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The protocols employed for each IAAO study day. ®The experimental diet was either a 4.3% or 17.2% casein

diet. The diet was provided every 3 h (9:00-18:00). Each meal represented one-eighth of each rat’s daily intake. " Isotope:
Priming doses of 1-[1-'3C]phenylalanine and NaH!3CQ3; were started with the third meal at 15:00, and the infusion of
L-[1-13C]phenylalanine was continued hourly until the end of the study. ¢ Sample collection: Baseline breath sample was
collected before the isotope protocol began. Nine breath samples were collected every 30 min after the initiation of the iso-
tope protocol. Samples of blood, liver, and gastrocnemius muscle were collected at 18:30.

tures will be absorbed very rapidly, and protein utiliza-
tion will show a higher efficiency, compared with slow
proteins such as casein (20). Incidentally, a previous
study by Moehn et al. (21) evaluated the metabolic
availability of amino acids in peas, and they indicated
the applicability of using TAAO for intact protein
sources.

Measurements of the quality and quantity of the
dietary protein employed can be used to facilitate
adjustments to the diet to ensure that the metabolic
demands for protein can be met sufficiently. Poor pro-
tein quality compromises the nutritional status and
increases the protein requirement. In the 1991 FAO/
WHO/UNU report (22), the protein digestibility cor-
rected amino acid score (PDCAAS) value for casein is
1.00, compared with 0.25 for wheat gluten. Therefore,
the protein requirement calculated for rats fed a wheat
gluten diet is higher than that for rats fed a casein diet.
In a clinical setting, the adequate quality and quantity
of protein or amino acid for each disease might be esti-
mated using the TAAO method.

The objective of the present study was to establish
whether or not the IAAO method is viable for determin-
ing the metabolic demand for protein and to evaluate
protein quality using protein itself, employing casein
and wheat gluten as protein sources in experimental
diets and using the JAAO method with 1-[1-*3C]phenyl-
alanine.

MATERIALS AND METHODS

Animals. This study was performed in accordance
with the guidelines for animal experimentation at Kyoto
Prefectural University, Japan. Male Wistar/ST rats
(4 wk old) were purchased from Japan SLC, Inc. (Hama-
matsu, Japan). The rats were housed in individual mesh
cages under controlled temperature (22+2°C) and
lighting (lights on from 08:00 to 20:00) conditions.
The rats were given free access to water and a 17.2%
casein maintenance diet, and they were allowed to
adapt to the laboratory environment for at least 1 wk
before starting the experiment. After adaptation, 5- to
6-wk-old rats (initial BW=130.1%2.3 g) were used for
the experiment. The amount of feed available and any
feed not eaten were recorded for each rat for 3 d before

the first study day, and the total daily intake for each
rat, equivalent to the 24-h dietary intake, was calcu-
lated on the basis of the average intake during the pre-
vious 3 d.

Experiment 1. The objective of Experiment 1 was to
examine the effect of 1-[1-3*C]phenylalanine adminis-
tration on breath 13CO, enrichment, and to evaluate
whether the protein metabolism could be measured by
the JAAO method in rats consuming different protein
level diets. All of the eight rats were included in two
TAAO studies, consuming both 4.3% and 17.2% casein
diets (NX6.38) (23) with a time period of more than 2 d
between the studies. The 17.2% casein maintenance
diet employed for all of the studies was provided for at
least 24 h. Then, the rats fasted overnight for 13 h from
20:00 on the day before the study day, but had free
access to drinking water. The study protocol for all of
the TAAO studies is depicted in Fig. 1. On the study day,
the rats were weighed in the morning before feeding.
Then, they received either 4.3% or 17.2% casein diets
(Table 1). The study-day diet was provided in 4 isoener-
getic, isonitrogenous diets, and each meal accounted for
one-eighth of the rat’s total daily intake. Specifically, the
casein diet was consumed beginning at 09:00 and con-
tinued at each 3-h interval until 18:00 for a total of 4
meals. The rats were allowed free access to drinking
water during the experiment period. The rats were fed
the remaining half of the daily ration in the evening.
The tracer protocol was started with the third meal at
15:00 to measure the phenylalanine kinetics with the
use of L-[1-'3C]phenylalanine, and continued hourly
until 18:00. The rats were placed in the chamber imme-
diately after the oral administration of the '3C sub-
stance. Breath samples were collected, and the 13CO,
level in breath CO, was measured at 30-min intervals
from 15:00 to 19:00. Baseline breath samples were col-
lected before the isotope protocol began at 15:00. On a
later day, the rats were dissected at 18:30; blood, liver
and gastrocnemius muscle samples were collected for
subsequent analysis of amino acid concentration in
plasma and tissues.

Experiment 2. The protein intake for metabolic
demands was measured using the IAAO method for rats
fed the casein diets, and also for rats fed diets based on
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Table 1. Composition of experimental diets.
Casein diet Wheat gluten diet
Protein
43% 8.6% 12.9% 17.2% 21.5% 25.8% 7.2% 10.8% 14.4% 18.0% 21.6% 252%
g/kg diet g/kg diet
Casein'? 50 100 150 200 250 300 e — e — — —
Wheat gluten* —_ — — — — — 100 150 200 250 300 350
Cornstarch’ 557 523 490 457 423 390 527 498 470 440 411 383
Sucrose! 278 262 245 228 212 195 265 250 235 221 206 190
Rapeseed oil® 35 35 35 35 35 35 31 27 22 18 14 9
Soy bean oil® 15 15 15 15 15 15 12 10 8 6 4 3
Vitamins!’ 10 10 10 10 10 10 10 10 10 10 10 10
Minerals!® 35 35 35 35 35 35 35 35 35 35 35 35
Cellulose! 20 20 20 20 20 20 20 20 20 20 20 20
L-Phenylalanine® 11 9 7 5 2 — 9 7 5 3 1 —
L-Tyrosine!® 13 10 8 5 3 - 13 11 10 9 8 6
Energy (kJ/g) 154 15.4 15.5 15.5 15.5 15.6 15.5 15.5 15.5 15.5 15.6 15.6

! Oriental Yeast Co., Ltd., Japan.

2 Protein, 86.2% (Nx6.38). Amino acid (mg/100 g Casein): L-alanine, 2,700; L-arginine, 3,300; L-aspartic acid, 6,300; L-
cysteine, 430; L-glutamic acid, 19,000; L-glycine, 1,600; L-histidine, 2,700; L-isoleucine, 4,900; L-leucine, 8,400; L-lysine,
7.100; L-methionine, 2,600; L-phenylalanine, 4,500; L-proline, 10,000; L-serine, 4,600; L-threonine, 3,700; L-tryptophan,
1,100; 1-tyrosine, 5,000; L-valine, 6,000; total, 93,930.

3 Weston Bioproducts Ltd., Queens land, Australia.

4Protein, 72.0% (NX5.70). Amino acid (mg/100 g wheat gluten): L-alanine, 2,100; L-arginine, 2,700; L-aspartic acid,
2,700; L-cysteine, 1,600; L-glutamic acid, 29,000; L-glycine, 2,700; L-histidine, 1,800; L-isoleucine, 3,000; L-leucine,
5,400; r-lysine, 1,400; L-methionine, 1,300; L-phenylalanine, 4,100; L-proline, 11,000; L-serine, 3,600; L-threonine,
2,000; L-tryptophan, 780; L-tyrosine, 2,500; L-valine, 3,300; total, 80,980.

5 Nisshin Oillio Ltd., Japan.

6 Wako Pure Chemical Industries, Ltd., Japan.

7AIN-76™ vitamin mixture (per g mixture): vitamin A, 4001IU; vitamin D;, 1001U; vitamin E, 5mg; vitamin K,
0.005 mg; vitamin Bi, 0.6 mg; vitamin Bz, 0.6 mg; vitamin B, 0.7 mg; vitamin B, 0.001 mg; D-biotin, 0.02 mg; folic
acid, 0.2 mg; calcium pantothenate, 1.6 mg; nicotinic acid, 3 mg; choline chloride, 200 mg; sucrose, 0.968 g.

8 AIN-76™ mineral mixture (g/kg mixture): calcium phosphate dibasic, 500.0; sodium chloride, 74.0; potassium citrate,
220.0; potassium sulfate, 52.0; magnesium oxide, 24.0; manganese carbonate, 3.5; ferric citrate, 6.0; zinc carbonate, 1.6;
cupric carbonate, 0.3; potassium iodate, 0.01; sodium selenite, 0.0066; chromium potassium sulfate, 0.55; sucrose,
118.03.

91-Phenylalanine content was kept constant at 13,500 mg/kg diet in all diets, except the 25.2% wheat gluten diet

(14,350 mg/kg diet).

