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Summary. We have shown that urinary urea excretion increased in rats
fed a low quality protein. The purpose of present study was to determine
whether an addition of dietary limiting amino acids affected urea synthesis
in rats fed a low gluten diet. Experiments were done on three groups of
rats given diets containing 10% gluten, 10% gluten 4 0.5% L-lysine or
10% gluten 4 0.5% L-lysine, 0.2% L-threonine and 0.2% L-methionine for
10d. The urinary excretion of urea, and the liver concentrations of serine
and ornithine decreased with the addition of dietary L-lysine, L-threonine
and L-methionine. The fractional and absolute rates of protein synthesis in
tissues increased with the treatment of limiting amino acids. The activities
of hepatic urea-cycle enzymes was not related to the urea excretion. These
results suggest that the addition of limiting amino acids for the low gluten
diet controls the protein synthesis in tissues and hepatic ornithine and
decline urea synthesis.

Keywords: Dietary limiting amino acids — Urea synthesis — Protein
synthesis — Amino acids — Ornithine — Rats

Introduction

Shimke (1962, 1963) has suggested that the concentra-
tions of urea-cycle intermediates were unchanged under
conditions affecting the rate of urea excretion (e.g., inges-
tion of a high-protein diet) and concluded that the activ-
ities of various urea-cycle enzymes were regulatory fac-
tors of urea synthesis. However, many investigators have
previously reported that there was an increase in urinary
urea excretion without a comparable increase in the en-
zyme activities when the diet containing high quality pro-
tein was replaced by the isonitrogenous diet with low

* Supported in part by a Nutrition and Food Science Fund of the Japanese
Society of Nutrition and Food Science and by a 21st Century COE
program and city area promoting program from the Ministry of Education,
Culture, Sports, Science and Technology, Japan.

quality protein (Kiriyama et al., 1967; Das and Waterlow,
1974; Hayase et al., 1980; Tujioka et al., 2002).

In the previous report, we demonstrated that urinary
excretion of urea increased with the 10% casein diet and
still more with the 10% gluten diet as compared with the
10% whole egg protein diet (Hayase et al., 1980). Gluten is
known to be a lower quality protein than whole egg protein
because of deficiency in lysine (Rama Rao et al., 1961).
The concentrations of threonine and sulfur amino acids in
gluten are also lower than in the whole egg protein. How-
ever, little documentation for the effects of supplementation
of dietary limiting amino acids to the low quality protein on
urea synthesis is available. Therefore, the purpose of this
present study was to determine whether the addition of
dietary L-lysine, L-threonine and L-methionine affects urea
synthesis in rats fed a low gluten diet.

Substrate availability normally may limit the rate of
urea synthesis (Meijer et al., 1990). When substrates for
urea production are present in excess, urea formation has
been shown to be stimulated by adding ornithine, urea
cycle intermediates, in perfused liver (Kramer, 1972;
Saheki and Katunuma, 1975) and in isolated hepatocytes
(Briggs and Freedland, 1976). Thus, at least two factors,
substrate and urea cycle intermediates, may regulate the
rate of urea synthesis other than enzyme activity. We
(Hayase et al., 1980) demonstrated that the hepatic con-
centration of ornithine was not affected by the dietary
protein quality, and that liver concentrations of some free
nonessential amino acids elevated in rats fed the lower
quality protein. Protein synthesis is an important flux of
protein turnover and affects the nitrogen balance together
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with proteolysis. In the previous study, we already re-
ported the increase of degradation rate of hepatic protein
in rats fed the low quality protein like a gluten (Hayase and
Yoshida, 1980). On the other hand, the quality of dietary
protein are known to affect the protein synthesis in tissues
(Yokogoshi et al., 1980, 1992; Tanaka et al., 2002). The
possible effects of the addition of dietary limiting amino
acids to the low quality protein on tissue protein synthesis
are of nutritional importance in understanding the role of
the amino acid availability in urea synthesis.

