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Background. Maintenance of physical performance could improve the quality of life in old age. Recent studies sug-
gested a beneficial relationship between antioxidant vitamin (eg, vitamin C) intake and physical performance in elderly
people. The purpose of this study was to examine the relationship between plasma vitamin C concentration and physical
performance among Japanese community-dwelling elderly women.

Methods. This is a cross-sectional study involving elderly females residing in an urban area in Tokyo, Japan, in
October 2006. We examined anthropometric measurements, physical performance, lifestyles, and plasma vitamin C
concentration of participants.

Results. A total of 655 subjects who did not take supplements were analyzed. The mean age (tstandard deviation) of
participants was 75.7 + 4.1 years in this study. The geometric mean (geometric standard deviation) of plasma vitamin C
concentration was 8.9 (1.5) pg/mL. The plasma vitamin C concentration was positively correlated with handgrip strength,
length of time standing on one leg with eyes open and walking speed, and inversely correlated with body mass index.
After adjusting for the confounding factors, the quartile plasma vitamin C level was significantly correlated with the
subject’s handgrip strength (p for trend = .0004) and ability to stand on one leg with eyes open (p for trend = .049).

Conclusions. In community-dwelling elderly women, the concentration of plasma vitamin C related well to their

muscle strength and physical performance.

Key Words: Plasma vitamin C—Physical performance—Elderly women—1Japanese.
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HYSICAL performance and physical ability are the

most important indicators of health status in elderly
people and are also closely related to the quality of life.
Declines in physical performance and physical activity,
whether from specific disease, fall, fracture, poor nutrition,
or aging itself, are associated with future disability, morbid-
ity, and death (1,2).

In recent years, many studies have examined the roles of
diet, protein, and vitamins in physical performance and
physical activity(3-5). Several studies have associated low
serum albumin concentration with deteriorated muscle
strength and function (6,7). Some other studies have exam-
ined the relationship between serum vitamin D level and

physical performance such as muscle mass, muscle strength,
handgrip, walking speed, and functional capacity (8,9).
Cesari et al. (3) examined the relationship between antioxi-
dant vitamin intake (vitamin C, vitamin E, B-carotene, and
retinol) and physical performance in elderly people and
showed significant positive correlations between most
antioxidants, especially vitamin C, and higher skeletal mus-
cular strength in this group of people.

There are a number of mechanistic hypotheses about the
potential beneficial effects of antioxidant vitamins(10-12).
Vitamin C, vitamin E, B-carotene, and retinol are important
antioxidants that are not synthesized by humans and, there-
fore, are mainly supplied via dietary intake. Vitamin C

1
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2 SAITO ET AL.

(ascorbic acid) is a water-soluble antioxidant present in the
cytosol and extracellular fluid and can directly react with
free radicals such as superoxide (O,-) and hydroxyl radi-
cals (-OH) (13,14). Each one of these oxygen-derived inter-
mediates is considered highly reactive because of their
unstable electron configurations, which could attract elec-
trons from other molecules, resulting in another free radical
that is capable of reacting with yet another molecule. This
chain reaction is thought to contribute to lipid peroxidation,
DNA damage, and protein degradation during oxidative
stress. Oxidative damage is thought to play an important
role in the age-related decline of functional activity in hu-
man skeletal muscle (15). Concentration of plasma vitamin
C, which has potent antioxidant activity, is known to in-
crease after exercise (4).

An increase in the amount of blood vitamin C content has
been used as an indicator of increased oxidative reaction (11).
Previous studies have examined the effects of vitamin C sup-
plementation on physical performance and exercise (4,11).
Although findings from some of the previous studies do not
support any beneficial effect of increased antioxidant intake
on physical performance, other studies have shown improved
recovery from exercise with antioxidant intake and have
also shown a preventive role of antioxidant supplementation
against oxidative damage. These studies were carried out on
athletes after heavy exercise. So far, however, there has been
no study examining the relationship between physical perfor-
mance and blood levels of vitamin C, which may be a more
direct marker of the antioxidative ability of the human body.

The present study, to the best of our knowledge, is the
first report that examines the relationship between plasma
vitamin C concentration and physical performance in Japa-
nese community-dwelling elderly women.

SUBJECTS AND METHODS

Study Subjects

The present cross-sectional study was carried out as part of
a project involving mass health examination of community-
dwelling people (“Otasha-kenshin” in Japanese) aged 70 years
and older living in Itabashi-ku, Tokyo. “Otasha-kenshin,”
which literally means “health examination for successful
aging,” is a comprehensive health examination program for
community-dwelling older adults aimed at preventing geriat-
ric syndromes including falls and fractures, incontinence, mild
cognitive impairment, depression, and undernutrition (16).