101 Tyrosine content was kept constant at 15,000 mg/kg diet in all diets.

wheat gluten instead of casein to determine whether it
was important to consider the effects of the source of
the protein in the diet. Sixteen rats were used, and even
when they were measured for the wheat gluten diets,
the 17.2% casein diet was provided as a maintenance
diet for the 2 d before the study day for all of the IAAO
studies. On the study day, eight rats received, in random
order without repeats, one of six levels of the casein
(4.3,8.6,12.9,17.2, 21.5, 25.8%) diet (NX6.38) (23),
and the other eight rats received one of six levels of the
wheat gluten (7.2, 10.8, 14.4, 18.0, 21.6, 25.2%) diet
(NX5.70) (23). The tracer protocol employed was the
same as that employed in Experiment 1, and 3C sub-
stance administration was performed for a total of four
times at 15:00, 16:00, 17:00, and 18:00. However,
breath samples were collected and the 13CO> level in the
breath was measured only twice at 15:00 and 18:30.
The experimental design was a completely randomized
crossover design. Eight rats consumed the casein diet at

all six levels, and the other eight rats consumed the
wheat gluten diet at all six levels. Each IAAO study day
was separated by 2 d, and the six IAAO studies were
completed within 2 wk. Except for these points, all of
the protocols were the same as those employed in
Experiment 1.

Tracer administration protocol. L-[1-!3C]Phenylala-
nine (Cambridge Isotope Laboratories, Andover, MA)
and NaH!3CO; (Cambridge Isotope Laboratories) were
used as tracers. Labeled compounds were dissolved in
saline and stored at 4°C. Isotopic solutions were pre-
pared and administered in a volume of 2.5 mL/kg BW.
Oral priming doses of 0.88 mg/kg BW NaH'*CO; and
7.92 mg/kg BW NaHCOs; were given with the third
meal at 15:00. An oral dosing protocol of 3.3 mg/kg
BW L-[1-}3C]phenylalanine and 29.7 mg/kg BW phen-
ylalanine was commenced simultaneously with the
third meal, and administration of 6.0 mg/kg BW 1-[1-
13Clphenylalanine and 54.0 mg/kg BW phenylalanine
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was performed hourly until the end of the study.

Experimental diets. The composition and source of
the powdery experimental casein and wheat gluten
diets are shown in Table 1. Casein and wheat gluten
provided the sole source of protein in the casein and
wheat gluten diets, respectively. The compositions of the
amino acids in the casein and wheat gluten are shown
in the footnote to Table 1 (23). i-Phenylalanine and 1-
tyrosine were added to the diets to achieve an equal
content of these amino acids in all diets. In the present
study, L-phenylalanine (13.5 g/kg diet) and L-tyrosine
(15.0 g/kg diet) were consumed in excess of these
amino acid requirements for rodents (L-phenylalanine,
8.8 g/kg diet; L-tyrosine, 9.3 g/kg diet) (24), in order to
minimize the net hydroxylation of phenylalanine to
tyrosine. Each casein diet with varying protein content
was kept at an identical energy level by varying the lev-
els of sugar and starch. The oil levels in the wheat glu-
ten diet were decreased because the energy level of
wheat gluten is higher than those of casein. Thus, all of
the diets had a similar energy level (15.4-15.6 kJ/g).

Breath sample collection and analysis. The instru-
ments used for the collection of breath samples in the
rats consisted of an acrylic chamber (10.6 L) fitted with
a drinker, an aspiration pump (Columbus Instruments,
Columbus, OH) and an air flow meter (Columbus
Instruments). The chambers were continuously
charged with fresh room air through the aspiration
tube by a pump. The rats were moved outside the cham-
ber for the administration of the 13C substance, and
thereafter moved back into the same chamber. Because
the chambers filled with expired air were necessary in
order to collect the breath samples, rats were placed in
separate compartments for 30 min before the collection
of the breath samples.

Breath samples of 200 ml. volume drawn into a
200 mL syringe were injected into breath-sampling
bags (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan).
The 13CO; concentration in the expired air was mea-
sured by attaching the breath-sampling bags to the
sampling joint of an infrared spectrometer (POCone;
Otsuka Electronics Co., Ltd., Tokyo, Japan). Using the
measurement system provided by POCone, the concen-
tration of CO; in the aspirated air in the breath sam-
pling bags was at least more than 0.5%. Therefore fresh
room air was drawn through the system at compara-
tively low rates of approximately 0.4 L/min, and the
CO> concentration within the chamber was stabilized at
0.8~1.2%. The *3CO, rate was measured as the 13CO,/
12CO, ratio, and followed by a pulse of mixed gas com-
posed of 5% COz, 12% O and the rest of the mixture
was N for the control. Isotopic abundances were
expressed relative to the international Vienna Pee Dee
Belemnite standard (%o) as over the baseline (4—A4g)
value, further normalized by each rat’s weight.

Blood and tissue samples collection and analysis. Blood
samples drawn from the inferior vena cava were col-
lected in tubes with heparin, and plasma was separated
from the blood samples by centrifugation at 1,500 Xg
for 5 min. The plasma was stored at —20°C until it was
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analyzed. The liver and gastrocnemius muscle were rap-
idly removed and snap-frozen in liquid nitrogen and
stored at —80°C for analysis. Approximately 0.5 g of
liver and muscle were homogenized in 4.5 mL of saline,
centrifuged at 1,000 Xg for 10 min.

A 100 uL plasma sample and the supernatant of liver
and muscle obtained as described above were deprotein-
ized with 300 mL ethanol and centrifuged at 1,500 Xg
for 10 min. A 200 mL sample of the supernatant fluid
was cleared of contamination by using a strong cation
exchanger (AG 50W-X8, Bio-Rad Laboratories, Her-
cules, CA), dried under a vacuum, derived to its 6-ami-
noquinolyl-N-hydroxysuccinimidyl carbamate (AQC)
derivative using the Waters AccQ, Fluor Reagent Kit
(Waters Corp., Milford, MA) and dried. Then the super-
natant fluid was reconstituted in 200 uL of 0.1% formic
acid. Phenylalanine and tyrosine concentrations were
measured by an HPLC system. The individual amino
acids were separated by an Inertsii ODS-3 column
(250X4.6 mm, GL Sciences, Tokyo, Japan) with a
binary LC gradient (0-60% aqueous acetonitrile con-
taining 0.1% formic acid). The areas under the peaks
were integrated using Peak Net 5.1c (Dionex Corp., Osa-
ka, Japan). 1-[1-*3C]Phenylanine and L-[1-*3C]tyrosine
enrichment in the plasma and tissue samples was ana-
lyzed with a MS (LCQ Fleet, Thermo Scientific, Wal-
tham, MA) coupled to the HPLC system. Selected ion
chromatograms were obtained by monitoring ions m/z
336 and 337 for L-phenylalanine and 1-[1-'3C]phenyl-
alanine, m/z 352 and 353 for I-tyrosine and L-[1-
13Cltyrosine, respectively.

Statistical analysis. Data analysis was performed
using Statcel2 software (Oms Publishing Inc., Tokyo,
Japan). All results were presented as the mean=*SE. Val-
ues of p<<0.05 were considered statistically significant.
Student’s t test was used to analyze differences between
two different groups, such as the protein intake. Statis-
tical analysis for multiple comparisons was performed
using one-way analysis of variance (ANOVA) with
repeated measures followed by a Tukey-Kramer post
hoc test.

The protein intake for metabolic demands was
derived by applying a mixed-effect change-point model
to breath 13CO; data (25), and the regression oxidation
rate of the dietary protein contents. The first regression
line showed a downward slope and the second line was
horizontal with minimal or no slope. The breakpoint,
the protein intake with a plateau in oxidation, was
regarded as the protein intake for metabolic demand.

RESULTS

Experiment 1

The rats were given free access to a 17.2% casein diet
as a maintenance diet for 3 d before the first study day,
and the total daily intake for each rat was 16.5x0.5 g/
d (calorie, 255.9=7.8 kJ/d; protein, 2.8+0.1 g/d). The
body weights for the rats used for the 4.3% and 17.2%
casein diet experiments were 144.1+5.7 gand 143.5*
5.0 g, respectively.

Complete data sets of 9 breath samples were obtained
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in only 7 of the rats fed the 17.2% casein diet. One rat
did not consume its feed completely at 18:00, which
affected the *3CO, values thereafter. Regardless of the
protein intake and the 4.3% or 17.2% casein diets,
breath 13CO; enrichment gradually increased after the
initiation of the isotope protocol (Fig. 2). The plateau
breath samples were collected during the isotopic
steady state every 30 min during the period from 16:30
to 19:00 in rats fed the 17.2% casein diet, and from
17:30 to 19:00 in rats fed the 4.3% casein diet. This
isotope protocol had been shown to achieve a satis-
factory isotopic steady state 2.5h after the start of
1-[1-3C]phenylalanine isotope administration. In addi-
tion, when the 4.3% casein diet was employed, the
enrichment of breath !3CO, was greater than that
achieved with the 17.2% casein diet, and during the
period from 17:30 to 19:00, significant differences were
shown between the 4.3% and 17.2% casein diets on
breath 1*CO, enrichment at 18:30 (p<<0.01) and 19:00
(p<0.01).

The amino acid concentrations of plasma, liver and
gastrocnemius muscle obtained at 18:30 on the IAAO
study day are shown in Table 2. In both phenylalanine
and tyrosine, '3C-amino acid concentrations, 2C-
amino acid concentrations, and the total of these con-
centrations in the plasma and tissues of rats fed the
4.3% casein diet were similar to those of rats fed the
17.2% casein diet, and there were no significant differ-
ences.

