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Fig, 1.

Effect of Adding Free Trp to a 0.1% DEHP Diet on Body Weight and Food Intake.

Male rats of the Wistar strain (6 weeks old) were placed in individual metabolic cages, They were divided into six groups and then fed freely a
20% casein diet supplemented with 0% Trp (A and D), 0.1% Trp (B and E), or 0.5% Trp (C and F) with or withoat 0.1% DEHP for 214d. O, 0%
DEHP diet: @, 0.1% DEHP diet. Each point is the mean £ SEM (n = 5).

liver of each animal was removed, and a portion (ap-
proximately 0.2 g) was immediately treated as described
in the literature,'®!%

The contents of NAD (NAD" + NADH) and NADP
(NADP* + NADPH) were measured by the colorimetric
methods of Shibata and Murata'® and Shibata and
Tanaka'? respectively. The urinary contents of Nam and
of the catabolic metabolites MNA, 2-Py, and 4-Py were
measured. 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 contents of KA2Y XA 3.HA®
AnA* and QA*" in the urine were measured by the
HPLC method.

We have reported that growth retardation of young
rats due to DEHP appeared at a level of 1.0% on a
20% casein diet.” Body weight gain on day 21 was
68.24+25g in the 40% casein diet group. It was
624+27g on a diet with 0.1% DEHP group, with
no growth retardation, while growth retardation was
observed at 0.5% on the 40% casein diet. Body weight
gains at day 21 were 21.2+39g, 11.8£3.5g. and
—9.4+2.1g on the diets with 0.5%, 1.0%, and 2.0%
respectively.

The addition of free Trp to the DEHP diet did not
affect body weight gain or food intake, as shown in
Fig. 1. Liver weight was higher on each DEHP diet than
on respective non-DEHP diet, as shown in Table 1.
Liver weight was not affected by adding free Trp. NAD

Table 1. Effect of Adding Free Trp to o DEHF Diet on Liver Weight

and NAD Contents in Liver

Liver weight NAD
(g/rat) (nmol/g of liver)

20% Casein 12.09 + 0.36 830 + 63’
20% Casein + 0.1% DEHP 1761+ 047 1179 + 864
20% Casein + 0.1% Trp 1231031 845+ 5112
20 Casein + 0.1% Trp + - a

0.1% DEHP 17.54 £ 0,46 134 £ 95
20% Casein + 0.5% Trp 1261+ 0.28 1066 + 43°
20% Casein + 0.5% Trp + . 1)

0.1% DEHP 1730 £ 071 1458 £ 36
2-way ANOVA p-values
DEHP <0.0001 <0.0001
Tp 09721 0.0024
DEHP x Trp 0.6560 0.5281

Esach value ix the mean & SEM (o = 5); a different superscript letter meam

significant difference ut p < 0.05, calculated by Bonfarroni post test.
*: Significant difference between groups on the same Trp diets.
Numbers; Significant difference among groups on pon-DEHP dists.
Leners; Significam difference among groups on 0.1% DEHP diets.

concentrations in the livers showed a tendency to
increase with Trp intake. DEHP administration caused
further increases in NAD concentration.

The metabolites of Trp to Nam were increased dose-
dependent manner due to the addition of free Trp, as
shown in Table 2. DEHP intake caused QA (o increase
extremely, as well as metabolites such as Nam, MNA,
2-Py, and 4-Py. Therefore, the conversion ratio of Trp to
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Table 2. Effects of Adding Trp to a DEHP Diet on the Urinary Excretion of Metabolites Involved in Trp-Nam Pathway

AnA KA XA 3-HA QA

(nmaol /d) (mal /d) (umol /d) (nmol /d) (ol /d)
20% Casein 331+£92 1.19 40,20 1.05 £ 0.16' 66.5+ 3.8 054 =011
20% Casein + 0.1% DEHP 312+£52 1.37£0.19 0.80 £ 0.04* 7RO+ 14.3° 2144019
20% Casein + 0.1% Trp 5264587 2394013 4.18 £ 030° 468+ 1.4 104 £0.11
20% Casein + 0.1% Trp + 0.1% DEHP 649+ 1.6" 2.80 + 033 210 £ 031 51949 7.90 4+ 0.82°
20% Casein + 0.5% Trp 1189 +13.8° 5.84 059 9.67 + 0.44° 110.2 £ 9.6° 274£031
20% Casein + 0.5% Trp + 0.1% DEHP  140.] £ 12.5 652017 4.19 £ 0.20% 1142000 54,66+ 8510
2-way ANOVA p-values B
DEHP 0.1022 0.1059 =0.0001 0.3237 <(.0001
Trp <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
DEHP x Trp 06440 0.7154 =0.0001 0.8895 <0.0001

Nam 2-Py 4-Py Conversion ratio of

(mol/d) (umol /d) {umol /d) {pumol /d) Trp to Nam (%)
20% Casein 0.14 £ 0.02 0.36 = 0.02 0.36 + 0.02 3.76 £ 029 2301
20% Casein + 0.1% DEHP LO8 £0.11™* 228+ 018" 235 £0.30° 1281 + 40" 11.7 £ 0.6*
20% Casein + 0.1% Trp 0,42 4 0057 145 +£0.06 0.57 £ 0,09 9.08 £ 1.45° 37+£05
20% Casein + 0.1% Trp + 0.1% DEHP 2.66 & 033" 45144318 1023 £0.75% 19.13 + 1.29** n.7+1.0%"
20% Cascin + 0.5% Trp 0.83 £ 0.06° 392+032 199019 2228 4 1.62° 4.0%£03
20% Casein + 0.5% Trp + 0.1% DEHP 6,17 £ 0,44~ 146,94 £ 5.68* 17.07 £ 1.48% 17.83 £ 1L70" 243409
2-way ANOVA p-values
DEHP <0.0001 <0.0001 <0.0001 0.0002 =0.0001
Trp «<(.000] «<0.0001 <0.0001 <0.0001 <0.0001
DEHP = Trp <0.0001 «<0,0001 <0,0001 <0.0001 <0.0001

Each value is the mean + SEM (n = 5); a different superscript letter means significant differcnce at p < 0.05, calculaed by Bonferroni post test.