The eligible subjects were all female residents, aged be-
tween 70 and 84 years, living in the Itabashi area, an urban
part of Itabashi-ku, Tokyo, Japan in October 2006. The pop-
ulation of women belonging to this age range and residing
in the Itabashi area was 5937, and they were recruited
by invitation through postal mail. Of them, 1,112 women
applied for admission and 957 women ultimately participated
in this study. The participants who were taking vitamin C

supplements (n = 238) were excluded from the primary
analyses for examination of the relationship between plasma
vitamin C and physical performance because intake of sup-
plements could strongly influence the plasma vitamin C
level. Thus, data from 655 subjects were ultimately used for
the primary analysis. However, data from the 238 supple-
ment users were also used for subanalysis to determine
whether any relationship exists between vitamin C supple-
mentation and physical performance.

All participants were examined at the Tokyo Metropolitan
Institute of Gerontology’s hall. Physical performance, blood
examinations, lifestyle assessments, and anthropometric
measurements were performed as described below (9).

The present study was approved by the ethics review
committee of the Tokyo Metropolitan Institute of Gerontol-
ogy. All subjects gave written informed consent.

Anthropometric Measurements

Height and weight of each participant were measured, and
body mass index was defined as weight/height? (kg/m?). Body
composition measurements (percent body fat) were obtained
by segmental bioelectrical impedance using eight tactile
electrodes according to the manufacturer’s instructions (In
Body 3.0; Biospace, Seoul, Korea). Measurements for the tri-
ceps surae muscles were taken between the knee and the ankle,
at the level of maximum circumference of the medial and ante-
rior calf of the left leg of each participant at sitting position.

Physical Performance

Physical performance was assessed by muscle strength
(handgrip strength), balance capability, and usual and maxi-
mal walking speeds, without prior practice before the actual
measurements. These assessments are routinely conducted
for the elderly community as described previously (9). Hand-
grip strength (kg) was measured once for the dominant hand
with the subjects in a standing position using a Smedley’s
Hand Dynamometer (Yagami, Tokyo, Japan). Grip devices
were calibrated with known weights. Subjects held the dyna-
mometer at thigh level and were encouraged to exert the
strongest possible force. Balance capability was measured in
terms of the length of time standing on one leg, that is, we
asked the subjects to look straight ahead at a dot 1 m in front
of them and to stand on the preferred leg with their eyes open
and hands down alongside the trunk. The time until balance
was lost (or maximum 60 seconds) was recorded. We used
the better of two trials in the analysis. To determine the walk-
ing speed, participants were asked to walk on a flat surface at
their “usual and maximum walking speeds.” Two marks
were used to delineate the start and end of a 5-m path. The
start mark was preceded by a 3-m approach to ensure that the
participants achieved their pace of usual or maximum before
entering the test path. The participants were also instructed
to continue walking past the end of the 5-m path for a further
3 m to ensure that their walking pace was maintained
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VITAMIN C AND PHYSICAL PERFORMANCE 3

throughout the test path. The time taken to complete the 5-m
walk was measured by an investigator and used for analysis.
Walking test at maximum speed was repeated twice, and the
faster speed was recorded for the test.

All physical performance tests were performed between
9 aM and 4 pM during the day. We have no data on the repro-
ducibility of the measurements. To reduce interexaminer
variation, each test was conducted by the same staff mem-
ber specifically trained for this study.

Blood Examinations

Blood samples (nonfasting) were collected from the subjects
between 9 am and 4 pm during the day. There was no differ-
ence in mean plasma vitamin C concentration with regard to
the time of collection (data not shown). Venous blood samples
were drawn into Ethylene diamine tetraacetic acid tubes.
Plasma was then obtained by centrifugation at 3,000 rpm
for 15 min at 4°C and subsequently used for biochemical
assays. Plasma was treated with Ethylene diamine tetraacetic
acid to prevent the spontaneous vitamin C degradation. Next,
100 pl of the plasma was dispensed into storage tubes, to
which 450 pl of 3% metaphosphoric acid solution was added,
and the mixture was stored at —80°C until further use. Vitamin
C concentration was determined by an High performance lig-
uid chromatography-electrochemical detection—based method
(17). The analysis was carried out centrally in our laboratory.
Serum albumin concentration was measured by the Bromo-
cresol Green method (Special Reference Laboratories Inc.,
Tokyo, Japan). The coefficient of variation for serum albumin
found using this method was less than 1% (9).

Lifestyle Assessment

Information regarding the participants’ general health (such
as medical history, smoking habits, alcohol drinking habits,
regular exercise habits, vegetable intake, fruit intake and use of
vitamin C supplement) was collected by interview, and history
of medical conditions including hypertension, stroke, heart at-
tack, diabetes mellitus, and hyperlipidemia was self-reported.