Four questions were considered in the present study: 1)
whether the addition of dietary limiting amino acids to the
low gluten diet might improve the nitrogen balance and
decrease the urea excretion, 2) whether increased protein
synthesis in rats fed the higher quality protein by the diet-
ary addition of limiting amino acids resulted in decreased
amino acid availability and urea synthesis than in rats fed
the lower quality protein, 3) whether the concentration of
ornithine might regulate the urea synthesis when dietary
limiting amino acid were supplemented to the low gluten
diet and 4) whether the addition of limiting amino acids to
the low gluten diet might control the activities of hepatic
urea cycle enzymes and regulate urea synthesis. There-
fore, we examined the nitrogen balance, urinary excretion
of urea, plasma concentration of ammonia, the hepatic
concentrations of free amino acids and ornithine, and pro-
tein synthesis in liver, kidney, small intestine and skeletal
muscle. In the present study, the activities of argininosuc-
cinate synthetase (EC 6.3.4.5), a rate-limiting enzyme in
the urea cycle, and carbamylphosphate synthetase (EC
6.3.4.16) were also determined. Thus, in this experiment,
we used a 10% gluten diet and 10% gluten+0.5% L-
lysine diet, 10% gluten 4 0.5% L-lysine, 0.2% L-threonine
and 0.2% L-methionine diet as the experimental diet. The

Table 1. Composition (g/100 g of diet) of experimental diets

K. Tujioka et al.

composition of amino acids in dietary proteins was con-
sidered to decide the ratio of addition of dietary L-lysine,
L-threonine and L-methionine to the 10% gluten diet.

Materials and methods

Chemicals

L-Tyrosine decarboxylase, L-leucyl-L-alanine and 3-phenethylamine were
purchased from Sigma Chemical (St. Louis, MO, U.S.A.). L-[2,6-°H]Phe-
nylalanine (1.5 TBq/mmol) was obtained from Amersham (Tokyo, Japan).
All other reagents were purchased from Wako Pure Chemical (Osaka,
Japan).

Animals and diets

Young male Wistar rats (110-120 g, Japan SLC, Hamamatsu, Japan) were
individually housed at 24°C in a room with a 12-h light—dark cycle. The
rats were transferred to the experimental diets contained 10% gluten, 10%
gluten + 0.5% L-lysine or 10% gluten 4 0.5% L-lysine, 0.2% L-threonine
and 0.2% L-methionine (Table 1) after being fed a commercial nonpurified
diet (MF, Oriental Yeast, Tokyo, Japan) for 2 d. All rats were provided free
access to food and water. The approval of Aichi University of Education
Animal Care and Use Committee was given for our animal experiments.

Experimental design

Three experiments were done, with 18 rats being divided randomly into
three groups. In each experiment, animals were fed the experiment diet for
10d. On d 6-9, urine and feces were collected for 3 d, filtered and used for
the analysis of urea and nitrogen. After the experimental period, the rats
were decapitated and the plasma was collected in glass tubes and stored
at —20°C. Liver, kidney, small intestine and gastrocnemius muscle were
quickly removed and frozen in liquid nitrogen. The small intestine was
slit longitudinally after rinsing with cold saline. A jejunal segment repre-
senting the second 20 cm segment distal from pylorus was cut. In Experi-
ment 1, the effects of the addition of dietary amino acids to a low gluten
diet on the urinary excretion of urea, the plasma concentration of ammo-
nia, the nitrogen balance and the concentrations of free amino acids in
liver were examined. In Experiment 2, the effects of the addition of dietary
amino acids to a low gluten diet on the hepatic activities of argininosuc-
cinate synthetase and carbamylphosphate synthetase were investigated. In

Ingredient 10% Gluten 10% Gluten + 10% Gluten + 0.5% L-Lysine +
0.5% L-Lysine 0.2% L-Threonine + 0.2% L-Methionine
Gluten 10.0 10.0 10.0
L-Lysine 0.0 0.5 0.5
L-Threonine 0.0 0.0 0.2
L-Methionine 0.0 0.0 0.2
Cornstarch’ 50.2 49.9 49.6
Sucrose' 25.1 24.9 24.8
Corn oil 5.0 5.0 5.0
AIN-93G mineral mix* 35 3.5 3.5
AIN-93VX vitamin mix* 1.0 1.0 1.0
Cellulose' 5.0 5.0 5.0
Choline chloride 0.2 0.2 0.2

! Supplied by Oriental Yeast, Tokyo, Japan

2 Supplied by Nihon Nosan K. K., Yokohama, Japan (American Institute of Nutrition, 1993)
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Experiment 3, the effects of the addition of dietary amino acids to a low
¢gluten diet on the fractional and absolute rates of protein synthesis in liver,
kidney, small intestine and gastrocnemius muscle were determined.

