1.1)
433 + 9% (7,618 £ 246)
115 £0.31 (203 £5.5)
1.35+£0.07 (23.9 £ 1.6)*
9.05 £ 0.51 (159 9)*
0.45+£0.03 (7.92+0.51)*
2.09£0.14 (36.8 £ 2.4)

36.0 + 7.0 (634 + 123)

0.35 £ 0.03* (6.16 £ 0.48)
0.71+0.10% (12.5 £ 1.7)
111 £0.06% (19.6 £ 1.1)

0.51 £ 0.03* (10.7£0.9)
0.68 £ 0.0 (142£0.3)*
289 + 27* (5,937 £ 243)
106+ 0.15 (22,1 £3.1)
1.27 £ 0.05 (26.5 = 2.0)*
8.59+£0.41 (179 = N*
0.42 +£ 0.03 (8.76 & 0.54)*
170+ 0.15* (35.5 £ 4.1)

290+ 7.3 (607 £ 151
0.23 £ 0.05* (4.80 £ 0.96)
0.30 £ 0.05* (63 £ 1.0)
0.32+0.05% (6.7 £ 1.0)

0.51 £0.05* (9.7 0.7)
0.84 £0.09 (16.2 £ 1.7)*
286 + 14* (5,550 + 517)
L14+0.16 220+ 3.1)
127 +£0.06 (24.5+ 1.7)*
8.76 + 0.66 (169 £ 13)*
0.39 +0.02 (7.53 £ 0.41)*
1.89 + 0.12* (36.5 +3.2)

31.4+2.9 (607 + 57)
0.18 + 0.01* (3.48 +0.23)
0.18+0.01* (3.5 +0.2)
0.23 + 0.02* (4.4 + 0.4)

Values are expressed in mmol/h/g of liver (nmol/h/liver) and presented as means + S.E. for five rats; values with different subscripts are significantly different

from control group.

* TDO = tryptophan dioxygenase.

P Kyase = kynureninase.

“ 3-HAO =3-hydroxyanthranilic acid oxygenase.
¢ ACMSD = 2-amino-3-carboxymuconate-6-semialdehyde decarboxylase.
“ QPRT = quinolinate phosphoribosyltransferase.
"NMN ATase = nicotinamide mononucleotide adenylyltransferase.
¥ NAD™ Dase=NAD" degrading enzymes.
* NMT = nicotinamide methyltransferase.

"MNAO =MNA oxidase.

*P<0.05, calculated by a Student—Newman—-Keuls multiple comparison test.
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Scheme 1. Metabolism of tryptophan to niacin in liver. (1) Tryptophan dioxygenase, (2) formylase, (3) kynurenine 3-hydroxylase, (4) kynureninase, (5)
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QPRT, NMN adenylyltransferase, NAD” synthetase, or
NAD™ kinase were not affected by diets containing DEHP.
In contrast, the activities of TDO and 3-HAO were decreased
by diets containing DEHP, as shown in Table 2. The
decreased activities of these two enzymes usually induce a
decreased conversion ratio of tryptophan to niacin, which
was not consistent with the previous finding [6,8] that the
conversion ratio of tryptophan to niacin increased with
feeding of DEHP. Expressing these enzyme activities as
per liver, the activities of kynureninase, QPRT, NMN adeny-
lyltransferase and NAD™ synthetase were increased by
DEHP intake.

As for the catabolic metabolism of NAD", the activities
of several NAD™ degrading enzymes were not affected by
DEHP intake. On the other hand, the activities of nico-

‘

tinamide methyltransferase, 2-Py-forming MNA oxidase,
and 4-Py-forming MNA oxidase were significantly de-
creased by DEHP intake. The changes of these enzyme
activities do not relate to the conversion ratio of trypto-
phan to niacin, and the amounts of these catabolic
metabolites must be dependent on precursors derived from
tryptophan, such as quinolinic acid and nicotinamide.