Alcohol drinking habits of the subjects were classified as
nondrinker, current drinker, or ex-drinker. Smoking habits
of the subjects were classified using three categories: never
smokers, current smokers, and ex-smokers. The frequency
of vegetable and fruit intake was asked using four catego-
ries: almost every day, once every two days, once or twice
per week, and almost never. Subsequently, for analysis, the
categories were summarized as almost every day and others.

Statistical Analysis

Data were summarized as mean and standard deviation or
percentage values. The data of plasma vitamin C concentra-
tion was logarithmically transformed to approximate a nor-
mal distribution and was summarized as the geometric
mean and geometric standard deviation.
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Table 1. Characteristics of Study Subjects (N = 655)

Characteristic Mean (SD)
Age (y) 75.7 (4.1)
Height (cm) 149.1 (5.7)
Weight (kg) 51.0(8.3)
Body mass index (kg/m?) 229 (3.4)
Triceps surae muscle (cm) 33.1(2.8)
Plasma vitamin C (pug/ml)* 8.9 (1.5)
Serum albumin (mg/dL) 4.3(0.2)
Body composition

Percent body fat (%) 322 (7.0)
Physical performance tests

Handgrip strength (kg) 18.7 (4.4)

One leg standing with eyes open (s) 35.2(23.5)

Usual walking speed (m/s) 1.2 (0.3)

Maximal walking speed (m/s) 1.8 (0.4)

%

Medical history

Hypertension 50.7

Stroke 6.6

Heart attack 21.2

Diabetes mellitus 9.0

Hyperlipidemia 34.7
Alcohol drinking habit

Current 25.3

Former 5.0

Never 69.6
Smoking habit

Current 3.7

Former 57

Never 90.7
Regular exercise habit

Yes 69.2

No 30.8
Vegetable intake

Everyday 84.2

Others’ 15.8
Fruit intake

Everyday 81.8

Others’ 18.2

Notes: Data of vitamin C supplement users were excluded.
*The geometric mean and geometric SD.
TIncluding participants taking vegetables/fruits not everyday or almost never.

The age-adjusted Pearson’s correlation coefficient between
the plasma vitamin C concentration and other factors were
calculated. The least square means and SEs adjusted for
potential confounders were calculated and compared between
categories by analysis of covariance. To examine the relation-
ship between plasma vitamin C concentration and physical
performance, statistical adjustment was done by analysis of
covariance for variables (except for other physical perfor-
mance variables) that were correlated to plasma vitamin C
concentration with p < .20. The same analyses were repeated
for the 238 users of vitamin C supplement. All statistical anal-
yses were performed using the SAS (version 9.0; SAS Insti-
tute Inc., NC).

RESULTS
Table 1 summarizes the basic characteristics of the sub-
jects. As shown, the mean age (+standard deviation) of the
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4 SAITO ET AL.

Table 2. Correlation between Plasma Vitamin C Concentration and
Selected Factors (N = 655)

Correlation™

Factor r P
Age —0.004 91
Height 0.04 27
Weight -0.05 .19
Body mass index -0.08 .054
Triceps surae muscle 0.001 .98
Serum albumin -0.04 .33
Percent body fat -0.12 .002
Handgrip strength 0.16 <.001
One leg standing with eyes open 0.15 <.001
Usual walking speed 0.14 <.001
Maximal walking speed 0.09 .036

Notes: Number of subjects is slightly different for the selected factors because
of missing values.

* Age-adjusted Pearson’s correlation coefficient between logarithm of vita-
min C concentration and each factor.

subjects was 75.7 *+ 4.1 years. The geometric mean (geo-
metric standard deviation) of plasma vitamin C concentra-
tion was 8.9 (1.5) pg/mL. The prevalence of women eating
vegetables everyday was 84.2% and those eating fruits
everyday was 81.8%.

The age-adjusted geometric mean of plasma vitamin C
concentration was significantly lower in subjects who had a
medical history of hypertension (8.53 vs 9.22, p = .0015)
and diabetes mellitus (7.59 vs 9.00, p = .002) as compared
with those who did not. A history of stroke, heart attack, or
hyperlipidemia was not associated with plasma vitamin C
concentration. Subjects who took fruits every day had a sig-
nificantly higher concentration of vitamin C than those who
did not (9.14 vs 7.78, p < .0001). Vegetable intake, alcohol
drinking habit and smoking habit were not related to plasma
vitamin C concentration (not shown in table).