Experiment 2

The rats were given free access to a 17.2% casein
maintenance diet for 3 d before the first study day. The
total daily intake for each rat used for the casein and
wheat gluten diet experiments employing the IAAO
method were 16.7+0.3 g/d (calorie, 258.9+4.3 k]/d;
protein, 2.9%£0.1g/d) and 17.3+0.5g/d (calorie,
268.2+7.0kJ/d; protein, 3.0%0.1g/d), respectively.
The body weights for the rats used for the 4.3, 8.6,
12.9, 17.2, 21.5, and 25.8% casein diet experiments

0GAWA A etal.

were 149.4+5.7, 141.0+9.9, 155.2x10.8, 147.4*
3.5, 158.0£2.4, and 184.7+3.1g, respectively. The
body weights for the rats used for the 7.2, 10.8, 14.4,
18.0, 21.6, and 25.2% wheat gluten diet experiments
were 130.7%3.5, 148.8+ 4.8, 157.1+54, 160.8=+
10.0,134.4+2.8, and 142.4*3.0 g, respectively.

91 - - 4.3% casein diet

—@— 17.2% casein diet

Over baseline A CO,(%0)100 g BW

0 T T T T T T T 1

15:00 15:30 16:00 16:30 17:00 17:30 18:00 18:30 19:00

Time

Fig. 2. The effect of 1-[1-3C]phenylalanine infusion on
13CO, enrichment of the breath. Values are mean=SE
for the 4.3% (n=8 per mean) and 17.2% (n=7 per
mean) casein diets. On the study day, the rats received
either a 4.3% or 17.2% casein diet every 3 h from
09:00. Each meal represented one-eighth of the rat's
total daily intake. The administrations of 1-[1-1*C]phe-
nylalanine were performed at 15:00, 16:00, 17:00,
and 18:00. The establishment of a plateau in the breath
samples on the basis of no significant differences among
the timed samples was confirmed using repeated-mea-
sures ANOVA. The isotopic steady state was confirmed
at 16:30-19:00 in rats fed the 17.2% casein diet, and
at 17:30-19:00 in rats fed the 4.3% casein diet. *The
asterisk marks shown significant differences (p<<0.01)
between the 4.3% and 17.2% casein diets at 18:30 and
19:00.

Table 2. The concentrations of phenylalanine and tyrosine in the plasma, liver and gastrocnemius muscle in rats fed 4.3%

or 17.2% casein diets.

Phenylalanine Tyrosine
Diet
13C-Phe 12C.Phe Total BC-Tyr 2C-Tyr Total
Plasma (nmol/mL)
4.3% casein 13.2+29 47.2+4.3 60.4x7.0 7.5%2.0 113.0x29.4 120.6+30.7
17.2% casein 12.1x£2.5 50.8%£10.0 62.9*+11.8 8.5x1.4 119.8+15.2 128.3x16.2
Liver (nmol/g)
4.3% casein 10.6+0.4 40.9%=5.1 51.5x4.9 7.4*1.3 99.4%32.0 106.9+33.2
17.2% casein 10.4+2.1 43.1+10.5 53.6x12.3 8.8+2.8 92.5%£7.5 101.4+9.2
Gastrocnemius muscle (nmol/g)
4.3% casein 13.0*1.7 46.6*+4.5 59.6*5.7 8.4+0.8 91.9x8.7 100.3+8.5
17.2% casein 11.6x1.9 48.2x2.5 59.8x£3.6 7.0*x1.1 84.7%5.8 91.7%5.0

Values are shown as mean=SE for the 4.3% (n=5) and 17.2% (n=>5) casein diets. Student’s ¢ test was performed to assess
the effect of protein intake. No significant differences were demonstrated in the plasma and tissues phenylalanine or
tyrosine concentrations between the 4.3% and 17.2% casein diets.

13C-Phe, 1-[1-'3C]phenylalanine; 1*C-Phe, 1-[1-'2C]phenylalanine; **C-Tyr, 1-[1-*3Cltyrosine; 22C-Tyr, L-[1-'2C]tyrosine.
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Fig. 3. The relationship between the intake of various
proteins and the production of 3CO; from the oxidation
of L-[1-33Clphenylalanine when the rats were fed a
casein diet (n=8 per mean) or a wheat gluten diet (n=8
per mean). Values are shown as mean*SE. The break-
point estimates the mean protein intake for metabolic
demands. The linear regression equation for the esti-
mated protein intake for metabolic demands for the
casein diet is as follows: y=10.73—0.35x and y=6.17,
for the wheat gluten diet is as follows: y=18.87—0.66x
and y=6.92, for the downward slope of the line and the
level part of the line, respectively. The protein (%)
included in the casein and wheat gluten diets was con-
verted into protein intake (g) per day, and further nor-
malized according to each rat's body weight. The mean
protein intakes for metabolic demands for the casein
and wheat gluten diets were estimated to be 13.1 g/kg
BW/d and 18.1 g/kg BW/d, respectively.

Figure 3 shows the mean breakpoints illustrated in
the breath 13CO; data, which were representative of the
mean protein intake for metabolic demands. As the pro-
tein intake increased, breath 3CO, decreased steadily
until the breakpoints were reached. There was no fur-
ther decrease in breath 13CO; with the increase in pro-
tein intake. The protein (%) included in the casein and
wheat gluten diets was converted into protein intake (g)
per day, and further normalized according to each rat’s
body weight. Application of a mixed-effect change-point
regression models to the breath 3CO, data resulted in
the identification of a breakpoint at a dietary casein
intake of 13.1 g/kg BW/d and a dietary wheat gluten
intake of 18.1 g/kg BW/d. The enrichment of breath
13C0, was consistently higher in rats fed the wheat glu-
ten diet, compared with the casein diet.

DISCUSSION

In the current IAAO study on rats, the protein intake
for metabolic demands was estimated to be covered by a
13.1 g/kg BW/d for casein. This result was similar to
the value recommended by the AIN-93G diet for labora-
tory rodents {(a purified 20% casein (=85% protein)),
which was developed based on nitrogen balance stud-
ies. According to procedures recommended by the AIN,

values were converted to dietary content by assuming a
dietary intake of 15 g/rat/d for growing rats, and also
for the rats fed 16.7+0.3 g/rat/d in the present study.
This is the first study conducted that employed the
TAAO method to determine the protein intake for meta-
bolic demands using protein itself in rats, and the deter-
mined the protein intake for metabolic demands should
be considered provisional.

Temperature, age, and physical activity influence the
energy requirements of rats. It is difficult to estimate the
energy requirement for growth due to variations in the
composition of weight gain (26-30) and variations in
the energetic efficiency of net protein and fat synthesis.
However, it has been suggested that rats will generally
consume enough food to meet their energy require-
ments (31, 32). The AIN-93 specifications indicate that
a diet containing at least 15.0 kJ/g will meet the energy
requirement for maintenance and growth if the rats are
allowed free access to food and the diet is not deficient
in other nutrients. In the present study, the rats
accepted a 15.5 kJ/g diet containing 17.2% casein as a
maintenance diet. Furthermore, the rats were given free
access to this diet and the 24-h dietary intake was
regarded as an individual rat’s energy requirement.

Humayun et al. (19) reevaluated the protein require-
ment in young men employing the IAAO method, and
the protein source of the experimental diet was con-
sumed hourly in small meals consisting of a crystalline
amino acid mixture. In the present study, casein and
wheat gluten were employed as the protein source, and
therefore, as the rats consumed the experimental diet at
3-h intervals, it can be considered that the mechanism
of assimilation differed from that of the amino acid mix-
ture. Amino acid mixtures will be absorbed very rapidly,
and protein utilization will show a lower efficiency,
compared with slow proteins such as casein (20).

The phenylalanine and 1-[1-13C]phenylalanine con-
centrations in the plasma, liver and gastrocnemius
muscle were not affected by the amount of protein
intake in the 4.3% or 17.2% casein diets, suggesting
that the precursor pool for indicator oxidation did
not change in size in response to the test protein in-
take. After phenylalanine is hydroxylated, conversion
to tyrosine takes place, so the tyrosine concentration
was also examined. In comparison with the ratio of
L-[1-13Clphenylalanine to the total phenylalanine con-
centration, only a trace of 1-[1-13C]tyrosine to the total
tyrosine occurred in the plasma and tissues, regardless
of the protein intake, suggesting that there was no
tyrosine deficiency. In previous studies, the loss of the
13C into the protein-bound tyrosine pool or tyrosine
metabolites was minimized by providing a high-
tyrosine diet before the study (19).

13CO, breath tests are normally performed in the
presence of a large background of naturally occurring
isotope of approximately 1.1% 13C (33). The *3C rate of
any unlabeled substrate ingested during a *3CO; breath
test must be considered in order to eliminate artifacts
that may reduce the sensitivity of the breath test and
produce erroneous results (33). In our preliminary
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examination, the stable rate of 3CO, production in
breath was achieved between 5h and 6 h and main-
tained until the end of the study. These results suggested
that two meals received every 3 h were required to
achieve constant 3CO, enrichment, and that the effect
of the '3C infusion could be evaluated correctly after the
third meal at 15:00. )

Experiment 1 demonstrated a similar pattern and a
latter steady state ~2.5 h after the start of the stable iso-
‘tope protocol (Fig. 2), so breath samples for the mea-
surement of the protein metabolism were collected
210 min after the administration of the stable isotope
began. Moreover, the protein intake level, the 4.3% or
17.2% casein diets, had a significant effect on breath
13C0; concentration at 18:30, showing that this proto-
col could detect differences in protein metabolism.
These results reflected the supposition that if one indis-
pensable amino acid (limiting) was deficient for protein
synthesis, then all other indispensable amino acids
(including the indicator amino acid, [**C]phenylala-
nine) would be oxidized. Therefore, when the rats were
fed a low protein diet, the 4.3% casein diet, most of
amino acids were oxidized, and the 3CO; concentration
in breath increased. By increasing the protein intake
with the 17.2% casein diet, the intake of the limiting
amino acid also increased, and the values produced by
the IAAO method decreased, reflecting the increasing
incorporation into protein.