3.2. Effect of various DEHP concentrations on the kidney
enzyme activities involved in the tryptophan-niacin
metabolism

As shown in Table 3, TDO activity was not detected in
the kidney. In addition, only a trace amount of kynureninase
activity was detected. 3-HAOQO activity was detected, but it

Table 3
Effect of dietary DEHP on the enzymes involved in the metabolism of tryptophan to niacin in rat kidneys
Control 0.1% DEHP 0.5% DEHP 1.0% DEHP
Kidney weight (g) 2.27 +0.08 2274 0.10 2.45+0.07 2.08 £0.05
TDO N.D.? N.D. N.D. N.D.
Kyase trace” trace trace trace
3.HAO 302 + 26 (685 + 59) 364 + 11 (826 £25) 338+ 16 (828 £39) 337+ 18 (701 £37)
ACMSD 109409 247 2.1) 121+ 0.5 274+ 1.2) 13.8+0.7* (3391 1.6) 159+ 0.7* (33.2+ 1.4)

Values are expressed in pmol/h/g of kidney (umol/b/kidney) and presented as means + S.E. for five rats; values with different subscripts are significantly

different from control group.
“N.D.=not detected.
® Trace =0.003—0.004 pmol/h/g of kidney.

* P < (.05, as calculated by a Student—Newman-Keuls multiple comparison test.
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was not affected by feeding of DEHP. It has been reported
that ACMSD activity in the kidney is about 10-fold higher
than in the liver [13]. In the present experiment, the-
ACMSD activities in the liver and kidney of the control
group are consistent with previous findings. This activity
increased with increasing the DEHP intake, Higher ACMSD
activity generally means lower formation of quinolinic acid.
Therefore, this DEHP effect was not consistent with a
previous report that lower ACMSD activity increased qui-
nolinic acid formation {6]. The subsequent enzymes in the
metabolism depicted are detected in the kidneys [25], but we
did not measure these in the present experiment.

3.3. Effect of dietary DEHP on the intermediates involved in
the tryptophan to niacin metabolism in the liver

The metabolites in the tryptophan-niacin pathway such as
kynurenine, 3-hydroxyanthranilic acid, xanthurenic acid,
anthranilic acid, and kynurenic acid were not detected in
the liver, as shown in Table 4. Trace amounts of quinolinic
acid were detected. Total nicotinamide content, which is the
sum of free nicotinamide, NAD, and NADP, in the liver did
not affected by feeding of DEHP. MNA, the catabolite of
nicotinamide, was detected in the liver, and the MNA
content in rats fed with DEHP containing diet was higher
than in the control group. ‘

3.4. Effect of dietary DEHP on the intermediates involved in
tryptophan to niacin metabolism in the blood

Blood kynurenine concentrations were 3.5 £ 0.4 (nmol/
ml of whole blood) in the control group, 3.7+ 0.4 in the
0.1% DEHP group, 3.4 £ 0.5 in the 0.5% DEHP group and
3.7 £ 0.8 in the 1% DEHP group, respectively. Kynurenine
concentration in the blood was not affected by DEHP
intake. This means that the enzymes catalyzing the reaction
from tryptophan to kynurenine in non-hepatic tissues were

not affected by DEHP. 3-Hydroxyanthranilic acid, xanthur-
enic acid, anthranilic acid, kynurenic acid, and quinolinic
acid were not detected. Blood NAD concentrations were
90.6 = 4.6 (nmol/ml of whole blood) in the control group,
97.4+43 in 0.1% DEHP group, 93.2 + 5.1 in the 0.5%
DEHP group and 91.5+ 3.4 in the 1% DEHP group,
respectively. Also, Blood NADP concentrations were
12.1 + 0.9 (nmol/ml of whole blood) in the control group,
13.5%£0.7 in 0.1% DEHP group, 12.4 £ 0.5 in the 0.5%
DEHP group and 11.1+0.9 in the 1% DEHP group,
respectively. The concentrations of NAD and NADP were
not affected by DEHP intake.