Table 2 shows the age-adjusted correlations between the
plasma vitamin C concentration and selected factors. As

shown, the plasma vitamin C concentration was positively
but modestly correlated with handgrip strength, length of
time standing on one leg with eyes open, as well as usual
walking speed and maximal walking speed, and modestly
inversely correlated with body mass index and percent body
fat of the subjects.

Table 3 shows the relationship between plasma vitamin C
concentration and each physical performance after adjusting
for confounding factors. Results obtained after the adjust-
ment for potential confounders confirmed that the plasma
vitamin C concentration was correlated with the handgrip
strength independently from the other factors (eg, p for
trend = .0004 after adjusting for age, body mass index,
percent body fat, hypertension, diabetes mellitus, and fruit
intake; Table 3). There was also a significant relationship
between the plasma vitamin C level and the subject’s length
of time standing on one leg with eyes open after adjustments
for age, body mass index, percent body fat, hypertension,
diabetes mellitus, and fruit intake (Table 3; p for trend =
.049). We did not observe any significant association be-
tween the plasma vitamin C level and the usual or the max-
imal walking speed of the subjects.

A subanalysis using data from the 238 vitamin C supple-
ment users showed almost null relationship between hand-
grip strength and plasma vitamin C concentration (data not
shown).

DiscussioN

A previous study has shown an association between
higher daily dietary intake of vitamin C and skeletal muscle
strength in elderly people (3). Results described in the pres-
ent study indicated that plasma vitamin C concentration was
positively related with muscle and physical performance in
community-dwelling elderly women. To the best of our
knowledge, this is the first study showing a significant

Table 3. Relationship between Plasma Vitamin C Concentration and Physical Performance Adjusted for Potential Confounder

Quartile of plasma vitamin C level

Q1 Q2 Q3 Q4

Physical performance Mean + SE Mean + SE Mean = SE Mean = SE p for trend
Handgrip strength (kg), N 154 159 154 152

Age adjusted 17.70 £ 0.34 18.75+0.33 18.75+0.34 19.60+0.34 .0001

Multivariate adjusted* 17.83 £ 0.34 18.83 £0.32 18.89+0.33 19.60£0.33 .0004
One leg standing with eyes open’ (s), N 162 163 164 161

Age adjusted 3144+ 171 33.98+1.70 37.70% 1.70 37.83+1.71 .003

Multivariate adjusted* 3339+1.74 34.08 + 1.67 37.63+1.67 37.50+1.70 .049
Usual walking speed (m/s), N 146 154 145 147

Age adjusted 1.13+£0.02 1.19£0.02 1.23£0.02 1.21£0.02 .008

Multivariate adjusted™ 1.18 £ 0.02 1.19+£0.02 1.22+£0.02 1.21+0.02 23
Maximal walking speed (m/s), N 146 154 154 147

Age adjusted 1.70 £ 0.03 1.76 £ 0.03 1.82£0.03 1.76 £ 0.03 .15

Multivariate adjusted* 1.76 £0.03 1.77 £0.03 1.80+0.03 1.75+£0.03 94

Notes: Values are least squares mean and SE adjusted for the factors by analysis of covariance. Q1-Q4: first to fourth quartile groups of plasma vitamin C con-

centration, respectively.

* Adjusted for age, body mass index, percent body fat, hypertension, diabetes mellitus and fruit intake.

TLength of time standing on one leg with eyes open.
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VITAMIN C AND PHYSICAL PERFORMANCE 5

correlation between plasma vitamin C concentration and
handgrip strength and ability to stand on one leg with eyes
open. We, however, were unable to find any relationship
between skeletal muscle mass and plasma vitamin C concen-
tration. Handgrip strength has been found to correlate well
with the strength of other muscle groups and is thus a good
indicator of overall strength (18). Consistent with this idea,
handgrip strength was found to be a strong and consistent
predictor of all-cause mortality and morbidity of Activities
of Daily Living in middle-aged people (19). The handgrip
test 1s considered an easy and inexpensive screening tool
to identify elderly people at risk of disability. Handgrip
strength, an indicator of overall muscle strength, is thought
to predict mortality through mechanisms other than underly-
ing disease that could cause muscle impairment (18,19). The
one leg standing test is one of the balance tests (20). The test
is a clinical tool to assess postural steadiness in a static posi-
tion by quantitative measurement. Many studies have shown
that the decreased one leg standing time is associated with
declines in Activities of Daily Living and increases in other
morbidities including osteoporosis and fall (20).