. o og

- difference b the groups on the same Trp diets.
Numbers; Significant difference among the groups on non-DEHP diets.
Letiers; Significant difference among the groups on 0.1% DEHP dicts

Nam was higher in each of DEHP groups than in the
respective non-DEHP groups.

Shibata and Iwai have reported in 1980 that phthalic
acid, an analog of QA, is a strong competitive inhibitor
of quinolinate phosphoribosyltransferase (QPRT).>
Hence, we investigated to determine whether the
administration of phthalic acid esters, widely used as
plasticizers, would cause adverse effects on rats when
they were fed a niacin-deficient diet. Shibata er al. found
in 1982 that growth promoting activity due to appro-
priate phthalic acid esters occurred when rats were fed
a niacin-free, Trp-limiting diet.” We were surprised
at that phenomenon, and so we started to sort out
the contradiction. We found and have reported that
mono(ethylhexyl)phthalate (MEHP), a metabolite of
DEHP, inhibits the enzvme activity of ACMSD, and
increases the formation of QA, causing it 10 increase
further metabolites such as Nam.”~'*! Phthalic acid does
not accumulate in the liver, so the reaction of QPRT
might not be inhibited.

Phthalic acid esters are known to have adverse effects
on mammals.” We have reported that the addition of a
large amount of DEHP caused growth restriction.”
Under such conditions, the conversion ratio of Trp to
Nam increased extremely up to 30%, which mean that
Nam formation in the body was about 35mg/kg body

weight of rat.”) Nam administration of 40 mg/kg of body
weight of rat caused significant growth retardation,'?
Hence, we present the hypothesis that part of the growth
retardation induced by phthalic acid esters is due to the
production of excess Nam. In the present experiment, we
investigated whether the administration of a high-protein
diet that contained high Trp to rats could cause a
strengthening of growth retardation by DEHP. Growth
retardation was observed at a level of 0.5% DEHP in the
40% casein diets, while we have reported that in the
20% casein diets, the retardation appeared at a level of
1.0% DEHP.” We found that feeding the high protein
diet strengthened growth retardation due to DEHP. We
investigated to determine whether the strengthened
growth retardation due to feeding the high protein diet
is attributed to high Trp intake. The addition of Trp only
1o the 20% casein diet containing 0.1% DEHP did not
cause apparent growth retardation. A concentration of
0.1% DEHP was chosen because we anticipated that
growth retardation would be strengthened by the addi-
tion of Trp. but no retardation of the body weight gain
or food intake in young rats was observed (Fig. 1),
although the conversion ratio was over 20% in the group
consuming # 0.1% free Trp added diet containing 0.1%
DEHP (Table 2), which indicates 60mg of Nam
formation per kilogram of body weight. Furthermore,



2426 T. FURUWATARL and K. SHINATA

in the group consuming a 0.5% free Trp added diet
containing 0.1% DEHP, Nam formation in the body was
about 150 mg per kilogram body weight. Nevertheless,
the body weight gain and food intake were almost the
same as in the group on the 20% casein diet (control),
These results indicate that our hypothesis that part of
DEHP-growth retardation is due to an excess of Nam, is
not plausible. In addition, the present data indicate that
the growth retardation level in young rats exogenously
taken excess Nam is lower than in rats endogenously
formed excess Nam. This phenomenon implies that the
peak concentration of Nam is the most important point
in the toxicity of Nam, that is, as to whether Nam causes
growth retardation. Even if the endogenous formation of
Nam in 1d are almost the same as the administered
amount of exogenous Nam in 1d, the peak Nam
concentration in the body should not be much lower in
endogenous Nam than in exogenous Nam, because
endogenous Nam is continuously metabolized, or syn-
thesized and catabolized, while the exogenous Nam
causes an abrupt increase in the concentration of Nam
in the body.
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Summary To investigate how aging alters B-group vitamin metabolism, rats were fed
with niacin-free 20% casein diet from 3 to 80 wk old, and the urinary excretions of the B
group vitamins were periodically measured. The blood and liver B-group vitamin levels in
80-wk-old rats were also compared with those in 8-wk-old rats. The urinary excretion of
thiamin, riboflavin, vitamin Bs metabolite 4-pyridoxic acid, pantothenic acid, folic acid and
biotin were not altered during 540 d. The urinary vitamin B;; increased by 8-fold at 29 wk
old, and further increased at 80 wk old. Conversion of nicotinamide from tryptophan grad-
ually decreased to 60% from 29 to 48 wk old. Plasma PLP, vitamin B;: and folate levels in
80-wk-old rats were lower than those in 8-wk-old rats, consistent with lower liver vitamin
B, and folate levels in aged rats. Plasma and liver biotin levels in aged rats were higher than
those in young rats, Other B-group vitamins such as vitamin B;, vitamin B;, niacin and
pantothenic acid levels in blood and liver from aged rats were same as those from young
rats. Alteration of vitamin Bs metabolism in particular is similar to the observations in
eldery humans reported previously. Our findings suggest that aged rats can be useful models
to investigate aging-related B-group vitamin metabolism.