4. Discussion

Our previous papers [6,8] reported a significantly in-
creased conversion ratio of tryptophan to niacin in rats fed
with DEHP. The urinary excretion of anthranilic acid,
kynurenic acid, xanthurenic acid, and 3-hydroxyanthranilic
acid did not increase with DEHP intake, and these results
suggest that DEHP does not affect to the tryptophan to 3-
hydroxyanthranilic acid metabolism. In contrast, urinary
excretion of quinolinic acid and its metabolites increased
significantly. These results suggest that DEHP affects qui-
nolinic acid formation, and the possible target enzyme is
QPRT and/or ACMSD. The aim of the present experiment is
to investigate how DEHP affects enzyme activities of
tryptophan to niacin metabolism, and increases quinolinic
acid and its metabolites formation. However, we failed to
evaluate changes in these two enzyme activities with DEHP
intake.

Some reports showed that some drugs, which induce a
deterioration of liver function, affected the conversion ratio
of tryptophan to niacin. Egashira et al. [26] reported that p-
galactosamine-induced liver injury change the tryptophan-
niacin metabolism in rat. The urinary excretions of MNA, 2-

Table 4
Effect of dietary DEHP on the intermediates involved in the metabolism of tryptophan to niacin in rat liver
Control 0.1% DEHP 0.5% DEHP 1.0% DEHP

Kynurenine N.D.* N.D. N.D. N.D.
3-Hydroxyanthranilic acid N.D. N.D. N.D. N.D.
Xanthruenic acid N.D. N.D. N.D. N.D.
Anthranilic acid N.D. N.D. N.D. N.D.
Kynurenic acid N.D. N.D. N.D. N.D.
Quinolinic acid Trace® Trace Trace Trace

1405 £ 72 (17.0 + 0.8)
28.9 + 8.2 (349 + 99)

Total Nam® (nmol/g of liver) {umol/liver)
MNA (nmol/g of liver) (nmol/liver)

1522 +237 (208 + 4.2)
50.2 + 3.0 (884 + 53)*
2-Py N.D. N.D.

4.Py N.D. N.D.

1897 £ 255 (39.6 £ 5.3)* 1809 £ 199 (34.9 + 3.8)*
542+ 103 (1130£215)* 543 £ 4.4 (1049 £ 85)*
N.D. N.D.

N.D. N.D.

Values are expressed in nmol/g of liver and presented as means & S.E. for five rats; values with different subscripts are significantly different from control

group.
“N.D. =not detected.
" Trace=4-5 nmol/g of liver,
“ Total Nam=the sum of free nicotinamide, NAD and NADP.

*P<0.05, as calculated by a Student—Newman- Keuls multiple comparison test.
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Py and 4-Py were higher in the p-galactosamine-injected
group than in the control group, and hepatic TDO and
ACMSD activity was decreased by the injection of b-
galactosamine. We reported that the administration of clo-
fibrate, hypolipidemic drug, increased conversion ratio of
tryptophan to niacin in rats [27]. Clofibrate is known as a
peroxisomal proliferator, same as DEHP, and the conversion
ratio of tryptophan to niacin increased about 10 times higher
in the clofibrate group than in the control group. The
activities of TDO, ACMSD, 2-Py-forming MNA oxidase
and 4-Py-forming MNA oxidase were lower in the clofi-
brate group than in the control group. The decreased activity
of TDO induces a decreased of the conversion ratio of
tryptophan to niacin, while the decreased activity of
ACMSD induces an increased conversion ratio. Both
reports showed that the effects of drugs on the tryptophan-
niacin metabolism were consistent with the change of
ACMSD activity. In the present study, the TDO activity
decreased with DEHP intake, and the other enzyme activ-
ities did not change significantly with DEHP in the diet
(Table 2). These enzyme activities were not consistent with
the increase of wryptophan-niacin metabolism. However, it is
possible that DEHP and/or its metabolites could be an
inhibitor of some enzyme. Mono-ethylhexylphthalate
(MEHP) is a major metabolite of DEHP [28], and phthalic
acid is also a metabolite of DEHP [29]. Although phthalic
acid is an inhibitor of QPRT [30-32], the administration of
phthalic acid did not affect the metabolism of tryptophan to
niacin [8]. The inhibitory effect of MEHP on the ACMSD
activity in vitro was examined by the directly addition of
MEHP to rat liver homogenate. As result of this experiment,
MEHP inhibited about 90% of rat hepatic ACMSD activity
(unpublished data). Although ACMSD activity did not
change in rats fed with DEHP, it might be due to the
dilution of a putative inhibitor with buffer in the liver
homogenate.