The mean protein intakes for metabolic demands
determined by the IAAO method were 13.1 g/kg BW/d
for the casein and 18.1 g/kg BW/d for the wheat glu-
ten. Therefore, the protein intakes for metabolic
demands based on wheat gluten was higher than that
based on casein. The differences between the casein and
wheat gluten diets will be a function of the limiting
amino acid in the respective protein source. This limit-
ing amino acid will be dependent on both the amino
acid profile and the digestibility of the protein. These
results also conformed with our hypothesis, that the
protein requirement will decrease with good quality
(amino acid scoring pattern) protein intake, and
increase with poor quality protein intake, validating the
concept that the JAAO method could be employed to
evaluate the quality of protein.

In regard to the measured phenylalanine oxidation,
the enrichment of breath '3CO, differed between the
rats fed the casein and wheat gluten diets. The enrich-
ment of breath 13CO, was consistently higher in rats fed
the wheat gluten diet, compared with rats fed the casein
diet, even at the plateau line with a protein intake more
than the metabolic demand for protein. According to
intake of protein, specifically, the limiting amino acid,
the indicator amino acid is partitioned between incor-
poration into proteins and oxidation. The quality of the
protein also affected the *CO, volume in the breath.
Future extensions of this study to other protein sources
will be necessary in order to confirm this relationship.

Hegsted (34) suggested the necessity of taking
account of adaptation in their nitrogen balance meth-
ods, arguing that prior adaptation is required. The
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TAAO method can be conducted in short time periods
because no period of adaptation to each intake is
employed (35). Therefore, the JAAO method could be
employed to evaluate the metabolic protein demand for
all age groups (infants, children, adolescents, adults,
and the elderly), as well as for post-operative patients or
patients with injuries or infections that have specific
metabolic conditions, such as a widely varying meta-
bolic demand. In a clinical setting, the adequate quality
and quantity of protein or amino acid for each specific
condition could be estimated using the IAAO method.

The results of this study demonstrated that the JAAO
method can be employed to evaluate not only the pro-
tein intake for metabolic demands, but the dietary pro-
tein quality in freely living rats. Further studies are nec-
essary to assess the viability of the IAAO method in a
clinical setting.
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Original Article

Association between 24 hour urinary a-tocopherol
catabolite, 2,5,7,8-tetramethyl-2(2'-carboxyethyl)-6-

hydroxychroman (a-CEHC) and a-tocopherol intake in

intervention and cross-sectional studies

Eri Imai Msc', Tomiko Tsuji PhD'%, Mitsue Sano phD', Tsutomu Fukuwatari PhD’,
Katsumi Shibata PhD'

'Department of Food Science and Nutrition, School of Human Cultures, The University of Shiga Prefecture,

Shiga, Japan

’Department of Health and Nutrition, School of Health and Human Life, Nagoya Bunri University, Aichi,

Japan

The objective is to determine the association between the 24 hour urinary o-tocopherol catabolite, 2,5,7,8-
tetramethyl-2(2'-carboxyethyl)-6-hydroxychroman (0-CEHC) and a-tocopherol intake in an intervention and a
cross-sectional studies. In the 4-weeks intervention study, Japanese men (n = 10) consumed the test diet in week
1, and the test diet plus varying amounts of a-tocopherol in the three subsequent weeks: 21 pmol/d a-tocopherol
in week 2, 63 pmol/d in week 3, and 125 pumol/d in week 4. A significant association between a-tocopherol in-
take and urinary a-CEHC was observed in this strictly controlled experiment (» = 0.99, p<0.001). In the cross-
sectional study, all foods consumed over 4 consecutive days were recorded in 76 free-living young subjects (18-
33 years). The association was weak, but a significant relationship was observed (» = 0.29, p<0.05) even in the
cross-sectional study. In the cross-sectional study adults, mean estimated a-tocopherol intake calculated by uri-
nary o-CEHC and the excretory ratio was 91% of their mean intake over the 4 days. The results show that uri-
nary a-CEHC level reflected recent a-tocopherol intake in free-living young Japanese adults, and could be used
as a measure of intake during the previous few days, both for group means and for individual rankings within a

group.

Key Words: a-tocopherol, catabolism, CEHC, urine, biomarker

INTRODUCTION

Measurements of food intake are widely used for surveys
of nutritional assessment. However, there are limitations
in assessing only information from food surveys,' and
methods that measure biological parameters can reveal
new information. Urine, which is a noninvasive bio-sample,
might overcome the limitations of nutritional assessment
by food survey. For example, 24-hour urinary nitrogen
level is established as a marker for protein intake,” uri-
nary potassium level as a marker for potassium intake,’
and urinary sugar level as a marker for sugar intake.** In
previous studies, we investigated the relationship between
water-soluble vitamin intake and their urinary excretion
of these nutrients. We clarified that urinary water-soluble
vitamin levels are strongly correlated with their intake.®®
These studies *° have indicated that 24-h urinary excre-
tion of water-soluble vitamins is a potential biomarker for
recent vitamin intake in both intervention and cross-
sectional studies.

Generally, fat-soluble vitamins are not excreted in
urine. However, In 1995, Schultz ef al,' reported that a
catabolite of a-tocopherol, 2,5,7,8-tetramethyl-2(2'-carboxy-
ethyl)-6-hydroxychroman (a-CEHC), which is a metabo-

lite with an intact chroman ring, is excreted in urine. Pre-
viously, a-CEHC was proposed as a potential excretion
product of a-tocopherol in 1965 by Schmandke et al,'!
but had not been described again until Schultz’s report.
Schultz et al,'® suggested that a-CEHC excretion indi-
cates the saturated binding capacity of a-tocopherol in the
plasma, and thus may be considered to be a marker of
optimum a-tocopherol intake. This proposal was strength-
ened by Shuelke et al,'”* who found that o-CEHC was
excreted into the urine of patients with a-tocopherol bind-
ing protein defects regardless of the plasma a-tocopherol
concentration, whereas it was not excreted by healthy
subjects until the plasma a-tocopherol concentration
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surpassed 40 pmol/L. These findings indicate that the
urinary content of 0~-CEHC in the Japanese is almost be-
low detection, because the average plasma concentration
of a-tocopherol in the Japanese is around 20 pmol/L."
However, as Schultz et a/,10 pointed out in their paper,
their results were obtained with only seven participants,
and therefore, further research is necessary to allow the
results to be applied generally.

In 2003, Morinobu e al,'* reported a straightforward
and reliable method of determining a-CEHC, which was
later modified by Stahl ez al'* and Lodge et al'® Morinobu
et al'* also reported that a-CEHC was detected in healthy
adult male Japanese volunteers (n = 14). Therefore, it is
probable that a-CEHC is excreted into urine in Japanese
individuals who take an ordinary amount of a-tocopherol.

The aim of the present study was to determine the pos-
sibility that a-CEHC can be used as a biomarker of o-
tocopherol status in young Japanese adults. We examined
the association between 24 h urinary a-CEHC levels and
the intakes of o-tocopherol in strictly controlled-living
and in free-living participants.

MATERIALS AND METHODS

Both studies were reviewed and approved by the ethics
committee of The University of Shiga Prefecture. The
purpose and protocol of this study was explained to all
participants before joining the study, and written informed
consent was obtained from each participant.

Subjects and experimental design

Intervention study group

We recruited students from a registered dietician depart-

ment. All subjects (male Japanese college students, n = 10)
were housed in the same facility and given the same diet.

The experimental period was 4 weeks. They did not have

regular use of medications or dietary supplements, or ha-

bitual alcohol or cigarette consumption. Age, body weight,
height, and body mass index (mean + SD) were 22.1 +
2.3 years (18-25 years), 63.6 + 5.2 kg, 174 £ 5 cm, and

21.0 £ 1.6 kg/m?, respectively.

Cross-sectional study group

A total of 102 healthy, free-living Japanese females, aged
18-33 years, voluntarily participated in this study. The
exclusion criteria were: presence of cold or influenza, and
use of multivitamin supplements at least once during the
previous month. In addition, we excluded participants
whose 24-hour urine collection or dietary records were
considered as incomplete, with a collection time outside
the 22-26 h range, a urine volume of <250 ml, creatinine
excretion in relation to body weight outside the 10.8-25.2
mg/kg range,'”'® or extremely low or high energy intake
(<2,090 or >16,700 kJ/d)."® After these exclusions, 76 of
the 102 female students were found to be eligible and
were enrolled into the group.