Key Words  aging, vitamin B;, vitamin By, folate, biomarker

The precise cascade of pathological age-related
events is still not clearly understood, but enhanced pro-
duction of free radicals and its deleterious effects on
macro-biomolecules such as proteins and DNA (1, 2) as
well as polyunsaturated fatty acids (3) are well known
during aging. Aging is a major risk factor for various
chronic disorders including cancer. It is well known
that taking in nutrients suitable for life stages Is impor-
tant to prevent the aging process and chronic disorders.
Food, namely nutrient intake, is a key factor affecting
aging and the incidence of many chronic disorders (4
6), Decreased food intake and a sedentary lifestyle
reduce energy expenditure and may alter their metabo-
lism in elderly adults, and alteration of metabolism may
cause alteration of nutrient requirement. However,
there is not sufficient information on how aging alters
vitamin metabolism (7, 8). To investigate age-related
alterations of B-group vitamins, rats were kept for
540 d from 3 to 80 wk old, and the urinary excretions
of the B group vitamins were periodically measured.
The blood and liver B-group vitamin levels in 80-wk-old
rats were also compared with those in 8-wk-old rats.

MATERIALS AND METHODS

Chemicals.  Vitamin-free milk casein, sucrose, and -
methionine were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). Corn oll was purchased
from Ajinomoto (Tokyo, Japan). Gelatinized cornstarch,
the mineral mixture (AIN-93M) (9), the niacin free-

E-mail: fukkie@shc.usp.ac.jp

vitamin mixture (AIN-93-VX containing 25% choline
bitartrate) (9) and nicotinamide adenine dinucleotide
(NAD) were obtained from Oriental Yeast Co., Ltd.
(Tokyo. Japan). Thiamin hydrochloride. thiamin diphos-
phate (TDP) chloride. riboflavin, pyridoxine hydrochlo-
ride. pyridoxal 5'-phospahte (PLP). nicotinamide. cal-
cium pantothenate, pteroylmonoglutamic acid (folic
acid) and p( + )-biotin were purchased from Wako Pure
Chemical Industries (Osaka. Japan). Thiamin mono-
phosphate (TMP) chloride dihydrate and lumiflavin
were purchased from Sigma-Aldrich Japan (Tokyo,
Japan). 4-Pyridoxic acid (4-PIC) was made by ICN Phar-
maceuticals (Costa Mesa, California, USA) and obtained
through Wiko Pure Chemical Industries. N'-Methylnic-
otinamide (MNA) chloride was purchased from Tokyo
Kasei Kogyo (Tokyo, Japan). N'-Methyl-2-pyridone-5-
carboxamide (2-Py) and N'-methyl-4-pyridone-3-car-
boxamide (4-Py) were synthesized (10, 11). All other
chemicals used were of the highest purity available
from commercial sources,

Animals and diets. The care and treatment of the
experimental animals conformed to the University of
Shiga Prefecture guidelines for the ethical treatment of
laboratory animals.

Male Wistar rats aged at 3 wk old were obtained from
CLEA Japan, Inc. (Tokyo, Japan) and immediately
placed in Individual wire-bottomed cages (260> 180X
380 mm, widexheightx<depth). Rats fed ad libitum a
niacin free-20% casein diet (Table 1) for 35 or 540d.

The room temperature was maintained at around
22°C and about 60% humidity, and a 12-h light
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Table 1. Composition of the diet.
%
Milk casein (vitamin-free) 20.0
L-Methionine 0.2
Gelatinized cornstarch 46.8
Sucrose 23.5
Corn oil 5.0
Mineral mixture (AIN-93) 35

Nicotinic acid free-vitamin mixture (AIN-93-VX) 1.0

(06:00-18:00)/12-h dark (18:00-06:00) cycle was
maintained. Body weight and food intake were mea-
sured every 2 or 3d at around 09:00. Urine samples
(24-h; 09:00-09:00) were collected in amber bottles
containing 1 mL of 1 mol/L. HCl at 14, 23, 32, 39, 51,
57,63, 70, and 80 wk during the experiment, and were
stored at —20°C until needed. Five rats were killed at
8 wk old, and the other was at 80 wk old by decapita-
tion at around (09:00. Blood was collected. and the liver
was dissected to measure B-group vitamin.

Determination of vitamins and their metabolites in urine.
bleod and liver For vitamin measurements, known
concentration reconstituted samples were prepared as
quality control (QC), and QC samples were analyzed for
validation in all analysis. Stability of samples was also
confirmed, and no degradation was observed for any
vitamin measurement.

Vitamin By: Vitamin By contents in blood and liver
were determined as the sum of thiamin, TMP and TDP,
Five percent trichloroacetic acid was added to whole
blood, and supernatant of the mixture was used for
measurement. Liver was homogenized in a 5% trichlo-
roacetic acid, and supernatant of the homogenate was
used for measurement. Urinary thiamin, blood vitamin
B; and liver vitamin B; were determined by the HPLC-
post labeled fluorescence method (12).

Vitamin Ba: Riboflavin, flavin mononucleotide (FMN)
and flavin adenine dinucleotide (FAD) in blood and liver
were converted to lumiflavin by photolysis, and lumfla-
vin was determined as vitamin B; by the HPLC method
(13). Urinary riboflavin was determined by the HPLC
method (13).

Vitamin Bg: Vitamin Be vitamers including phos-
phate esters in the liver were converted to free vitamin
Bg vitamers such as pyridoxal and pyridoxine by auto-
clave under acidic condition. and measured as total
vitamin Bs by the microbioassay method using Saccha-
romyces carlshergenisis strain 4228 ATCC 9080 (14).
Plasma PLP was determined by the HPLC method (15).
Urinary 4-PIC was determined by the HPLC method
(16).

Vitamin Bjz: Liver homogenate, plasma or urine were
added to 0.2 mmol/L acetate buffer (pH 4.8), and the
vitamin B2 was converted to cyanocobalamin by boll-
ing with 0.0006% potassium cyanide at acidic pH (17).
Cyanocobalamin was determined by the microbioassay
method using Lactobacillus leichmanii, ATCC 7830 (17).