Analytical procedures

The plasma concentration and urinary excretion of urea were measured
by the method of Archibald (1945). The levels of ammonia in plasma was
determined according to the modified method of Seligson (1951), and
Okuda and Fujii (1966) respectively. The nitrogen in urine, feces and diets
were determined by semimicro-Kjeldahl method (Nagahara et al., 1967).
For measuring the concentrations of free amino acids, liver was treated
with ice-cold sulfosalicyclic acid to precipitate the protein (Millward et al.,
1974). The amino acid concentrations were measured by an amino acid
analyzer (L-8500, Hitachi, Tokyo, Japan). The activities of argininosucci-
nate synthetase and carbamylphosphate synthetase in the liver were deter-
mined by the method of Schimke (1962). The concentration of protein in
the liver, kidney, small intestine and gastrocnemius muscle were measured
according to the method of Lowry et al. (1951) with bovine serum albumin
as a standard.

Fractional rate of protein synthesis in tissues

The fractional rates of protein synthesis in tissues were determined using
the method of Garlick et al. (1980). Radioactive L-[2,6-3H]phenylalanine
was combined with unlabelled L-phenylalanine to yield a dose of
1.85MBq and a concentration of 150 y mol/ml saline. Rats were injected
with the radioisotope through the tail vein at a dose of 1 mL/100g body
weight. At 10 min after injection, rats were quickly decapitated. Specific
radioactivities of [*H]phenylalanine in tissue samples were determined
according to the method described in our previous report (Hayase et al.,
1998). Tissue samples were homogenized with 10 volumes of cold
0.2mol/L perchloric acid and then centrifuged at 2800 x g for 15min
at 4°C. The supernatant was used for the measurements of specific radio-
activity after adjusting the pH to 6.0-7.0 with saturated potassium citrate.
The precipitate containing protein was washed three times with 5mL of
0.2mol/L perchloric acid, suspended in 10mL of 0.3 mol/L NaOH and
incubated at 37°C for 1h. Protein-bound phenylalanine was obtained by
reprecipitating the protein with 2 mL of 2 mol/L perchloric acid, washing
the pellet with 5mL of 0.2mol/L perchloric acid twice and hydrolyzing
the protein in 10ml of 6 mol/L HCI for 24h at 110°C. The HCI was
evaporated to dryness, and the amino acids were dissolved in citrate buffer
(pH 6.3). The determination of the specific radioactivity of [*H]phenyl-

alanine involved its enzymatic conversion into phenethylamine, followed
by a radioactivity counting (LS 5000TD, Beckman Japan, Tokyo, Japan)
and fluorometric determination (F-3000, Hitachi Co., Tokyo, Japan). The
absolute rates of protein synthesis in tissues were calculated from the
results for fractional rates of protein synthesis and protein contents in
tissues.

Statistical analysis

The means and pooled SEM are reported. Duncan’s multiple-range test
was used to compare means after one-way ANOVA (Duncan, 1955;
Snedecor and Cochran, 1967). Differences were considered significant at
p<0.05.

Results

Nitrogen balance, ammonia concentration
in plasma, and free amino acid concentrations
in liver (Experiment 1)

The rats fed the 10% gluten diet gained less body weight
than the other two groups, which did not differ. Compared
with the rats fed the 10% gluten diet alone, rats fed 10%
gluten + L-lysine, L-threonine and L-methionine diet or
10% gluten 4 L-lysine diet had food intake which were
significantly higher. The relative liver weight was not dif-
ferent among three groups. Urinary excretion of urea and
nitrogen decreased significantly with the 10% gluten + L-
lysine diet and still more with the 10% gluten 4 L-lysine,
L-threonine and L-methionine diet as compared with the
10% gluten diet alone (Table 2). Similarly the addition of
L-lysine alone, or L-lysine, L-threonine and L-methionine
to the 10% gluten diet increased significantly the nitrogen
balance (Table 2). The plasma concentrations of ammonia
did not differ among groups. Compared with the rats fed
the 10% gluten diet, the liver concentrations of free serine