The kidney did not contribute biosynthesis of niacin from
tryptophan in the control rats, since the activities of TDO
and kynureninase were below the detection limit or trace,
and ACMSD activity was much higher than in the liver
(Table 3). Our results of enzyme activities in the kidney
were consistent with previous reports that rabbit kidney
contained 3-HAO and ACMSD [33]. Shibata et al. [32]
have already reported that QPRT activity was found irf the
rat kidney. In the present study, the administration of DEHP
did not affect kidney weight, and increased the kidney
ACMSD activity. The increased ACMSD activity usually
decreases the quinolinic acid formation, but the increase of
quinolinic acid formation was inconsistent with the change
of kidney ACMSD activity [6,8]. Therefore, the kidney
enzymes involved in the metabolism of 3-hydroxyanthra-
nilic acid to nicotinamide in rats fed with DEHP did not
contribute to the effects of DEHP on the tryptophan-niacin
metabolism.

Previous papers from our laboratory [6,8] reported that
the sum of nicotinamide and its metabolites was significant-

ly increased by the DEHP diet [6,8]. However, the enzyme
activities involved in the catabolic metabolism, such as
nicotinamide methyltransferase, 2-Py-forming MNA oxi-
dase, and 4-Py-forming MNA oxidase were all decreased
by the DEHP diet, while the enzyme activities of NAD"
degrading enzymes were not affected (Table 2). These
results indicate that the influx to the catabolic pathway is
determined by the amount of precursors but not by the
enzyme activities. A previous paper from our laboratory [6]
also reported that the excretory pattem of nicotinamide,
MNA, 2-Py, and 4-Py was significantly affected by the
feeding of the DEHP diet [6]. The urinary excretion of
MNA increased with increasing DEHP intake, the excretion
of 2-Py was saturated at a level of 0.5% DEHP in the diet,
and the excretion of 4-Py was the highest at a level 0of 0.1%
DEHP in the diet [6]. These changes were attributed to a
change in the two MNA oxidase activities, but not to a
change in nicotinamide methyltransterase.

In the present experiment, we measured the amounts of
tryptophan-niacin metabolites in the liver and blood. The
major compounds in the liver were the niacin-active com-
pounds such as nicotinamide, NAD and NADP (Table 4). In
contrast, major urinary metabolites such as 3-hydroxyan-
thranilic acid, xanthurenic acid, anthranilic acid, kynurenic
acid, quinolinic acid, 2-Py, and 4-Py were all below the
detection limit. These results mean that rats immediately
excrete these intermediates into urine when they are not
metabolized further along the pathway. Therefore, the uri-
nary excretions of these compounds reveal the systemic
metabolism of tryptophan-niacin. The effect of DEHP on
the amount of nicotinamide in the liver was very low
compared to its effect on urinary quinolinic acid and its
metabolites. This would mean that the nicotinamide stored
in the liver is limited. MNA was detected in the liver and the
amount increased in correlation with the DEHP intake. In
the blood, similar findings were obtained. These results
showed that NAD, and NADP were found in the body, but
the other intermediates and the catabolic metabolites were
not found in the body.