Dietary records

Intervention study group

The diet given to the participants consisted of a breakfast
of bread, margarine, ham, yoghurt, tomato, lettuce, and
milk; a lunch of rice, toasted and seasoned laver (a type
of seaweed), luncheon meat, boiled egg, raw cabbage,

Table 1. Daily intake of energy and nutrients form the
basal diet in intervention study

Energy and nutrients’ Amount
Energy (kJ) 11,100
Protein (g) 97.5

Fat (g) 86.7
Carbohydrates (g) 361
a-Tocopherol (mg) 8.7 (20.2 umol)

'Nutrients were calculated from the Standard Tables of Food
Composition in Japan.2®

miso soup, and Japanese tea; and an evening meal of rice,
soy sauce, seasonal Pacific saury (a type of fish), tofu
(soybean curd), boiled spinach leaves, kiwi fruit and Jap-
anese tea, with a midnight snack of cheese and jelly fruit
mix. The daily intakes of energy and nutrients form the
basal diet are shown in Table 1. Nutrients were calculated
by using Standard Tables of Food Composition in Japan,
(fifth revised and enlarged edition).?® The subjects ate this
diet on days 1-5 of each week over the experimental peri-
od of 4 weeks and were free to eat what they wanted on
days 6 and 7. In the latter three weeks, the participants
took o-tocopherol acetate in addition to the diet: 21
pmol/d in week 2, 63 pmol/d in week 3, and 125 umol/d
in week 4.

Cross-sectional study group

This group underwent a 4-day dietary assessment in
which the participants were living freely in the university
and consuming their normal diet. The 4-day assessment
began on a Monday (day 1) and ended on Thursday (day
4). All food consumed during the 4-day period was rec-
orded using a weighed food recording method.”' A digital
cooking scale capable of weighing in 1 g increments
(Tanita Inc., Tokyo, Japan), a set of dietary record forms,
a dietary record manual, and a disposable camera were
distributed to the participants in advance. In the dietary
record, the ingested food was described (eg “raw”, “boiled”,
“cooked”, “skin present”, “a part of cooking ingredients”,
or “with or without seasoning”), and coded according to
the Standard Tables of Food Composition in Japan (fifth
revised and enlarged edition) as for the intervention
group.”® The participants took photographs with a dispos-
able camera of the dishes before and after eating. Several
experienced dietitians used the photographs to complete
the data, and asked the participants to resolve any dis-
crepancies or to obtain further information when needed.
The food that remained after eating was measured on the
digital scales and was deducted from the dietary record.
Food, nutrient and energy intakes were calculated using
SAS statistical software (version 6.12; SAS Institute,
Cary, NC, USA), based on the Standard Tables of Food
Composition in Japan.

Collection of 24 hour urine sample
For the intervention study group, the 24 hour urine sam-
ples were collected from the second urination on day 4 to
the first urination after 06:30 hours (wake-up time) on
day 5 in each week.

For the cross-sectional group, a single 24-hour urine
sample was collected on day 4 to measure the a-
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tocopherol metabolite, a-CEHC. In the morning, partici-
pants were asked to discard the first specimen and to rec-
ord the time on the sheet. The following morning, partici-
pants were asked to collect a specimen at the same time
as the discarded specimen from the previous morning and
to record the time on the sheet.

After the urine samples were collected, the sample
volumes were measured, and aliquots of the urine were
stabilized to avoid destruction of a-CEHC. All treated
urine samples were then stored at ~20°C until analysis.

Chemicals

a-CEHC was purchased from Cayman Chemical Co., Ltd
(Amn Arbor, Michigan, USA). B-Glucuronidase derived
from Escherichia coli was obtained from Nacalai Tasque
Co., Ltd (Kyoto, Japan). All other chemicals used were of
the highest purity available from commercial sources.

Analysis of a-CEHC

The concentrations of o-CEHC in urine were measured
by high performance liquid chromatography with electro-
chemical detection (HPL.C-ECD), as described by Mori-
nobu et al.* B-Glucuronidase (25,000 units) was dis-
solved in 2.5 ml of 0.1 mol/L. sodium acetate-acetate
buffer (pH 4.5) on ice and used to hydrolyze the conju-
gate immediately after preparation. Urine (1 ml) was
placed into a tube with 1,000 U (100 pl) of B-
glucuronidase, 100 pl of 57 mmol/L ascorbic acid, and 20
ul of 0.015% dibuthylhydroxytoluene (BHT). After which
the mixture was incubated for 4 hours at 37°C to achieve
hydrolysis, 50 pl of 6 mol/L HCI and 2 ml of diethylether
were added to stop the reaction. After mixing by vortex
and separating by centrifugation at 1,800xg for 10 min, 1
ml of the diethylether layer was collected and evaporated
to dryness. The residue was dissolved in 200 pl of
0.015% BHT, and a 20 pl aliquot was injected into the
HPLC-ECD.

Statistics
SPSS software (version 16 for Windows; SPSS Inc., Chi-
cago, IL, USA) was used for statistical analysis. Values
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Figure 1. Relationship between urinary excretion of a-CEHC and
the intake of a-tocopherol in strictly controlled participants (inter-
vention study). Individual average intake of a-tocopherol is plotted
on the x-axis, and the 24-h urinary excretion of «-CEHC, a catabo-
lite of a-tocopherol, is plotted on the y-axis. In total, 10 healthy
male Japanese college students aged 18-25 years were enrolled.
Values are mean + SD. A significant correlation (» = 0.99, p =
0.0043) was obtained. Regression line: y = 0.0214 ( + 0.0014) x +
0.180 (+ 0.122).

were presented as means = SD. The daily measurements
of urinary a-CEHC and the dietary a-tocopherol intakes
were not normally distributed, therefore, the data were
converted logarithmically. Pearson correlation coeffi-
cients were calculated to determine the association be-
tween urinary and dietary measurements. The value of the
urinary excretory ratio (%) was calculated as follows: [a-
CEHC excretion in the fourth day (umol/d)/the average a-
tocopherol intake during 4-days (umol/d)]x100. An anal-
ysis of variance (ANOVA) random effects model was
used to quantify inter- and intra-individual percentage
coefficient of variance (% CV), which was used to esti-
mate the variability in a-tocopherol intake.

RESULTS

Relationship between the intake of a-tocopherol and the
urinary excretion of a-CEHC

Intervention study group

Figure 1 shows the relationship between the intake of a-
tocopherol and the urinary excretion of o-CEHC. A
strong significant association was observed (» = 0.99, p =
0.0043). The average urinary o-CEHC concentration at
baseline (week 1) was 0.74 pmol/d, which increased to
0.94, 1.89, and 3.34 pumol/d after supplementation at the
doses of 21, 63 and 125 pmol/d, respectively. The excre-
tory ratio of a-CEHC was 3.7+ 13,23 £0.7,23 % 1.1,
and 2.3 + 0.6% for a-tocopherol intakes of 20, 41, 83 and
146 pwmol/d, respectively.

Cross-sectional study group

The basic characteristics of the 76 young women are pre-
sented in Table 2. Each values were similar to those re-
ported for young adults female aged 1822 years.” In
brief, the participants were considered as typical female
university students in Japan, characterized by relatively
low BMI (20.2 kg/m®), and low intake of fat (28.4%).
During the experimental period, all participants were liv-
ing freely, and none of the participants were drinking or
smoking. Average intake of a-tocopherol in participants
was 13.7 + 3.8 umol/d, and daily intake of a-tocopherol

LS
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Figure 2. Relationship between urinary excretion of «-CEHC
and intake of a-tocopherol in young adults’ female (cross-
sectional study). Measurements were taken of food intake on 4
consecutive days. The urine samples were collected at day 4.
Individual average intake of a-tocopherol is plotted on the x-
axis, and the urinary excretion of a-CEHC on day 4 is plotted
on the y-axis. In total, 76 healthy, free-living, female college
students aged 18-33 years were enrolled. A significant correla-
tion (» = 0.29, p = 0.0147) was obtained. Regression line: y =
0.0228 (£ 0.0091) x+0.137 (£ 0.130).
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Table 2. Characteristics and dietary intakes of female subjects

Variables Young adult female (n = 76)

Anthropometric variable

Age (years) 20.1+£23
Body height (cm) 158£5
Body weight (kg) 506+54
Body mass index (kg/m?) 202+1.8

Dietary mean intake at days 1-4
Total energy (kJ/d) 6950 £ 1260
Protein (% of energy) 138+22
Fat (% of energy) 284+45
Carbohydrate (% of energy) 56.5+4.9
a-Tocopherol intake (umol/d) 13.7+3.8
Inter-individual variations on the vitamin E intake (% CV)! 415
Intra-individual variations on the vitamin E intake (% CV)' 553
Urinary a-CEHC (umol/d) 0.444 +0.292

Excretory ratio® of vitamin E (%) 3.58+3.39

'9% CV, percentage coefficient of variance.

%Calculated by the formula [a-CEHC excretion on day 4 (umol/d) / the average a-tocopherol intake over the 4 days (umol/d)] x 100.