Our findings suggest that vitamin C may play an impor-
tant role in maintaining physical performance and thereby
may help to improve healthy life expectancy in the elderly.
However, the usual and maximal walking speeds did not
relate to plasma vitamin C concentration. Walking speed
test may be an efficient tool in screening older persons with
higher risk of mortality and may easily identify high-
risk groups in the community (21). Walking is a rhythmic,
dynamic, and aerobic activity of the large skeletal muscles
that confers multifarious benefits with minimal adverse
effects. Muscles of the legs, limbs, and lower trunk are
strengthened, and the flexibility of their joints are preserved
(22). One of the reasons why walking speed was not related
to vitamin C concentration may be because walking
requires coordinated movements of arms, legs, and many
parts of the body rather than a simple muscle and balance
function. Previous reports showed that walking balance
function did not correlate with standing balance function
(23). Although we did not find any clear association
between walking and plasma vitamin C concentration in
this study, vitamin C may still have effects on relatively
simple strength and balance functions.

One of the possible explanations for the observed rela-
tionship between vitamin C and physical performance, es-
pecially handgrip strength and the ability to stand on one
leg with eyes open, may be the potential protective effects
of the antioxidant vitamins against muscle damage (4,11).
Vitamin C is a six-carbon lactone that is synthesized from
glucose in the liver of most mammalian species, but not in
humans (12). Vitamin C is an antioxidant because, by do-
nating its electrons, it prevents other compounds from being
oxidized (12). Thus, vitamin C readily scavenges reactive
oxygen and nitrogen species, thereby effectively protects
other substrates from oxidative damage (10,24). Although

-175-

habitual exercise reduces systemic inflammation and oxida-
tive stress as the production of endogenous antioxidants are
enhanced, acute exercise increases the generation of oxy-
gen-free radicals and lipid peroxidation (4,25). Strenuous
physical performance can increase oxygen consumption by
10- to 15-folds over the resting state to meet the energy
demands and results in muscle injury (26). Prolonged sub-
maximal exercise was shown to increase the amount of
both whole-body and skeletal muscle lipid peroxidation
by-products; in the case of the former, the increase was
indicated by greater exhalation of pentane but not of ethane
(4,27,28). Supplementation with vitamin C was shown to
decrease the exercise-induced increase in the rate of lipid
peroxidation (27,28). Several studies suggested that oxida-
tive damage may play a crucial role in the decline of func-
tional activity in human skeletal muscle with normal aging
(15). Consistent with this idea, several studies showed sig-
nificantly lower plasma vitamin C level in the elderly popu-
lation than in the younger adult population (29-31). Because
the plasma vitamin C levels in these apparently healthy
elderly persons rose markedly after an oral dose of vitamin C,
their initially low plasma levels can be attributed to the low
intake rather than to an age-related physiological defect.

In fact, the relationship between handgrip strength and
plasma vitamin C concentration was significantly different
between supplement users and nonusers, that is, an almost
null relationship in the former and a positive relationship in
the latter (data not shown). This finding suggested that vita-
min C supplementation did not have any beneficial effect on
the physical performance and muscle strength despite the in-
creased plasma level of vitamin C. A number of studies
reported that vitamin C supplement users had significantly
higher blood vitamin C concentration than non-users (29, 32,
33). Several studies have examined the effects of exercise on
changes in the serum vitamin C concentration (34-36).
Some other experimental studies have shown that vitamin C
supplementation can reduce symptoms or indicators of exer-
cise-induced oxidative stress (37-40). However, the results
regarding vitamin C supplementation are equivocal, and
most well-controlled intervention studies report no beneficial
effect of vitamin C supplementation on either endurance or
strength performance (41,42). Likewise, vitamin C restric-
tion studies showed that a marginal vitamin C deficiency did
not affect the physical performance (43). Although evidence
from a number of studies show that vitamin C is a powerful
antioxidant in biological systems in vitro, its antioxidant role
in humans has not been supported by currently available
clinical studies.

Vitamin C is especially plentiful in fresh fruits and veg-
etables. Plasma vitamin C concentration may be merely a
marker for intake of other nutrients that are abundant in
fruits and vegetables. However, the statistical adjustment
for fruit intake did not attenuate the relationship between
plasma vitamin C and physical performance (Table 3),
suggesting that vitamin C did have some beneficial effects
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independently of other nutrients. A number of biochemi-
cal, clinical, and observational epidemiologic studies have
indicated that diets rich in fruits, vegetables, and vitamin C
may be of benefit for the prevention of chronic diseases
such as cardiovascular disease and cancer (44,45). Several
cohort studies have examined associations between plasma
vitamin C concentration and mortality from stroke or coro-
nary heart disease (30,46,47). The effects of vitamin C
supplementation are, however, still unclear. A pooled study
suggested reduced incidences of coronary heart disease
events with higher intake of vitamin C supplement (48),
while another study showed that a high intake of vitamin C
supplement is associated with an increased risk of mortal-
ity due to cardiovascular diseases in postmenopausal
-women with diabetes (49). A randomized placebo con-
trolled 5-year trial, however, did not show any significant
reduction in the mortality from, or incidence of, any type
of vascular disease or cancer (50). These studies, in fact,
have failed to demonstrate any benefit from such supple-
mentation.