In summary, the increased urinary excretion of nicotin-
amide and its catabolic metabolites by the feeding of a
DEHP diet is the result of increased quinolinic acid
formation. The possible target enzyme is liver ACMSD,
but the present methods failed to evaluate the decrease of
liver ACMSD activity in rats fed with DEHP. There is a
very slight possibility that the increase in quinolinic acid
and its metabolites was the result of increased catabolic
metabolism due to the DEHP diet, and not due to an
increase in the catabolic enzyme activities. As is discussed
in a previous paper [8], it is probable that the phthalate
monoester and related compounds could be competitive
inhibitors of ACMSD. The dilution by liver homogeniza-
tion should be increased so that the inhibitor was under
the effective concentration. In the future, we would like to
detect such a water-soluble inhibitor derived from fat-
soluble DEHP.
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Establishment of Niacin-deficient Mice

Tsutomu Fukuwatari, Naoko Honda, Ryuzo Sasaki and Katsumi Shibata*

Summary Although knockout or transgenic mouse would be useful tool for elucidation of the trypto-
phan-niacin metabolism, mouse for evaluation of niacin nutrition status remains to be established. A
niacin deficient animal is difficult to make because niacin is biosynthesized from tryptophan even in
mammals. The point making the diet caused to a niacin-deficient animal is to make a diet which trypto-
phan must be the first-limiting amino acid for mice. We made many kinds of foods. As the result, in
the 0.03% tryptophan diets with or without nicotinic acid on the composition of zein supplemented with
some amino acids, and sucrose, the body weight, food intake, liver and kidney weights were signif-
icantly higher in the nicotinic acid-containing group than in the non-nicotinic acid diet. The NAD and
NADP contents in liver and kidney were also significantly higher in the nicotinic acid-containing diet.

We succeeded the niacin deficient diet for mice.

Key words: Niacin, Deficiency, Mouse, Tryptophan, Diet

1. Introduction

Recently, techniques for making a knock-out
mouse have been developed. In the study on the
metabolism of tryptophan (Trp)-niacin, a knock-out
mouse would be a useful item for elucidation of the
role and regulation. We are now making a quinolinic
acid posporibosyltransferase (QPRT)-knockout mice
because we isolated cDNA encoded QPRT". QPRT is
the key enzyme in the Trp-niacin metabolism and is
catalyzed quinolinic acid (QA) to nicotinic acid

mononucleotide in the presence of S5-phosphoribosyl
1-pyrophosphate®. If this enzyme is defected, niacin
cannot be synthesized from Trp and, so, an ideal
niacin-deficient mice would be made. However, when
the deficient mice are fed with niacin, the animals
grow normally because animals contain nicotinic acid
and nicotinamide phosphoribosyltransferases®.
Nevertheless, the knockout-mouse might manifest
abnormal behaviors due to accumulate QA, which is a
toxin of neuron®. Thus, the establishment of niacin-

deficient mice is needed to compare to the features
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Table1  Composition of the Diets

0% Trp diet 0.03% Trp diet 0.07% Trp diet
0% NiA | 0.006% NiA | 0% NiA [0.006% NiA | 0% NiA | 0.006%NIiA

Zein 15 15 15 15 15 15
Glycine 2 2 2 2 2 2
L-Histidine 03 03 0.3 03 03 03

. L-Lysine ) 1 1 1 1 1 1
L-Methionine 0.3 0.3 0.3 0.3 0.3 0.3
Sucrose 704 70.4 70.4 704 70.4 70.4
Com oil 5 5 5 5 5 5
Mineral mixture*! 5 5 5 5 5 5
Vitamin mixture*!
(NiA-free) 1 1 1 1 1 1
Tryptophan 0 0 0.03 0.03 0.07 0.07
Nicotinic acid 0 0.006 0 0.006 0 0.006

*IAIN 93 is used (Reeves, P. G., Components of the AIN-93 diets as improvements in
the AIN-76A diet. J. Nutr., 127, 838S-841S, 1997.)

between the QPRT-knockout and the niacin-deficient
mice.

Making of a niacin-deficient animal by the feeding
of a specific diet is difficult because niacin is biosyn-
thesized from Trp even in mammals. In order to make
a niacin-deficient animal, the intake of Trp must be
limited. Furthermore, just a limitation of Trp causes a
Trp deficiency. The point of making the diet caused to
niacin deficient animals is to make a diet, which Trp is
the first-limiting amino acid for mice.