Table 3. Mean dietary a-tocopherol intake and 24-hour
urinary o-CEHC, excretory ratio, and estimated mean
a-tocopherol intake in young adult females

Young adult female
(n=76)

Mean a-tocopherol intake’ 13.7+3.8
(umol/d)
Excretory ratio® (%) 3.58+3.39
Estimated mean a-tocopherol 12.4+82
intake® (umol/d)
% ratio® 91

!Calculated by average a-tocopherol intake over the 4 days for
each individual.

*Calculated by the formula [a-CEHC excretion on day 4 (umol/d) /
the average o-tocopherol intake over the 4 days (umol/d)] x 100.
3The estimated a-tocopherol intake in young adult was calculated
by the individual value of the 24-h urinary excretion of a-CEHC
and the excretory ratio of 3.58 %, and the estimated mean o-
tocopherol intake was calculated by the resulting estimated a-
tocopherol intake.

“94Ratio between the mean and the estimated mean a-tocopherol
intake.

was similar to adequate intake for Japan. *° Urinary excre-
tion of a-CEHC was twofold higher in elderly subjects
than healthy peoples. The value of the excretory ratio of
vitamin E in elderly subjects was 1.4-fold higher than in
healthy individuals. Intra and inter-individual variations in
a-tocopherol intakes, the values were both around 50%
(Table 2).

Correlations between 24-hour urinary excretion of a-
tocopherol metabolite, a-CEHC on day 4 and the average
a-tocopherol intake on 4 consecutive days are shown in
Figure 2. A significant association was observed in young
adult females.

Estimated mean a-tocopherol intake calculated by uri-
nary excretion of a-CEHC and the excretory ratio in the
cross-sectional study

Mean dietary a-tocopherol intake and 24-hour urinary o-
CEHC, excretory ratio, and estimated mean a-tocopherol
intakes in young women are shown in Table 3. The excre-

tory ratio was determined from the urinary excretion of a-
CEHC and the average a-tocopherol intake over 4 days.
The individual estimated a-tocopherol intake was calcu-
lated by average excretory ratio and the individual urinary
a-CEHC value. The estimated mean a-tocopherol intake
in young women was 91% of the real mean a-tocopherol
intake over 4 days in young adult females.

DISCUSSION

Alpha-CEHC, a urinary metabolite of a-tocopherol, was
described in 1995 by Schultz ef al'® Excretion of a-CEHC
is considered to reflect saturation of a-tocopherol in the
body, because it is not a metabolite of the a-tocopherol
consumed for antioxidant defense. In other words, the
detection of a-CEHC in urine generally indicates a better
a-tocopherol nutritional status. Therefore, it is generally
considered that the content of a-CEHC is below the limit
of detection under an ordinary dietary habitant. Morinobu -
et al'* however, reported that o-CEHC was detected in
healthy adult male Japanese volunteers. Therefore, it is
probable that a-CEHC is excreted into urine in Japanese
individuals who consume an ordinary amount of a-
tocopherol. But, the data are based on only seven persons.
Further research is necessary to allow the results to be
applied generally.

In the present first study, the intervention study was
performed to determine whether urinary a-CEHC excre-
tion correlates with intake of a-tocopherol. We found a
significant positive correlation between urinary a-CEHC
and intake of a-tocopherol in healthy young male Japa-
nese adults who consumed a strictly controlled diet with
doses of a-tocopherol ranging from 20 to 145 pmol/d.

In the second experiment, to determine the usefulness
of urinary a-CEHC as a biomarker for a-tocopherol nutri-
tional status, a cross-sectional study was performed on
free-living subjects. A weak but significant correlation
was found between urinary a-CEHC and the mean a-
tocopherol intake. These results indicate that o-CEHC
levels in 24-h urine reflect dietary o-tocopherol intakes
over the past few days, and suggest that a-tocopherol in-
take can be estimated from urinary a-CEHC values in
free-living subjects.
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This phenomenon might be only applicable for the
Japanese and East-Asian populations. The subjects ate a
lot of vegetable and were of relatively low BMI and had
low intake of fat. The requirement of a-tocopherol is de-
pendent on the intakes of polyunsaturated fatty acids. The
average intakes of the polyunsaturated fatty acids were
around 10 g/d. The optimum ratio of a-tocopherol (mg/d)
to polyunsaturated fatty acids (g/d) is reported to be
0.60.7 Its average ratio was about 0.60 in the present sub-
jects. This is a reason why a significant association was
observed even with low intake of a-tocopherol for the
Japanese.

Metabolism of a-CEHC from a-tocopherol is some-
what different between Japanese, America and European
populations. For example, the metabolic activity of a-
tocopherol to a-CEHC might be higher in the Japanese
than in the Americans and Europeans. The precise regula-
tory mechanism of post-absorption a-tocopherol elimina-
tion is not clear. The current knowledge is only of a
pathway involving cytochrome P450-mediated -
hydroxy lation of the a-tocopherol phytyl side chain, fol-
lowed by stepwise removal of two or three carbon mole-
cules such as acetyl-CoA or propionyl-CoA, ultimately
yielding the a-CEHC that is excreted in urine.”® Low fat
intakes in the Japanese might bring about surplus ability
to the B oxidation system, which results in increased ac-
tivity of a-tocopherol to a-CEHC. Sesamin increases tis-
sue o-tocopherol concentration by inhibiting the a-
tocopherol oxidation pathvvay;24 sesame oil, which con-
tains sesamin, is often used in Japanese cooking, which
might bring about the saving effect of o-tocopherol.
Compared to Caucasian, Asian population had signifi-
cantly lower plasma vitamin E levels in the same envi-
ronment.” However, there are no data regarding its me-
tabolism or immune functions among two populations. In
Asian populations, they may be easily excreted into urine
as 0-CEHC compared to Caucasians. This is also a reason
why the significant association was observed even with
low intake of a-tocopherol for the Japanese.

The limiting factor of the transport capacity appears to
be plasma lipid concentration. In general, subjects with a
low total plasma lipid concentration did not accumulate
as high concentration of a-tocopherol, as those with a
higher total lipid content; and they started to excrete a-
CEHC earlier'®. If the urinary excretion of 0-CEHC is
related to the a-tocopherol content of plasma lipid, the
range of thresholds of excretion is much wider and the
correlation between plasma concentration and urinary
excretion becomes more pronounced. In the present
cross-sectional study, we did not measure plasma lipid
concentration, and how plasma lipid affected urinary ex-
cretion of a-CEHC is unclear,

In terms of the completeness of the dietary assessment
in the present study, there are several limitations in terms
of using a weighed food record method. To reduce errors
associated with self report, several dietitians reviewed the
collated records along with the photographs. The selec-
tion of participants from a dietetics course also contribut-
ed to reduce reporting errors, as they had nutritional
knowledge and were well trained. Another limitation ex-
ists in the present food composition table developed for
Japan. In a dietary assessment of free-living people, po-
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tential errors caused by the quality of this table, such as
defects in food composition, are inevitable. These limita-
tions might cause the relatively low correlation in the
free-living experiment population compared with that of
the intervention study.

In conclusion, a significant relationship between the o-
tocopherol intake and urinary excretion of a-CEHC was
observed in young Japanese adults.
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Summary Studies of factors that affect milk vitamin contents are important. We investi-
gated the vitamin contents in rat milk and the effects of dietary vitamin intakes of dams on
the vitamin contents in their milk. A low-vitamin diet (0.2%) and a high-vitamin diet
(4.0%) based on a diet containing 1% AIN-93-VX (normal diet) was given to female rats
from pregnancy to lactation. Regarding the effects of the vitamin intakes, the concentra-
tions of vitamins Bi, Bz, Bs, B12 and E were decreased with the low-vitamin diet, but were
not increased with the high-vitamin diet. The concentrations of niacin, pantothenic acid
and biotin were not decreased with the low-vitamin diet, but were increased with the high-
vitamin mixture diet. The folate concentration remained constant regardless of the intake of
folate. These findings clearly indicate that the levels of certain vitamins in milk are easily

affected by the dietary vitamin intakes.

Key Words content, lactation, milk, rat, vitamin

It is generally believed that milk contains all of the
nutrients for the proper development of infants. How-
ever, this is not the case, at least with regard to vita-
mins. Therefore, studies of factors that affect milk vita-
min contents are important. Kirchgessner et al. (1)
reported that the vitamin B) content in rat milk was
lower in rats fed with a low-vitamin B, diet than in rats
fed with a sufficient vitamin B, diet. Duerden and Bates
(2) reported that the vitamin B; concentration in rat
milk was extremely low when dams were fed a vitamin
B,-restricted diet compared with control dams. Regard-
ing the vitamin B¢ content in rat milk, Kirksey and Sus-
ten (3) reported that the vitamin Be level was a more
sensitive indicator than liver or muscle of chronically
low intakes of vitamin Be by dams, while other investi-
gators also reported that the level of vitamin Be in the
milk of dams changed according to their intake of vita-
min Be (3-6). Two groups reported that the concentra-
tion of vitamin B, in milk was affected by the dietary
intake of vitamin By» (7, 8). Meanwhile, O'Connor et al.
(9) reported that the folate content of rat milk was
increased according to increases in dietary folate. These
reports clearly indicate that the levels of certain vita-
mins in rat milk are easily affected by the dietary vita-
min intakes. For other vitamins, there is no available
information.