There are a number of potential weaknesses in our study
that should be mentioned here. The subjects used in this
study were not selected randomly from the study popula-
tion, and they may be relatively healthy elderly women who
were able to come to the health examination hall from their
homes. A previous study assessed the correlation of anti-
oxidants with physical performance and muscular strength
(3) and demonstrated that a higher daily intake of vitamin C
and carotene associated with skeletal muscle strength.
However, we have no data regarding the presence of other
dietary antioxidants in blood such as vitamin E, retinol, and
carotene. In our questionnaire, participants were asked to
respond “Yes” or “No” to whether they took supplements,
and not about the frequency and quantity of intake of the
supplements. Thus, we were unable to examine the reason
why plasma vitamin C was not related to the handgrip
strength in the supplement users by considering the dose of
vitamin C they took.

This study was a cross-sectional study and, therefore,
does not provide cause/effect relationships, although we
demonstrated a significant correlation between physical
performance and concentration of plasma vitamin C. There-
fore, longitudinal follow-up studies and controlled clinical
trials are necessary to confirm the role of plasma vitamin C
and physical performance of the elderly women. These lim-
itations should be considered in future studies.

In conclusion, we found a strong correlation of a higher
plasma vitamin C concentration with handgrip strength and
one leg standing time in community-dwelling elderly
women. Although the elderly are prone to vitamin C defi-
ciency, and they appear to have a higher dietary require-
ment for vitamin C, the beneficial effects of vitamin C
supplementation to maintain physical performance in el-
derly people are equivocal and thus, need further in-depth
studies.
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Summary Currently, protein requirements are generally determined based on nitro-
gen balance studies, but there are a variety of limitations assoclated with this method. The
indicator amino acld oxidation (IAAO) method, with a theoretical base that differs widely
from the nitrogen balance method, was developed as an alternative method for humans,
The objective of the present study was to evaluate protein intakes for metabolic demands
and protein quality, using protelin itself, in rats employing the IAAO technique with
1-{1-13Clphenylalanine. Male Wistar/ST rats (5-6 wk old) received a graded casein (4.3,
8.6,12.9,17.2, 21.5, 25.8%), or a wheat gluten (7.2, 10.8, 14.4, 18.0, 21.6, 25.2%) tiist,
along with 1-[1-*Clphenylalanine. An isotopic platean in breath was achieved 210 min .
after the start of the *C ingestion. The protein intakes for metabolic demands were calcu;
lated by applying a mixed-effect change««gﬁint regression model to breath ¥*CO; data, whi«ah
identified a breakpoint at minimal breath 43C0; in response to graded protein intake. The
protein intakes for metabolic demands determined by the IAAO method were 13.1 g/kg
BW/d for caseln and 18.1 g/kg BW/d for wheat gluten, showing a tendency similar to that
determined by the nitrogen balance method. These results demonstrated that the IAAD
method could be employed to evaluate not only the protein intakes for metabolic demands,
but the dietary protein quality in freely living rats, suggesting that this method might be via-
ble ip a clinical setting.
Key Words protein metabolic demand, protein quality, indicator amino acid oxidation,

rats

The nitrogen balance method is normally employed
to determine protein requirements, as specified in the
2007 WHO/FAO/UNU (1). However, the limitations of
the nitrogen balance method, which can result in con-
siderable error in the prediction of balance (2, 3), have
been well described (4-6). In the nitrogen balance
method, after the diet has been changed, a period of
time s usually allowed for adaptation to be complete
during the first 5-7d (7). Therefore, employing the
nitrogen balance method, the metabolic demand for
proteln cannot be assessed In patients with a widely
varying metabolic demand. The indicator amino acid
oxidation {IAAQ) method was originally employed to
study amino acid requirements in pigs (8), and thereaf-
ter it has been widely used for studies on pigs (9-11)
and humans (12-17). Since the IAAO method does not
require prior dietary adaptation (718) to each of the

"o whotm correspondence shonld be addressed.
E-mail: kido@kpu.acjp

varying protein intake levels, it could be available when
an assessment of the metabollc demand for protein is
required for post-operative patients or patients with
Injuries or infections.