Niacin: NAD and NADP in the liver homogenate were

converted to nicotinamide by autoclave. and nicotin-
amide was determined by the HPLC method (11), The
contents of NAD (NAD*+NADH) in whole blood were
measured by the colorimetric method (18). Urinary 2-
Py, 4-Py and MNA, nicotinamide metabolites, were
determined by the HPLC method (11).

Pantothenic acid: To digest bound pantothenic acid
such as CoA and pantetheine in liver and blood to free
form, liver homogenate or blood was incubated with
0.5 U alkaline phosphatase and 2% pigeon liver ami-
dase in 250 uL of 20 mmol/L phosphate buffer (pH 7.0)
at 37°C for 2 h. Pantothenic acid in urine, liver and
blood were determined by the microbioassay method
using Lactobacillus plantarum ATCC 8014 (19).

Folic acid: Folate in liver was digested to pteroyl-
monoglutamic acid by conjugase and protease (20).
Plasma and urinary folate, and pteroylmonoglutamic
acid digested from liver were determined by the micro-
bioassay method using Lactobacillus casei ATCC 2733
(200,

Biotin: Bound biotin in liver was converted to free
form by autoclave under acldic conditions, and biotin in
urine, plasma and liver were determined by the micro-
bioassay method using Lactobacillus plantarum ATCC
8014 (21).

Statistical analysis. For the statistical evaluation, the
significance of the differences in the mean values
between voung and aged rats was tested by using Stu-
dent’s, two-tailed (-test and non-parametric Mann-
Whitney U test. The differences of p<0.05 were consid-
cred to be statistically significant. Instat software (ver-
sion 2,00; obtained from GraphPad Software, Inc., San
Diego, CA. USA) was used for all analyses.

RESULTS

Body weight and food intake

The body weight increased linearly until approxi-
mately 10 wk old, and gradually increased to 80 wk old
(Fig. 1A). This growth curve was the same as the data
obtained from CLEA Japan, Inc. (22). The daily food
intake was increased until approximately 10 wk old,
and then kept constant around 20 g/d (Fig. 1B).
Comparison of blood B-group vitamin concentrations
between young and aged rats

Table 2 shows comparison of B-group vitamin con-
centrations in whole blood or plasma between 8-wk-old
young and 80-wk-old aged rats. Blood vitamin B,
blood vitamin By, blood NAD and blood pantothenic
acid concentrations in aged rats were the same as those
in young rats. Plasma PLP, plasma vitamin B;; and
plasma folate concentrations in aged rats were signifi-
cantly lower than those in young rats, while plasma
biotin in aged rats was significantly higher than that in
young animals.
Comparison of liver B-group vitamin levels between young
and aged rats

Table 3 shows comparison of liver B-group vitamin
levels between 8-wk-old young and B0-wk-old aged
rats. Vitamin By, vitamin B. nicotinamide and pan-
tothenic acid levels in aged rats were the same as those
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Fig. 1. Body weight (A) and daily food intake (B) in

male rats of the Wistar strain fed with a 20% casein
diet. Twenty male rats of the 3-wk-old Wistar strain
were fed a niacin free-20% casein diet (Table 1) for
540 d. Values are expressed as means=SE for 20 rats.

Table 2. Comparison of the blood or plasma B-group
vitamin levels between young and aged rats.

Young ruts’  Aged rats?
(8wkold) (80 wk old)
Blood vitamin By (pmol/mL) 346%19 378=13
Blood vitamin B; (pmol/mL) 169+14 15118
Plasma PLP (nmol/mL) 210+0.13 0.24+0.02*
Plasma vitamin By: (pmol/mL)  7.18x0.09 1.13x0.06*
Blood NAD (NAD* +NADH) ; "
(amol/mL) 794+1318 784+29
Blood pantothenic acld (nmol/mL) 2.96x0.27 343=0.12
Plasma folate (pmol/ml.) 277+11 524+2.9"
Plasma biotin (pmol/mL) 278+19 64.8r44*

Walues are expressed as mean=SE for 5 rats.

*Values are expressed as means: SE for 18-20 rats.
*Significant difference at p<<0.05 between young and
aged rats, as determined by non-parametric Mann-Whit-
ney U test.

in young rats. Vitamin Be and folate levels in aged rats
were significantly lower than those in young rats, while
biotin in aged rats was significantly higher than that in
young rats,
Age-associated alteration of urinary excretion of B-group
vitamins

Urinary excretion of thiamin, riboflavin, vitamin Be
metabolite 4-PIC, pantothenic acid and folic acid were
not altered from 14 to 80 wk old (Fig. 2A, B. C. E and
F). The urinary recovery rate of thiamin, riboflavin, 4-
PIC, pantothenic acid and folic acid were approximately
20, 30, 40, 60 and 10%. respectively. The urinary
excretion of cyanocobalamin increased from 23=2 to

Table 3. Comparison of the liver B-group vitamin con-
tents between young and aged rats,

Young rats’ Aged rats?

(8 wk old) (80 wk old)
Vitamin By (nmol/g) 369+23 244209
Vitamin By (nmol/g) 74.3x318 h4.8x2.2
Vitamin By (nmol/g) 489=14 19.9+1.2*
Vitamin By2 (pmol/g) 91.5%9.7  not measured
Nicotinamide (nmol/g) 932%28 1,160£70
Pantothenic acid (nmol/g) 551=37 455+13
Folate (nmol/g) 26.3*x13 13.620.6*
Biotin (nmol/g) 1.26+0.10  1.86+0.13*

'Values are expressed as mean=SE for 5 rats.

Values are expressed as means=SE for 18-20 rats.
*Significant difference at p<0.05 between young and
aged rats, as determined by non-parametric Mann-Whit-
ney U test.