In this study, we investigated nine kinds of vitamin
contents in rat milk, the changes in the vitamin con-
tents during lactation, and the effects of dietary vitamin
intakes of the dams on the vitamin concentrations in
their milk.

*To whom correspondence should be addressed.
E-mail: kshibata@shc.usp.ac.jp

MATERIALS AND METHODS

Chemicals.  Vitamin-free milk casein, sucrose and L-
methionine were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). Corn oil was purchased
from Ajinomoto (Tokyo, Japan). Gelatinized cornstarch,
a mineral mixture (AIN-93-M-MX) (10) and a vitamin
mixture (AIN-93-VX containing chorine bitartrate)
(10) were obtained from Oriental Yeast Co., Ltd. (Tokyo,

Japan).
Thiamin hydrochloride (vitamin B, C12H;7CIN4OS-
HCI=337.27), thiamin diphosphate chloride

(C12H;319CIN4O7P2S=460.77), riboflavin (vitamin B,,
Ci7H20N406=376.37), cyanocobalamin (vitamin B,
Ce3HssCoN14014P=1,355.40), nicotinamide (CeHsN>0
=122.13), calcium  pantothenate (PaA-Ca,
C18H32N2010-Ca=476.54), folic acid (C19H1oN7O¢=
441.40), p(+)-biotin (C1oH16N2035=244.31), (*)D-a-
tocopheryl acetate (C31Hs203=472.74), pyridoxal 5’-
phosphate monohydrate (CsHioNOsP-H,0=265.169)
and pyridoxal hydrochloride (CsHoNOs-HCl=203.62)
were purchased from Wako Pure Chemical Industries.

Nembutal (2.5 g/50 ml,) was obtained from Dainip-
pon Sumitomo Pharma (Osaka, Japan). Oxytocin
(501U/mg) and lumiflavin (C13H12N402=256.3) were
obtained from Sigma-Aldrich Japan KX. (Tokyo,
Japan).

All other chemicals used were of the highest purity
available from commercial sources.

Animals and diets. Male and female rats of the
Wistar strain (8 wk old) were obtained from CLEA
Japan, Inc. (Tokyo, Japan). The rats were immediately
placed in individual cages and fed a 20% casein diet
containing 1% vitamin mixture (Table 1) for 1 wk to

203
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Table 1. Compositions of the experimental diets.
0.2% VX! 1.0% VX 4.0%VX
(%) (%) (%)
Casein 20 20 20
L-Methionine 0.2 0.2 0.2
Gelatinized cornstarch 46.9 46.9 46.9
Sucrose 24.2 23.4 204
Corn oil 5 5 5
Mineral mixture (AIN-93-MX) 3.5 3.5 3.5
Vitamin mixture (AIN-93-VX) 0.2 1 4
(mg/100 g of diet)
All-trans-retinyl palmitate 0.16 0.8 3.2
(500,000 1U/g)
Cholecalciferol (400,000 IU/g) 0.05 0.25 1
All-rac-a-tocopheryl acetate 3 15 60
(50010/g)
Phylloquinone 0.015 0.075 0.3
Thiamin-HCl 0.12 0.6 2.4
Riboflavin 0.12 0.6 2.4
Pyridoxine-HCl 0.14 0.7 2.8
Cyanocobalamin 0.0005 0.025 0.01
Nicotinic acid 0.6 3 12
Ca pantothenate 0.32 1.6 6.4
Folic acid 0.04 0.2 0.8
D-Biotin 0.004 0.02 0.08
Choline bitartrate 5 25 100
Sucrose up to up to up to
200 1,000 4,000

L VX: vitamin mixture.

allow them to acclimatize to their new circumstances.
The female rats were then divided into three groups and
fed one of three experimental diets containing 0.2, 1.0
or 4.0% vitamin mixture (Table 1) during mating, ges-
tation and lactation. After the female rats delivered
their pups, the pups that the mother rat brought up was
adjusted to six. The day of postpartum was designated
day 1. For collection of milk, the mother rat was sepa-
rated from the litter at 09:00. At 15:00, the dam was
anesthetized with 0.1 mL of nembutal (2.5 g/50 mL)
and intraperitoneally injected with 2.5 IU of oxytocin.
After confirming the effectiveness of the anesthesia,
milk (about 2 ml) was collected using a special milking
machine (Automatic Milker WAT-2001; Little Leonard
Co. Ltd., Tokyo, Japan). The milk collection was carried
outondays 4, 9, 13, 17 and 21. The collected milk was
diluted by 1 : 2 by the addition of saline (0.85% NaCl),
and the diluted milk was stored at —20°C until analysis.

The animal room was maintained at a temperature of
about 22°C and a humidity of about 60% with a 12-h
light (06:00-18:00)/12-h dark (18:00-06:00) cycle.
The body weight of each pup was measured when it
was separated from the mother. The care and treatment
of the experimental animals conformed to The Univer-
sity of Shiga Prefecture guidelines for the ethical treat-
ment of laboratory animals.

Analyses. Vitamin B; (11), vitamin B, (12), vitamin
Be (13), vitamin Bi, (14), nicotinamide (15), pan-

ENDO M et al.

Body weight of pups (g)
[

0 5 10 15 20 25
Postpartum days
Fig. 1. Effect of feeding with the three levels of vitamin
mixture diets to dams on the body weight gains of pups.
B, 0.2% vitamin mixture diet; O, 1.0% vitamin mix-
ture diet (normal diet); ¥, 4.0% vitamin mixture diet.
Values are expressed as means=*SE for 5-7 rats.

Table 2. The vitamin contents in rat milk.

Vitamins Values n
Vitamin B, (ug/mL) 0.204+0.082 16
Vitamin B (ug/mL) 4.67+0.78 16
Vitamin B (ug/mL) 1.49x0.23 13
Vitamin Bi3 (ug/mL) 0.032x0.008 16
Niacin (ug/mL) 7.02+2.28 16
Pantothenic acid (ug/mL) 15.2*6.6 16
Folate (ug/mL) 2.91+0.38 16
Biotin (ug/mL) 0.154+0.047 13
Vitamin E (ug/mL) 15.3%0.55 16

The values are means=SD for postpartum days 9, 13,
17, and 21.

tothenic acid (16), folate (17), biotin (18) and vitamin E
(19) in milk were measured as described in the cited ref-
erences.

Statistical analysis. Each value was expressed as the
mean * SE. The statistical significance of differences was
determined by ANOVA and subsequent Tukey-Kramer
multiple-comparison tests. Differences with values of
p<<0.05 were considered to be statistically significant.
Prism version 5.0 (GraphPad Software Inc., San Diego,
CA, USA) was used for all analyses.

RESULTS

Effects of feeding the three vitamin diets to the dams on the
body weight gains of pups

The low-vitamin (0.2%) and high-vitamin (4.0%)
diets based on the AIN-93 diet (10) (1.0% vitamin diet;
normal diet) were given to the female rats from preg-
nancy to lactation. Figure 1 shows the effects of feeding
the three vitamin diets to the dams on the body weight
gains of the pups. The weights of the pups were almost
the same among the three groups.
Vitamin contents in milk of dams fed the normal diet

The reference values of rat’s milk vitamin contents
were assumed to be the average of the values on the
days 9, 13, 17, and 21, because there were quite differ-
ent values for vitamin B,, vitamin B, and vitamin E on
day 4. Table 2 shows the average vitamin contents in
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Fig. 2. Effect of feeding with the three levels of vitamin mixture diets to dams on the milk contents of vitamin B (A), vita-
min B; (B), vitamin Bs (C), vitamin B;» (D), niacin (E), pantothenic acid (PaA) (F), biotin (G), folate (H), and vitamin E ()
contents in rat milk. B, 0.2% vitamin mixture diet; O, 1.0% vitamin mixture diet (normal diet); ¥, 4.0% vitamin mixture
diet. Values are expressed as means=SE for 3-5 rat milks. Different letters on the symbols denote statistically significant
differences (as determined by Tukey-Kramer multiple-comparison tests, p<<0.05) in milk vitamin content among the
groups of the three vitamin mixture diets in the same postpartum day.

rat milk collected on postpartum days 9, 13, 17 and 21
when the dams were fed the normal diet (1% vitamin
mixture diet).
Changes in the vitamin contents during lactation of the
dams fed the normal diet

Figure 2 shows the changes in the vitamin contents
on specific postpartum days. The vitamin B, (Fig. 2A)
content was lower on postpartum day 4 than on the
other days. On the other hand, the contents of vitamins
B, (Fig. 2B), B12 (Fig. 2D) and E (Fig. 2I) were higher on
postpartum day 4 than on the other days. The contents
of vitamin Bs (Fig. 2C), niacin (Fig. 2E), biotin (Fig. 2G)
and folate (Fig. 2H) remained relatively constant during
lactation.
Effects of feeding the three vitamin diets to the dams on the
vitamin contents in their milk

Figure 2 also shows the effects of the intake of the
dietary vitamins on the vitamin contents in the rat milk
during lactation. Although the concentrations of vita-
mins B; (Fig. 2A), B, (Fig. 2B), Bs (Fig. 2C) and B1 (Fig.
2D) did not increase with the high-vitamin diet com-
pared with the normal vitamin diet, these vitamin con-

centrations decreased with the low-vitamin diet.