In 2007, Humayun et al. (19) applied the IAAO
method and conducted a reevaluation study on the pro-
tein requirements in healthy young men by feeding the

- subjects graded protein intake as a crystalline amino

acid mixture and measuring changes in the oxidation of
orally administered 1-{1-**C]phenylalanine. However.
no studies have previously been conducted on deter-
mining the protein requirement using protein itself in
animals or humans employing the IAAO method.

Therefore, sufficient evidence has not been gathered
showing that the IAAO method is viable for measure-
ments of the protein requirement, and it has not been
sufficlently validated in studies employing experimental
rats up to the present. We should consider that the
mechanism of the assimilation of the amino acid mix-
ture differed from that of the protein. Amino acid mix-
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Fig. 1. The protocols employed for each IAAQ 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 I-[1-*Clphenylalanine and NaH!3CQ; were started with the third meal at 15:00, and the infusion of
1-[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 IAAO 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 mef sufficiently. Poor pro-
tein quality compromises the nutritional status and
increases the protein reguirement. In the 1991 FAQ/
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 guality and quantity
of protein or amino acid for each disease might be esti-
mated using the IAAO method.

The objective of the present study was to establish
whether or not the IAAQ 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 IAAO method with L-{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 L-[1-'*Clphenylalanine adminis-
tration on breath 3CQ; enrichment, and to evaluate
whether the protein metabolism could be measured by
the JAAC method in rats consuming different protein
level diets. All of the eight rats were included in two
IAAO studies, consuming both 4.3% and 17.2% casein
diets (NX6.38) (23) with a time period of more'than 2d
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 JAAO 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 1-[1-13C]phenylalanine, and continued hourly
until 18:00. The rats were placed in the chamber imme-
diately after the oral administration of the 13C sub-
stance. Breath samples were collected, and the 3*CO;
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 JAAO 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
4.3% 8.6% 129% 17.2% 21.5% 258% 7.2% 10.8% 144% 180% 21.6% 25.2%
g/kg diet g/kg diet

Casein!? . 50 100 150 200 250 300 —_ — —_ — - -
Wheat gluten3#* o —_ — — — — 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 ic 10 10 10 10 10 10 10 i0 10
Minerals!-8 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 —
I-Tyrosine!® 13 10 8 5 3 — 13 11 10 9 8 6
Energy (kJ/g) 154 154 155 155 155 156 15,5 155 155 155 156 156

1Qriental Yeast Co., Ltd., Japan.

2Protein, 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; 1-isoleucine, 4,900; L-leucine, 8,400; i-lysine,
7.,100; t-methionine, 2,600; L-phenylalanine, 4,500; t-proline, 10,000; L-serine, 4,600; L-threonine, 3,700; L-tryptophan,
1,100; L-tyrosine, 5,000; L-valine, 6,000; total, 93,930.

3Weston Bloproducts 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; r-cysteine, 1,600; L-glutamic acid, 29,000; r-glycine, 2,700; L-histidine, 1,800; t-isoleucine, 3,000; 1-leucine,
5.400; L-lysine, 1,400; L-methionine, 1,300; L-phenylalanine, 4,100; -proline, 11,000; L-serine, 3,600; L-threonine,
2,000; i-tryptophan, 780; L-tyrosine, 2,500; 1-valine, 3,300; total, 80,980. .

5 Nisshin Oillio Ltd., Japan.

$Wako Pure Chemical Industries, Ltd,, Japan.

7 AIN-76™ vitamin mixture (per g mixture): vitamin A, 4001U; vitamin D;, 1001U; vitamin E, 5mg; vitamin K,
0.005 mg; vitamin By, 0.6 mg; vitamin B, 0.6 mg; vitamin Bs, 0.7 mg; vitamin B;», 0.001 mg; p-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): calclum 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; potasstum fodate, 0.01; sodium selenite, 0.0066; chromium potassium sulfate, 0.55; sucrose,
118.03.

°L-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).

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

Tracer administration protocol. 1-[1-'3C]Phenylala-
nine (Cambridge Isotope Laboratories, Andover, MA)
and NaH'*CO3 (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 mI/kg BW.
Oral priming doses of 0.88 mg/kg BW NaH»3CO; and
7.92 mg/kg BW NaHCO3; were given with the third
meal at 15:00. An oral dosing protocol of 3.3 mg/kg
BW 1-[1-13C]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). L-Phenylalanine and L-
tyrosine were added to the diets to achieve an egual
content of these amino acids in all diets. In the present
study, I-phenylalanine (13.5 g/kg diet) and L-tyrosine
(15.0g/kg diet) were consumed in excess of these
amino acid requirements for rodents (1-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 k}/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 13CO, rate was measured as the 13C0O,/
12C0; ratio, and followed by a pulse of mixed gas com-
posed of 5% COz, 12% O; and the rest of the mixture
was N2 for the control. Isotopic abundances were
expressed relative to the international Vienna Pee Dee
Belemnite standard (%e) as over the baseline (4—A4o)
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 -