178 =9 pmol/d between 23 and 32 wk old, and then
increased from 217+20 to 51840 pmol/d between
70 and 80 wk old (Fig. 2D). The urinary recovery rate
of cyanocobalamin was approximately 10% at 23 wk
old, 40% at 51 wk old and 130% at 80 wk old. The uri-
nary excretion of biotin increased from 1.9z0.1 to
4.9+0.2 nmol/d between 23 and 32 wk old, and kept
constant after 32 wk old (Fig. 2G). The urinary recov-
ery rate of biotin was approximately 10% at 23 wk old
and 30% at older than 32 wk old.
Age-associated alteration of the conversion ratio of tryp-
tophan-nicotinamide

Since nicotinamide and its coenzyme forms were suf-
ficiently supplied only from tryptophan via the tryp-
tophan-nicotinamide conversion pathway in rats fed
with a niacin-free 20% casein diet (23), and tryp-
tophan-nicotinamide metabolism can be assessed in the
rats fed with a niacin-free 20% casein diet. The urinary
excretion of nicotinamide metabolites gradually
decreased to 60% from 32 to 51 wk old (Fig. 3A). The
conversion ratio of tryptophan to nicotinamide also
gradually decreased from 1.5 to 0.8% (Fig. 3B).

DISCUSSION

To investigate the alterations of B-group vitamin
metabolism during aging. 3 wk old rats were kept for
540 d until 80 wk old. Urinary excretion of B-group
vitamins was periodically measured from 14 to 80 wk
old, and blood and liver B-group vitamin levels in aged
rats were compared with those in young rats. As for
vitamin Bg and folic acid, the blood and liver contents in
aged rats were much lower than those in young rats,
while aging did not affect their urinary excretion.
Plasma vitamin By» in aged rats was also lower than
that in young rats. Plasma and liver biotin levels in aged
rats were higher than those in young rats, and urinary
biotin also increased in aged rats. As for vitamin B,
vitamin B: and pantothenic acid, aging did not affect
their blood and liver contents or urinary excretion.
These findings show that aging affects the metabolism
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for 20 rats,

of some B-group vitamins, such as vitamin B, vitamin
B12. folic acid and biotin.

Plasma PLP concentration in elderly adults aged 65—
75 y was lower than that in young adults aged 25-35 v,
while dietary vitamin Bs intake and urinary 4-PIC were
the same among these groups (24), consistent with the
present results for age-related alteration of vitamin Bs
metabolism obtained from the animal experiment. The
vitamin Bs requirements of the elderly over 60 y were
determined as 1.9-2.0 mg/d from their plasma PLP and
urinary 4-PIC (25), and these values are higher than
those reported for younger adults (26), An oral vitamin
By loading study shows that vitamin Bs absorption and
ability to synthesize PLP are not different between el-

derly and young adult (24). Since urinary 4-PIC did not
change in elderly adults (24) or aged rats, one of the
possibilities to explain age-related PLP decrease may the
regulation of 4-PIC production in the liver. Further
study will elucidate the mechanism of age-related vita-
min By metabolism.

The framingham cohort study showed that preva-
lence of low serum cobalamin concentration in elderly
people was 2.3 times higher than that in control young
subjects (27). Vitamin By; is different from other B-
group vitamin because of its mechanism of absorption.
Free vitamin By: binds with haptocorrin and gastric
intrinsic factor (IF) in the stomach and the duodenum,
respectively, and this [F-vitamin By: complex attaches



Age-Related Alterations of B-Group Vitamins 361

to the intestinal IF-vitamin Bz receptor in the ileal
mucosa., and vitamin Bz enters the enterocyte (28).
The high prevalence of mild cobalamin deficiency in
healthy older subjects can be partly explained by inade-
quate vitamin By: intake or severe atrophic gastritis
(29). Since we did not measure indices for atrophic gas-
tritis or IF excretion in the present study, whether gas-
tric function in aged rats decreased vitamin By, status is
unclear. Interestingly, the urinary recovery rate of vita-
min By; dramatically increased to 130% at 80 wk old.
Vitamin Bj; binds to carrier protein transcobalamin
(TC) in serum (30), and TC-vitamin B;; complex is
reabsorbed in the proximal convoluted tubule via a
receptor-mediated system (28), Megalin is an essential
receptor for reabsorption of TC~vitamin By complex in
the proximal tubule (31). Although little is known
about how aging affects vitamin By; absorption or
megalin’s function, decreased plasma vitamin Biz level
in aged rals may be explained by enhancing urinary
loss.

In the present study, contrary to the low vitamin Bs,
vitamin B,; and [olic acid status in aged rats, plasma,
liver and urine biotin levels in aged rats were higher
than those in young rats. Consistent with our results, a
previous report showed that plasma biotin level in 24-
mo old rats was higher than those in 3- and 12 mo old
rats (32). This age-related alteration of biotin status is
due to an increase of biotin transport in the intestine
(32). An epidemiological study for elderly Japanese peo-
ple showed that the mean serum biotin level in elderly
people aged over 65y was same as that in reference
people, while prevalence of high serum biotin concen-
tration in elderly was higher than that in reference sub-
jects (33),

Niacin is a unique water-soluble vitamin provided
from nicotinic acid and nicotinamide, and synthesized
from amino acid tryptophan. Since the amount of de
novo synthesized nicotinamide derivatives from tryp-
tophan is almost the same as intakes of nicotinamide
and nicotinic acid In the Japanese population (34), to
determine the conversion ratio of tryptophan to nicotin-
amide is important to calculate niacin equivalent. The
rats were given a niacin-free diet in the present experi-
ment, because to assess the age-related alteration of
tryptophan-nicotinamide metabolism was difficult in
rats fed with a niacin-containing diet. Weaning rats
need 1 mg (8 pwmol) of niacin in 100 g of diet or 85 mg
(420 pmol) of tryptophan in 100 g of niacin-free diet
for maximum growth (35, 36). Since the 20% casein
diet used in the present study contains 230 mg
(1.1 mmol) of tryptophan in 100 g of diet, and young
rats convert 2% of tryptophan into nicotinamide in
molar basis (37), the 20% casein diet contains enough
tryptophan to supply nicotinamide for maximum
growth in rats. Therefore our findings in the rats fed
with the niacin-free 20% casein diet are considered to
be applied to rats fed with niacin-containing diet. In the
present study, the conversion ratio of tryptophan to nic-
otinamide was 1.6% at 14 wk old, gradually decreased
to 0.8% until 51 wk old. and then kept this level at over