The concentrations of niacin, pantothenic acid and
biotin were not decreased by feeding the low-vitamin
diet to the dams, although these vitamin concentra-
tions were increased by feeding the high-vitamin mix-
ture diet to the dams (Fig. 2E, 2F and 2G, respectively).

The folate concentration remained constant regard-
less of the amount of folate intake (Fig. 2H). The con-
centration of vitamin E was decreased with the low-
vitamin diet, but was not increased with the high-vita-
min diet compared with the normal vitamin diet (Fig.
21).

DISCUSSION

The body weight gains of the pups were almost the
same among the three groups regardless of whether the
dams were fed diets containing low (0.2%), normal
(1.0%) or high (4%) levels of the vitamin mixture. The
present findings mean that the milk of lactating rats fed
the low-vitamin diet (0.2%) was able to maintain nor-
mal growth of the pups. This finding is likely to have
arisen because the AIN-vitamin mixture (10) contains
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around five-fold higher vitamin contents than the
required amounts.

The first purpose of the present study was to analyze
the milk vitamin concentrations of rats fed the normal
diet. As summarized in Table 2, we measured 9 kinds of
vitamins, namely vitamin Bj, vitamin B, vitamin Bs,
vitamin B;,, niacin, pantothenic acid, folate, biotin and
vitamin E.

We did not measure the contents of vitamins A, D
and K in rat milk. The reported values for vitamins A
and D in rat milk are around 800 ng/ml. (20) and 2 ng/
mL (21), respectively. We could not find any data for the
vitamin K content in rat milk.

The concentration of vitamin B; in the milk of dams
fed the normal diet was around 200 ng/mL (Fig. 2A
and Table 2). There is one previous report about the
vitamin B; content in rat milk. Kirchgessner et al. (1)
reported that the content increased according to the
postpartum days, with values of 840, 1,600 and
2,500 ng/mL on days 2, 6 and 13, respectively, when
the dams were fed a diet containing 0.67 mg/100 g diet
(the same concentration in the 1% vitamin mixture diet
as the normal diet). These values were about 10-fold
higher than the present data for the 1% vitamin mix-
ture diet. Kirchgessner et al. (1) used Sprague-Dawley
rats as the experimental animals and fed a relatively
high-fat diet (8.7% fat), while we used Wistar rats and
fed a 5% fat diet. These differences may be reasons why
the milk vitamin B; concentrations were so different.

The concentration of vitamin B, in the milk of dams
fed the normal diet was around 5,000 ng/mlL (Fig. 2B
and Table 2). There is one previous report about the
vitamin B> content in rat milk. Duerden and Bates (2)
reported that the content was around 8,000 ng/mL
when the dams were fed a diet containing 1.5 mg/
100 g diet. The concentration of dietary vitamin B, was
2.5-fold higher than that in the present normal diet,
and the content of vitamin B; in the milk was 1.6-fold
higher than that in the present study. Duerden and
Bates (2) also reported that the vitamin B, content in
milk was significantly lower when the dams were fed a
vitamin B,-restricted diet. In the present study, the vita-
min B; content in milk was lower in the dams fed the
low-vitamin diet than in the dams fed the normal and
high-vitamin diets.

The concentration of vitamin Be in the milk of dams
fed the normal diet was around 1,500 ng/mL (Fig. 2C
and Table 2). In previous reports, a constant value for
the vitamin Be content in rat milk was not obtained.
Thomas and Kirksey (6) reported that the vitamin Bs
content was 500 ng/mL when the dams were fed a diet
containing 0.3 mg pyridoxine-HCl/100 g diet (this con-
centration is three-sevenths of that in our normal con-
trol diet). Felice and Kirksey (5) reported that the con-
tent was around 900 ng/mL when the dams were fed a
diet containing 1.0 mg pyridoxine-HCl/100 g diet (this
concentration is 1.4-fold higher that the concentration
in our normal control diet). Debes and Kirksey (4)
reported that content was around 500 ng/mL when the
dams were fed a diet containing 2.0 mg pyridoxine-HCl/
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100 g diet (this concentration is 2.85-fold higher than
the concentration in our normal control diet). In the
present study, the vitamin Bs content increased accord-
ing to the change in diet from the low-vitamin (0.14 mg
pyridoxine-HCI/100 g diet) to the normal diet (0.7 mg
pyridoxine-HCl/100 g diet). However, the concentration
did not increase when the dietary vitamin intake was
increased from the normal diet to the high-vitamin diet
(2.8 mg pyridoxine-HCl/100 g diet) (Fig. 2C). This find-
ing is consistent with those in Kirksey and Susten (3)
and Pang and Kirksey (22). They fed five levels of pyri-
doxine-HCl (0.12, 0.24, 0.48. 0.96 and 1.92 mg/100 g
diet) to female rats, and found that the vitamin B¢ con-
centration in the milk reached a plateau of around
300 ng/mL with the 0.48 mg pyridoxine-HCI/100 g
diet.

The concentration of vitamin B;; in the milk of dams
fed the normal diet was around 30 ng/mlL (Fig. 2D and
Table 2). Regarding previous reports, the vitamin Bi,
content in rat milk was dramatically increased accord-
ing to the intake of vitamin Bi; of the dams. When the
dams were changed from a diet containing 0.2 ug/
100 g diet to a diet containing 20 ug/100 g diet, the
concentration of vitamin Bi, increased from about
7 ng/g milk curd to 120 ng/g milk curd (22). When the
dams were fed a vitamin Bis-deficient diet, the content
was around 5 ng/mL (8).

Regarding previous reports of the folate content in rat
milk, values of 150 ng/mL milk (9) and 440 ng/mL
milk (23) were observed when the dams were fed a diet
containing 0.2 mg/100 g diet. In the present study, the
folate concentration in the milk of dams fed the normal
diet was around 3 pg/mL (Fig. 2H and Table 2). This
value was about 10-fold higher than the previously
reported values (9, 23). The previously reported values
were obtained using Sprague-Dawley rats as the experi-
mental animals, while we used Wistar rats. This differ-
ence may be the reason why the folate concentrations
in the milk were so different.

No data for the contents of niacin, pantothenic acid,
biotin and vitamin E in rat milk have been reported. The
concentration of niacin in the milk of dams fed the nor-
mal diet was around 7 ug/mL (Fig. 2E and Table 2). The
concentration of pantothenic acid in the milk of dams
fed the normal diet was around 15 ug/mL (Fig. 2F and
Table 2). The concentration of biotin in the milk of
dams fed the normal diet was around 150 ng/mL (Fig.
2G and Table 2). The concentration of vitamin E in the
milk of dams fed the normal diet was around 15 pg/mlL
(Fig. 21 and Table 2).

The second purpose of the present study was to eval-
uate the changes in the vitamin contents during lacta-
tion. The content of vitamin B; was remarkably
increased from day 9 (Fig. 2A). A similar phenomenon
has already been reported by Kirchgessner et al. (1). On
the other hand, the contents of vitamin B, (Fig. 2B) and
vitamin E (Fig. 2I) remarkably decreased from day 9.
These phenomena would be associated with the vita-
min requirement in the pups and regulated through the
expression of carrier proteins for the vitamins in the
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mammary glands. The other vitamins remained at rela-
tively constant concentrations during lactation.
Regarding vitamin B,2, Williams and Spray (8) already
reported a similar phenomenon to the present study.
However, Felice and Kirksey (5) reported that the con-
tent of vitamin B¢ was significantly higher on day 21
than earlier in the lactation period. For vitamin B, nia-
cin, pantothenic acid, biotin, folate and vitamin E, the
changes in the vitamin contents during lactation are
reported here for the first time.

The final purpose of the present study was to clarify
the effects of dietary vitamin contents on the milk vita-
min contents in rats. In previous reports, the milk con-
tents of vitamins By (1) and B2 (2) were decreased when
the dams were fed on corresponding vitamin-restricted
diets, and the vitamin Be (3) and Bi2 (7) contents in the
rat milk reflected the intakes of the respective vitamins.
In the present study, the concentrations of vitamins B,
Bs, Be, B12 and E were decreased with the low-vitamin
diet, but were not increased with the high-vitamin diet.
The present findings for vitamin B; are similar to the
findings of Kirchgessner et al. (1), who also found that
the vitamin B; content was decreased by feeding a low-
vitamin B; diet, but was not increased by feeding an
excess vitamin B diet. The concentrations of niacin,
pantothenic acid and biotin were not decreased with
the low-vitamin diet, but were increased with the high-
vitamin diet. These results indicate that the concentra-
tions of niacin, pantothenic acid and biotin in milk are
not easily decreased, even with low intake,-while the
concentrations of vitamins By, By, Bs, Bi2 and E in milk
are affected by their intakes. The folate concentration
remained constant regardless of the folate intake. It is
known that there is a well-developed epithelial folate
transport system for the regulation of normal folate
homeostasis (24, 25). Therefore, the concentrations of
the vitamins could also be well-regulated by transport
systems in intestinal absorption and in secretion to the
milk. However, the present findings suggest there is a
specific regulation mechanism for each of the vitamins
to maintain the milk vitamin contents. Regarding the
vitamin E concentration in human milk, its concentra-
tion is associated with the total fat intake by mothers,
while the vitamin E intake seems to have no effect (26).
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