Table 2. Effect of the addition of dietary amino acids to a low gluten diet on the nitrogen balance, urinary excretion of urea and plasma

concentration of ammonia in rats’

10% Gluten 10% Gluten +
0.5% L-Lysine

10% Gluten +0.5% L-Lysine + Pooled SEM
0.2% L-Threonine +
0.2% L-Methionine

Initial body weight (g) 123.5 123.0
Body weight gain (g/10 days) 19.1° 49.8"
Food intake (g/3 days) 48.1° 59.5%
Liver weight 391 3.82
(g/100 g of body weight)
Urinary urea (mmol/day) 547" 3.99°
Plasma NH; (mmol/L) 0.171 0.164
Intake N (mg/3 days) 674° 857°
Urinary N (mg/3 days) 501* 414°
Feces N (mg/3 days) 64° 74
Nitrogen balance (mg/3 days) 108° 369°

121.9 1.9
47.6° 29
53.4° 1.6

4.15 0.12
1.92¢ 0.18
0.175 0.006

817° 24

267° 16
66° 2

484° 12

""Values are means and pooled SEMs, n=6. Means with different superscript letters are significantly different (p < 0.05)
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Table 3. Effect of the addition of dietary amino acids to a low gluten diet on the hepatic concentration of free amino acid in rats’

(pmol/g of liver) Pooled SEM
10% Gluten 10% Gluten + 10% Gluten +0.5% L-Lysine +
0.5% L-Lysine 0.2% L-Threonine +
0.2% 1L-Methionine
Aspartic acid 1.95 1.97 2.09 0.21
Threonine 0.51° 0.11¢ 0.64° 0.04
Serine 251° 291° 1.43° 0.13
Glutamic acid + Glutamine 7.91¢ 9.11° 10.69% 0.31
Alanine 4.18 3.47 425 0.45
Valine 0.16 0.18 0.17 0.01
Methionine 0.18° 0.33° 0417 0.02
Isoleucine 0.082 0.090 0.100 0.006
Leucine 0.18 0.21 0.22 0.01
Tyrosine 0.061° 0.073° 0.096 0.006
Phenylalanine 0.072 0.076 0.088 0.005
Lysine 0.13° 0.65" 0.55" 0.05
Histidine 0.46 0.51 0.51 0.03
Ornithine 0.33" 0.22° 0.18° 0.03

!Values are means and pooled SEMs, n =6. Means with different superscript letters are significantly different (p < 0.05)

and ornithine were significantly lower in the L-lysine, L-
threonine and L-methionine-treated rats (Table 3).

Urea cycle enzyme activities in liver (Experiment 2)

The body weight gain and liver weight increased signifi-
cantly with the 10% gluten 4 L-lysine diet and still more
with the 10% gluten + L-lysine, L-threonine and L-methio-
nine diet as compared with the 10% gluten diet alone
(Table 4). Compared with the case of rats fed the 10%
gluten diet or 10% gluten + L-lysine diet, the plasma con-
centration of urea was significantly lower in rats fed the

10% gluten + L-lysine, L-threonine and L-methionine diet.
The hepatic activities of argininosuccinate synthetase and
carbamylphosphate synthetase, urea cycle enzymes, were
not affected by the addition of amino acids to the 10%
gluten diet (Table 4).

Fractional and absolute rates of protein
synthesis in tissues (Experiment 3)

As in Experiments 1 and 2, the rats fed the 10% gluten
diet alone grew less than the L-lysine-treated, or L-lysine,
L-threonine and L-methionine-treated rats. The concen-

Table 4. Effect of the addition of dietary amino acids to a low gluten diet on the activities of hepatic urea cycle enzymes and plasma

concentration of urea in rats'

10% Gluten 10% Gluten +
0.5% L-Lysine

10% Gluten + 0.5% L-Lysine + Pooled SEM
0.2% L-Threonine +
0.2% L-Methionine

Initial body weight (g) 135.4 133.0

Body weight gain (g/10 days) 17.2¢ 47.6°

Food intake (g/day) 15.2° 20.3%

Liver weight 3.60° 4.11°
(g/100 g of body weight)