51 wk old. Blood NAD and liver nicotinamide levels in
aged rats were the same as those in young rats, and
these results suggested that the low conversion ratio
was still enough to maintain niacin status for the aged
rats fed with 20% casein diets. Our reports showed that
urinary excretion of nicotinamide metabolites and
blood NAD level in elderly Japanese were not different
from those in young Japanese (38, 39). However, there
is no report to investigate the tryptophan-nicotinamide
metabolism in elderly people.

In conclusion, aging alters metabolism of vitamin By,
vitamin By, tryptophan-nicotinamide, folic acid and
biotin in rats. A strong association between homocys-
teine concentration and vitamin Bs, vitamin Byx and
folate status was found (40), and many researchers
have focused on the association of homocysteine and
several diseases such as cardiovascular disease, depres-
sion, cognitive impairment, pregnancy complications
and osteoporosis (41). Our findings suggest that aged
rats can be useful models to investigate aging-related B-
group vitamin metabolism.
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Urinary Excretion of Water-Soluble Vitamins One Week After Stopping
Administration of the Water-soluble Vitamin Mixture

Tsutomu Fukuwatari, Katsumi Shibata

Department of Food Science and Nutrition, School of Human Cultures, The University of Shiga Prefecture,
Hassakacho 2500, Hikone, Shiga 522-8533, Japan

The number of people taking large amounts of vitamin supplements is increasing in Japan. Taking large
amounts of water-soluble vitamins is not considered risky because excess water-soluble vitamins are quickly
excreted in the urine. In the present study, we investigated the clearance of water-soluble vitamins in
Japanese. In the first week, six young female subjects ate the diet. In the second week, they ate the same diet
with 6 times the recommended water-soluble vitamin dose based on the Dietary Reference Intake (DRI) for
Japanese. In the third week, they ate the same diet without the vitamin mixture. The 24-h urine samples
were collected every week. All water-soluble vitamins except vitamin By in 24-h urine samples were
measured. The urinary excretion of nicotinamide metabolites, biotin, and ascorbic acid in the third week
was same as that in the first week. Urinary thiamin in the third week was 4.4 times higher than in the first
week, riboflavin was 3.4 times, vitamin B, metabolite 4-pyridoxic acid 2.0 times, pantothenic acid 2.4 times,
and folic acid 3.1 times.

Key words: vitamin mixture, human, urine, excess, water-soluble vitamins
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Table 1. Characteristics of the Subjects

Subjects Age (Yr) Height (cm)  Body weight (kg) BMI
Female | 21 161.0 50.0 193
Female 2 21 161.0 525 203
Female 3 21 162.0 46.0 175
Female 4 22 154.0 48.0 202
Female § 21 160.5 530 206
Female 6 21 165.0 525 193
Mean 212 160.6 50.3 19.5
SD 0.4 . 29_ N l.-l i
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Table 2. The Composition of the Diet 1

Breakfast  Lunch Dinner Total
Energy (kcal) 402 689 617 1708
Protein (g) 19.5 238 252 68.5
Fat (g) 15.7 25.5 9.6 50.8
carbohydrates (g) 46.0 85.8 104.4 236.2
Fat-soluble vitamins
Vitamin A (ug) 150 309 419 878
Vitamin D (ug) 1 0 2 3
Vitamin E (mg) 1.1 2.1 24 5.6
Vitamin K (ug) 8 204 98 310
Water-soluble vitamins'
Vitamin By (mg as thiamin) 0.35 0.17 0.07 0.59
Vitamin B; (mg as riboflavin) 0.47 0.20 0.25 0.92
Vitamin B; (mg as pyridoxine) 020 0.36 0.68 1.24
Vitamin B); (ug as cyanocobalamin) 0.7 0.5 6.2 74
Niacin equivalent’(mg) 70 84 149 303
Pantothenic acid (mg) 20 42 3l 93
Folic acid (g as pteroylmonoglutamic acid) 52 134 44 230
Biotin (ug) 21 20 26 67
Vitamin C (mg as L-ascorbic acid) 34 34 50 118
Minerals
Na (mg) 794 1175 850 2819
K (mg) 592 601 625 1818
Ca (mg) 249 142 85 476
Mg (mg) 47 7 74 192
P (mg) 380 293 317 990
Fe (mg) 0.8 34 2.6 6.8
Zn (mg) 1.8 3.7 2.5 8.0
Cu (mg) 0.15 0.44 0.43 1.02

'Water-soluble vitamins except for vitamin Bj: are measured. Other nutrients are calculated by using the Standard Tables
of Food Composition in Japan, Fifth Revised and Enlarged Edition -2005-, Report of the Subdivision on Resources, The
Council for Science and Technology, Ministry of Education, Culture, Sports, Science and Technology, Japan,

*The niacin equivalent intake was calculates as follows: The average tryptophan content in food protein is 1.1 % and the
1/60 (in weight basis) of tryptophan taken was converted into niacin in the body.
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Table 3. The Composition of the Diet 2