2. Materials and Methods

Chemicals

Body weight gain (2)

Fig. 1

Food intake (g/day)

NAD" and NADP" were purchased from Sigma
Chemical Company (St. Louis, MO, USA). N'-methyl-
2-pyridone-5-carboxamide (2-Py) and N'-methyl-4-
pyridone-3-carboxamide.(4-Py) were synthesized by
the methods of Pullman and Colowick® and of Shibata
et al.”, respectively. Nicotinamide (Nam) N-oxide
was purchased from Aldrich chemical (Milwaukee,
WI, USA). N'-methylnicotinamide (MINA) chloride
was purchased from Tokyo Kasei Kogyo (Tokyo,
Japan). Nicotinic acid (NiA), Nam, QA, zein, sucrose,
L-methionine, glycine, L-histidine, and L—lysine were
purchased from Wako Pure Chemical Industries
(Osaka, Japan). Corn oil was purchased from
Ajinomoto (Tokyo, Japan), respectively. The mineral

O, 0% Trp and 0% NiA; @, 0% Trp and 6 mg% NiA; [, 30 mg% Trp and 0% NiA; B, 30 mg% Tip and 6 mg%
NiA; A, 70 mg% Trp and 0 mg% NiA; £, 70 mg% Trp and 6 mg% NiA.
Values are expressed as means &= SEM for five mice and a different superscript letter in the last day means signi-

ficant difference at p<0.05, calculated by Student-Neuman-Keuels multiple comparison test.
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and vitamin mixtures were obtained from Oriental
Yeast Kogyo (Tokyo, Japan), all the other chemicals
used being of the highest purity available from
commercial sources.

Animals

The care and treatment of the experimental
animals conformed with The University of Shiga
Prefecture guidelines for the ethical treatment of
laboratory animals. Male mice of the ICR strain (4
weeks old) were obtained from Clea Japan (Tokyo,
Japan) and immediately placed in individual metabolic
cages (CL-0355; Clea Japan). They were then divided
into six groups and fed ad libitum for 28 days with an
NiA-free and Trp-limited diet adding 0, 0.03, and
0.07% Trp with or without 0.006% NiA. The compo-
sition of the diets is shown in Table 1."

The room temperature was maintained at around
200C and about 60% humidity, and a 12-hr light/12-
hr dark cycle was maintained. Body weight and food
intake were measured daily at around 10:00 a.m..
Urine samples (24-hr; 10:00 a.m.- 10:00 a.m.) at the
last day were collected in amber bottles containing 1
ml of 1 M HCI, and were stored at -25°C until needed.
The mice were killed by decapitation at around 10:00
a.m. on the last day of the experiment. To measure
NAD and NADP, the liver and kidneys of each animal
were removed, and a portion (approximately 0.2 g)
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Trp content in a &et(%)

Fig. 2

was immediately treated as described in the litera-
ture®.

Analyses

The contents of NAD (NAD" + NADH) and
NADP (“°* + NADPH) were measured by the calori-
metric method of Shibata and Murata® and Shibata and
Tanaka?, respectively. The contents of Nam, 2-Py,
and 4-Py in the urine were simultaneously measured
by the HPLC method of Shibata et al.”, while the
content of MNA in the urine was measured by the
HPLC method of Shibata®, The content of Nam N-
oxide was measured by the method of Shibata”.

3. Resulis

Creation of niacin deficient mice

In mammals including humans, niacin is biosyn-
thesized from Trp. The efficiency of conversion from
Trp to niacin is different from mammals. Shibata™® has
been reported the establishment of niacin-deficient
rats, However, we failed to make the establishment of
niacin-deficient mice by feeding the niacin-deficient
diet for rats. We had been developed a diet for creating
niacin deficient mice. Zein was selected for major
source of protein because which little contain Trp'”
and sucrose was selected as carbohydrate. Sources

for lipids, minerals, and vitamins were selected

0.5

8.6

8.2

Kidney weight (g)

0.0

o 085 087
- Trp content in g diet(%) -

Effect of Dietary 'Trp Content in the Presence or Absence of NiA on the Liver and Kidney Weights of Young Mice.