421

analyzed. The liver and gastrocnemius muscle were rap-
idly removed and snap-frozen in liguid 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 S0W-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 pL of 0.1% formic
acid. Phenylalanine and tyrosine concentrations were
measured by an HPLC system. The individual amino
acids were separated by an Inertsil 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 5.1¢ (Dionex Corp., Osa-
ka, Japan). 1-[1-13C]Phenylanine and 1-[1-13C]tyrosine
enrichment in the plasma and tissue samples was ana-
Iyzed with a MS (LCQ Fleet, Thermo Scientific, Wal-
tham, MA) coupled to the HPLC system. Selected ion
chromatograms were obtained by monitoringrions m/z
336 and 337 for L-phenylalanine and 1-{1-3C]phenyl-
alanine, m/z 352 and 353 for L-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 £ 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 ficst study day,
and the total daily intake for each rat was 16.5+0.5 g/
d {calorie, 255.9x7.8 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 iis 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 *3CO; 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-{1-13C]phenylalanine isotope administration. In addi-
tion, when the 4.3% casein diet was employed, the
enrichment of breath *CO, 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 *3CO; 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 17.3x0.5g/d (calorie,
268.2+7.0k}/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

OGAWA A et al.

were 149.4%5.7, 141.0x£9.9, 155.2+10.8, 147.4*
3.5, 158.0+2.4, and 184.7%3.1 g, 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+5.4, 160.8+
10.0, 134.4+2.8, and 142.4:+3.0 g, respectively.

b
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Fig. 2. The effect of 1-[1-3C]phenylalanine infusion on
13CO; enrichment of the breath. Values are mean+SR
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-3h from
09:00. Each meal represented one-cighth, of the rat's
total daily intake. The administrations of 1-[1-13C]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 13CTyr 2C Tyr Total
Plasma (nmol/mL)
4.3% casein, 13.2+29 47.2+4.3 60.4x7.0 7.5£2.0 113.0£294 120.6+30.7
17.2% casein 12,125 50.8+£10.0 62,9118 8.5+14 119.8+15.2 128.3x16.2
Liver (nmol/g)
4.3% casein 10.6x0.4 40.9x5.1 51.5+4.9 7.4+13 99.4%:32.0 106.9t33.2
17.2% casein 10.4%2.1 43.1x10.5 53.6+12.3 8.8£2.8 92.5%7.5 101.4+9.2
Gastrocnemius muscle (nmol/g)
4.3% casein 13.0x1.7 46.6:4.5 59.6%5.7 8.4+0.8 91.9+8.7 100.3+8.5
17.2% casein 11.6x1.9 48.2+2.5 59.8+3.6 7.0%1.1 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 sigoificant differences were demonstrated in the plasma and tissues phenylalanine or
tyrosine concentrations between the 4.3% and 17.2% casein diets.

13C-Phe, 1-{1-1*C]phenylalanine; 12C-Phe, L-[1-*?C]phenylalanine; 3C-Tyr, L-{1-13C]tyrosine; 22C-Tyr, L-[1-*2C]tyrosine.
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Fig. 3. The relationship between the intake of various
proteins and the production of ¥3C0; from the oxidation
of t-{1-¥%Clphenylalanine 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 Huear regression equation for the esti-
mated protein intake for metabolic demands for the
caseln diet Is as follows: y=10.73-0.35x and y=6.17,
for the wheat gluten diet is as follows: y=18.87-(.66x
and ¥=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 proteln intake (g) per day, and further nor-
malized according to sach rat's body weight. The mean
proteln tatakes 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 *3C0; data, which were representative of the
mean protein intake for metabolic demands. As the pro-
teln intake increased, breath *CO; decreased steadily
until the breakpoints were reached. There was no fur-
ther decrease in breath 13C0; 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 **CO; 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 18.1g/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 IAAQ 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 fo
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-
fes. According to procedures recommended by the AIN,
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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 16.7:20.3 g/rat/d in the present study.
This is the first study conducted that employed the
IAAO 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 inflaence 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 & 15.5 k/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 ciystalline
amino acid mixture. In the present study, z:asein and
wheat gluten were employed as the proteln 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-**Clphenylalanine 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
1-[1-**C]phenylalanine to the total phenylalanine con-
centration, only a trace of 1L-[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).

13C0; breath tests are normally performed in the
presence of a large background of naturally occurring
isotope of approximately 1.1% 13C (33). The 13C rate of
any unlabeled substrate ingested during a **C0; 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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