Breakfast  Lunch Dinner Total
Energy (kcal) 463 549 606 1618
Protein (g) 19.6 214 20.5 61.5
Fat (g) 22.3 12.8 10.0 45.1
carbohydrates (g) 46.1 85.6 105.5 2372
Fat-soluble vitamins
Vitamin A (pg) 294 144 444 882
Vitamin D (pg) 1 0 0 1
Vitamin E (mg) 2.7 0.6 29 6.2
Vitamin K (pg) 12 98 100 210
Water-soluble vitamins'
Vitamin B, (mg as thiamin) 0.35 0.09 0.02 0.46
Vitamin B; (mg as riboflavin) 0.47 0.18 0.17 0.82
Vitamin By (mg as pyridoxine) 0.20 0.35 031 0.86
Vitamin By, (ug as cyanocobalamin) 0.7 03 10.3 11.3
Niacin equivalent’(mg) 7.0 8.1 9.7 24.8
Pantothenic acid (mg) 20 3.7 3.6 9.3
Folic acid (g as pteroylmonoglutamic acid) 52 125 105 282
Biotin (ug) 21 12 20 53
Vitamin C (mg as L-ascorbic acid) 34 25 53 112
Minerals
Na (mg) 833 1237 1080 3150
K (mg) 594 851 615 2060
Ca (mg) 250 173 96 519
Mg (mg) 47 113 96 256
P (mg) 381 253 317 951
Fe (mg) 0.8 6.2 32 10.2
Zn (mg) 1.9 28 42 8.9
Cu (mg) 0.15 0.33 0.47 0.95

'Water-soluble vitamins except for vitamin B); are measured. Other nutrients are calculated by using the Standard Tables
of Food Composition in Japan, Fifth Revised and Enlarged Edition -2005-, Report of the Subdivision on Resources, The
Council for Science and Technology, Ministry of Education, Culture, Sports, Science and Technology, Japan.

*The niacin equivalent intake was calculates as follows: The average tryptophan content in food protein is 1.1 % and the
1/60 (in weight basis) of tryptophan taken was converted into niacin in the body.
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Fig. |. The Scheme of the Expcnmmta.l Design
The subjects were given the diet shown in Table 2 and 3 from day 1 to day 4 in each week. Six-fold of the water-
soluble vitamin mixture (VM) based on Dietary Reference Intakes for Japanese, 2005%, was given to the subjects from
day 5 of week 1 to day 4 of week 2. The 24-h urine samples were collected from the second urinary excretion on day 4
1o the first excretion on day 5 in each week. Composition of vitamm mixtures is shown in Table 4.
Table 4. The Composition of the Water-soluble Vitamin Mixture
Vitamins Content in the mixture Intake per day”
Thiamin 1.30 mg 3.9mg
Riboflavin 1.91 mg 573 mg
Pyridoxine 220 mg 6.60 mg
Nicotinamide 22.5mg 67.5 mg
Pantothenic acid 10.5 mg 31.5mg
Pteroylmonoglutamic acid (.45 mg 1.35 mg
D-Biotin 0.061 mg 0.183 mg
L-Ascorbic acid 200 mg 600 mg
* The subjects were taken the mixture at breakfast, lunch, and dinner, respectively.
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Table 5. Urinary Excretion of Water-soluble Vitamins Before Administration (Data 1), During Administration
(Data 2), and One Week After Stopping Administration of the Water-soluble Vitamin Mixture (Data. 3).

Vitamins Data 1 Data 2 Data 3

Thiamin (nmol/day) 288+ 74 6095 £ 1058 1259 + 403
Riboflavin (nmol/day) 283+ 73 5569 £ 1215 972+ 609
4-Pyridoxic acid (ymol/day) 3.44 4041 27.96 % 2.69 6.81 +2.60
Nicotinamide metabolites (pmol/day) 85.6 + 10.8 560.4 4783 8924227
Pantothenic acid (umol/day) 14.6+2.0 712+ 11.0 349473
Folic acid (nmol/day) 219%8.5 830.1 2358 68.6%11.6
Biotin (nmol/day) 74.5 £ 12.0 315.0 £ 30.0 5164150
Ascorbic acid (umol/day) 294 £ 82 4514 £ 954 459 + 408

Values are means = SD for 6 subjects.
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Relative Availability of Water-Soluble Vitamins in a White Bread Diet to
Free Vitamins

Tsutomu Fukuwatarl and Katsumi SHIBATA

School of Human Cultures, The University of Shiga Prefecture, Hikone, Shiga 522-8533

The relative availability of water-soluble vitamins to free vitamins in a white bread diet consumed
by Japanese male and female subjects was determined. The subjects, 9 female Japanese college stu-
dents in experiment 1, and 7 male Japanese and 5 female Japanese college students in experiment 2,
consumed the test diet with or without a water-soluble vitamin mixture for five consecutive days, and
the water-soluble vitamin levels in a 24-h urine sample were measured. The ratio of the urinary excre-
tion rate for each water-soluble vitamin in the test diet to that in the water-soluble vitamin mixture was
determined as the relative availability. The relative availability of each vitamin was as follows: By, 55%;
B2, 50%; vitamin Bs, 85%:; niacin, 60%; pantothenic acid, 70%; folate, 50%; biotin, 85%: and C, 95%.
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Table 1. The composition of test diets for female subjects in Experiment 1
Breakfast Lunch Dinner Snack Total
Energy (kcal) 388 527 545 325 1,785
Protein (g) 9.7 19.5 27.0 B.6 64.8
Fat (g) 19.2 16.3 13.5 3.6 52.6
Carbohydrate (g) 4.9 74.3 83.3 67.3 269.8
Water-soluble vitamins*'

111
itamin B | (mg as thiamin chloride) 0.28 0.19 0.47 0.17 (3.30 pumol)
gt z . 0.60