Open column is the groups fed on the diets without NiA, on the contrary, closed columnn is with NiA.
A, Liver weight; B, kidney weight. Values are expressed as means = SEM for five mice and a different superscript
letter in the last day means significant difference at p<0.05, calculated by Student-Neuman-Keuels multiple

comparison test.
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Table 2 Effects of Dietary Trp Content in the Presence or Absence of NiA on the Urinary
Excretion of Nam and Its Metabolites in Mice
0% Trp diet 0.03% Trp diet 0.07% Trp diet

0% NiA. 0.006% NiA 0% NiA 0.006% NiA 0% NiA | 0.006%NiA

Nam ND. 63.0+18.0 N.D. 111.8+13.1 N.D. 142.1+14.0
MNA N.D. 144+12 0.24£0.09 215426 1.59+0.34 | 267+26
2-Py N.D. 9.0£2.0 N.D. 329430 8.75%2.63 | 50.1%54
apy N.D. 52£3.4 N.D. 17.2+2.1 489%1.11 | 253%29
Nam N-oxide| N.D. 40.2+2.4 N.D. 59.8:3.1 N.D. 102.9+3.8

suM ND. ‘131.8:+15.5 0.24::0.09 2432186 1524472 | 34714212

Values are expressed as nmol/g of diet and means + SEM for five mice.

conventional ones, but NiA was removed from the
vitamin mixtures. The fundamental composition of the
diet was consist of 15% zein, 2% glycine, 1% lysine,
0.3% histidine, 0.3% methionine, 70.4% sucrose, 5%
corn oil, 5% mineral mixture, 1% vitamin mixture
without NiA. This basal diet did not have Trp and
NiA. The supplement of suitable amount of NiA to

2080

&=
2 A
S

H

2%

SE

. % =
Z
L 0.03 0.67
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Fig. 3
of Young Mice.

this diet did not contribute the growth of mice as -
shown in Fig. 1-A. A similar pattern was observed in

the food intake as shown in Fig. 1-B. The addition of
0.03% Trp to the fundamental diet also gave no weight
gain, but another supplement of suitable amount of
NiA significantly gave the weight gain (Fig. 1-A).
In the food intake, another addition of NiA gave an

MNADP content im liver
{(ningl/liver)

0.87
Trp content in a diet (%)

8 2.03

(nmol/kidney)
&
|

NADP content in kidney

a a
TRl
[ 0.03 0.867
Trp content in a diet (%)

Effect of Dietary Trp Content in the Presence or Absence of NiA on the Liver and Kidney NAD and NADP Contents

A, liver NAD content; B, liver NADP content; C, kidney NAD content; D, kidney NADP content. Open column is
the groups fed on the diets containing without NiA, on the contrary, closed column is with NiA.

Values are expressed as means = SEM for five mice and a different superscript letter means significant difference
at p<0.05, calculated by Student-Neuman-Keuels multiple comparison test.
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increase in food intake in the 0.03% Trp diet. Namely,
the fundamental diet supplemented 0.03% Trp was a
niacin deficient diet for mice. The addition of 0.07%
Trp to the fundamental diet gave significant growth
gain, while another addition of NiA did not give
further gain of body weight (Fig. 1-A). In the food
intake, another addition of NiA had no increase in food
intake (Fig. 1-B). This result means that the addition of
0.07% Trp to the fundamental diet gave a sufficient
supply of NiA from the Trp, therefore, another
addition of NiA gave no additional body weight gain.

Liver and kidney weight

In the 0.03% Trp diet with or without NiA, liver
and kidney weights were significantly higher in the
NiA-containing group than in the non-NiA diet as
shown in Fig. 2. In the 0% Trp diet, the addition of
NiA gave no increase in liver and kidneys weight. The
addition of 0.07% Trp to the fundamental diet gave a
significant increase in liver and kidneys weight as
shown in Fig. 2, but another addition of NiA gave no

gain.

NAD and NADP contents in liver and kidney

In the 0.03% Trp diets, NAD and NADP contents
in liver and kidney were significantly higher in the
NiA-containing diet. In the 0% Trp diet, the addition
of NiA gave no increase in NAD and NADP contents
in liver and kidney. The addition of 0.07% Trp to
the fundamental diet, a significant increase in NAD
and NADP contents, but another NiA addition gave no
further increase. Therefore, the 0.03% Trp diet was
found to be a true niacin-deficiéht diet.

Urinary excretion of Nam and its catafnolic
metabolites

The urinary values of the metabolites of niacin are
used as indices of the vitamin nutrition. In mice, the
catabolic metabolites are MNA, 2-Py, 4-Py, and Nam
N-oxide. In the 0% Trp and 0% NiA diet, these urinary
excretion were all under detections, while the addition
of NiA significantly increased these metabolites as
shown in Table 2. In the 0.03% Trp and 0% NiA
diet, trace amount of MNA excretion was observed,
but the other metabolites were under the detection. The

addition of NiA significantly increased these metabo-
lites. In the 0.07% Trp and 0% NiA diet, urinary
excretion of MNA, 2-Py, and 4-Py were observed, but
Nam N-oxide and Nam were still under the detection.
The addition of NiA also significantly increased these
metabolites.

4. Discussion

We succeeded a niacin deficient diet for mice.
The composition of the diet is shown in Table 1. The
point of this diet is to make the diet that the first
limiting amino acid is Trp and the amount should be
the minimum requirement for the growth of mice.
For protein sources, casein is used in the niacin-
deficient diet for rats'®, but, we failed to make a
niacin-deficient diet for mice. Then, we selected zein
as a protein source because the Trp content of zein is
almost zero'". Zein has numbers of limiting amino
acids and so, suitable amounts of histidine, lysine,
and methionine were supplemented to zein for making
the diet that Trp is the first limiting amino acid.
Glycine was further added to the protein source
because Henderson et al.,” clarified the essentiality of
glycine to produce a niacin-deficiency, but the
mechanism is still unknown.

For the dietary carbohydrate sources, when rats
were fed with a diet low in protein and Trp, the
growth of the rats was different among kinds of carbo-
hydrates'. Henderson et al.” reported that the superi-
ority of polysaccharides to sucrose was attributed to
activation of some microorganisms in small intestine.
However, Harper and Katayama'® reported that the
administration of succinylsulfathiazole did not affect
the growth of the rats fed on a diet low in protein and
Trp containing polysaccharide. Shibata et al.'?
confirmed the effect of kind of dietary carbohydrate on
the growth of weaning rats fed with a niacin-free and
low-protein diet; when rats were fed with the sucrose
diet, the conversion ratio of Trp to niacin was lower
than when rats were fed with the cornstarch diet.
Although, the mechanism why the intake of sucrose
gives lower conversion ratio of Trp to niacin has not
been elucidated, we selected sucrose for dietary carbo-
hydrate in the present experiment. The other sources of
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the diet were not special. In the present experiment, the

minimum requirement of Trp in the growing mice

was found around 0.03g/100 g of diet in the presence -

of a suitable amount of NiA.

From the comparison of the body weight gain,
food intake, liver and kidney weights, NAD and
NADP contents in live and kidney, and the urinary
excretion of Nam and its metabolites between the
groups fed with the diets of 0.03% Trp-0% NiA and
0.03% Trp-0.006% NiA, the diet containing 0.03%
Trp-0% NiA diet (the composition is shown in Table
1) was an excellent diet for producing a niacin-
deficiency for mice. Therefore, we get a useful item
for comparisons of behaviors and metabolic distur-
bances between the QPRT-knockout mice and niacin-

deficient mice.
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