Vitamin Bz(mg as riboflavin) 0.09 0.14 0.33 0.04 (1.60 pmol)
Lo, oy 1.00
Vitamin B (mg as pyridoxine) 0.12 0.20 0.58 0.10 (5.92 gumol)
o & ! 6.9
Vitamin Bz (g as cyanocobalamin) 0.1 0.2 6.6 0 (5.09 nmol
2l s 25.8
Niacin equivalent*’ {mg) 5.2 6.8 11.0 28 210 pmol)
X 9.6
Pantothenic acid (mg) 0.9 2.1 48 18 W38 o)
4 oy 161
Folic acid (g as pteroylmonoglutamic acid) 11 35 a9 16 (365 nmol)
Biotin 11.1 9.9 15.8 4.2 439
(e8) ' * s : (168 nmol)
Vitamin C bic aci 16 i 45 36 Ly
itamin C (mg as L-ascorbic acid) (591 umol)

*! Water-soluble vitamins except for vitamin Biz were measured. Other nutrients were calculated by using the Standard
Tables of Food Compasition in Japan. ** The niacin equivalent intake was calculated as follows: the average tryptophan
content in food protein is 1,1% and the 1/60 (in weight basis) of tryptophan taken was converted into niacin in the body,
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Table 2. The composition of test diets for male subjects in Experiment 2

Breakfast Lunch Dinner Snack Total
Energy (kcal) 604 625 736 431 2,39%
Protein (g) 25.2 28.3 35.8 13.0 102.2
Fat (g) 22.2 22.8 26.6 5.6 T7.2
Carbohydrate (g) 74.9 74.1 91.8 84.6 325.5
Water-soluble vitamins® '
bk . " 1.35
Vitamin B1(mg as thiamin chloride) 0.32 0.17 0.40 0.17 @.01 smol)
1.17
Vitamin i i X k )
i Bz(mg as riboflavin) 0.28 0.32 0.52 0.06 @.11 mol)
1.01
Vitamin idoxi 5 I i 81
i Be(mg as pyridoxine) 0.16 0.21 0.53 0.10 (5.98 umol)
9.0
Vitami .
itamin Bjz (ug as cyanocobalamin) 0.7 0.8 75 0 (6.64 nmol)
Niacin equivalent*® (mg) 7.8 6.9 11.0 37 o5
(240 pmol)
L 1.7
Pantothenic acid (mg) 2.3 28 4.8 1.7 (53.3 smol)
Folic acid (g ti | glutamic acid) 36 54 139 30 0
£ as pteroylmonoglutamic aci (565 nmol)
Biotin (ug) 13.7 22.0 26.0 4.2 88
T ' : : : (270 nmol)
e : i 162
Vitamin C (mg as L-ascorbic acid) 52 23 40 46 (920 emol)

*! Water-soluble vitamins except for vitamin Biz were measured. Other nutrients were calculated by using the Standard
Tables of Food Composition in Japan. ** The niacin equivalent intake was calculated as follows: the average tryptophan
content in food protein is 1.1% and the 1/60 (in weight basis) of tryptophan taken was converted into niacin in the body.
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Table 3. The composition of test diets for female subjects in Experiment 2

Breakfast Lunch Dinner Snack Total
Energy (kcal) 409 427 644 326 1,896
Protein (g) 21.5 16.8 28.0 9.3 75.6
Fat (g) 20.4 14.9 20.4 3.8 59.6
Carbohydrate (g) 56.3 55.2 91.7 65.9 269.1
Water-soluble vitamins**
Vitamin B1(mg as thiamin chloride) 0.38 0.14 0.48 0.18 i
{3.50 yimol)
Vitamin Bz(mg as riboflavin) 0.26 0.13 0.36 0.05 05
% : ‘ ' : {2.13 ymol)
0.89
Vitamin B idoxi 0.14 0.16 0.50 0.09
itamin Bg(mg as pyridoxine) (5.27 pmol)
aisr e 7.8
Vitamin Biz ( «g as cyanocobalamin) 0.7 0.2 6.9 0 (5.76 I
Niacin equivalent*” (mg) 6.9 4.9 9.8 2.8 S
- . ; ; y ' (198 zmol)
o 8.5
Pantothenic acid (mg) 2.1 1.4 3.6 1.4 (38.8 umol)
17
Folic acid (ug as pteroylmonoglutamic acid) 25 40 131 21 :
{492 nmol)
e 38.7
Biotin ( ug) 12.8 7.9 15.1 2.9 (159 nmol)
Vitamin C (mg as L-ascorbic acid) 52 23 40 46 158
% (920 pimol)

* ' Water-soluble vitamins except for vitamin Biz were measured. Other nutrients were calculated by using the Standard
Tables of Food Composition in Japan. ** The niacin equivalent intake was calculated as follows: the average tryptophan
content in food protein is 1.1% and the 1/60 (in weight basis) of tryptophan taken was converted into niacin in the body.

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
1st week | Die | Diee | Dt | it |  Diet | Freediot+ VM| Free diet+ VM|
| | | | [B |
Ind Urine 1st Urine
Day 8 Day 9 Day 10 Day 11 Day 12 Day 13

anweek' Diet+VM | Diet+VM | Diet+vM | Diet+vM | Diet+vm

l I | I IL@MLT i

2nd 1st Urine

Fig. 1. Experimental design
The subjects were given the diet shown in Tables 1. 2 and 3 from Day 1 to Day 5 and from Day 8 to Day 12 The subjects
freely took self-selected diet at Day 6 and Day 7. Water-soluble vitamin mixture (VM) containing 1.98 mg/d (7.12 umol/d)
of thiamin chloride. 3.45 mg/d (9.18 umol/d) of riboflavin, 2.94 mg/d (17.4 gmol/d) of pyridoine, 56.4 mg/d (459 zmol/d) of
nicotinamide. 19.0 mg/d (86.8 zmol/d) of pantothenic acid, 570 ug/d (1.29 umol/d) of pteroylmonoglutamate, 69 ug/d (283
nmol/d) of biotin and 90 mg/d (511 umol/d) of ascorbic acid was given to the subjects from Day 6 to Day 12 The 24-h urine
samples were collected from the second urinary excretion on Day 5 and Day 12 to the first excretion on Day 6 and Day
13, respectively.
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