Plasma urea (mmol/L) 3.64% 3.42%

Liver argininosuccinate 0.174 0.172
synthetase*(U/g of liver)

Liver caramylphosphate 0.285 0.266

synthetase*(U/g of liver)

133.8 13
57.6 3.0
18.7* 1.0

4.40° 0.07
3.05° 0.09
0.199 0.018
0.288 0.020

! Values are means and pooled SEMs, n = 6. Means with different superscript letters are significantly different (p < 0.05)

2 Unit of enzyme activity: mmol of urea produced per hour
3 Unit of enzyme activity: mmol of citrulline produced per hour
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Table 5. Effect of the addition of dietary amino acids to a low gluten diet on fractional and absolute synthesis rates in liver, small intestine, kidney and

gastrocnemius muscle, and plasma concentration of urea in rats'

10% Gluten 10% Gluten + 10% Gluten + 0.5% L-Lysine + Pooled SEM
0.5% L-Lysine 0.2% L-Threonine +
0.2% L-Methionine
Initial body weight (g) 146.4 146.4 146.0 2.1
Body weight gain (g/10 days) 18.6° 49.6" 54.8% 3.1
Food intake (g/day) 18.4 19.4 19.6 0.5
Liver weight (g/100 g of body weight) 3.69° 3.93* 4.01* 0.08
Small instine weight (g/20 cm) 0.81 0.87 0.90 0.04
Kidney weight (g/100 g of body weight) 0.81 0.79 0.80 0.06
Gastrocnemius muscle weight 1.04 1.01 1.00 0.02
(g/100 g of body weight)
Plasma urea (mmol/L) 5.28° 4.95% 4.55° 0.17
Protein synthesis (Ks)? (% /day)
Liver 71.3° 84.0° 100.9° 1.9
Small intestine 74.6° 89.4° 108.5% 23
Kidney 55.2¢ 64.9 76.5% 1.2
Gastrocnemius muscle 7.6° 8.8° 11.2* 0.5
Absolute protein synthesis (mg protein synthesized/(tissue - day))
Liver 858° 1315° 16307 67
Small intestine 83¢ 114° 132° 3
Kidney 119¢ 160° 196 4
Gastronemius muscle 28¢ 34° 46" 2

! Values are means and pooled SEMs, n = 6. Means with different superscript letters are significantly different (p < 0.05)

% Fractional rate of protein synthesis

tration of plasma urea decreased with the addition of L-
lysine, L-threonine and L-methionine to the 10% gluten
diet (Table 5). Fractional (Ks) and absolute rates of
protein synthesis in liver, kidney small intestine and
gastrocnemius muscle increased significantly with the
10% gluten + L-lysine diet and still more with the 10%
gluten 4 L-lysine, L-threonine and L-methionine diet as
compared with the 10% gluten diet (Table 5). In case
of gastrocnemius muscles, the addition of dietary lysine,
L-threonine and L-methionine resulted in the fractional
rate of protein synthesis that was significantly higher than
in the other two groups, which did not differ (Table 5).

Discussion

The purpose of the present experiments was to elucidate
the mechanism by which the addition of dietary limiting
amino acids to the low quality protein alters urea synthesis.

In the present study, the activities of argininosuccinate
synthetase, a rate-limiting enzyme of urea cycle, and car-
bamylphosphate synthetase were not affected by the
dietary addition of limiting amino acids. While L-lysine,
L-threonine and L-methionine treatment to the gluten diet
decreased urea excretion and improved the nitrogen bal-

ance. Therefore, the results suggest that regulation of urea
synthesis by the addition of dietary limiting amino acids
to the low quality protein may not be attributable to
changes in activities of urea cycle enzymes, thus corro-
borating the findings of Das and Waterlow (1974).
Ammonia is a substrate of carbamylphosphate syn-
thetase in urea synthesis. Therefore, the determination
of ammonia concentration in plasma also served as a
measurement of the substrate for urea synthesis. In this
study, the concentration of ammonia in plasma did not
differ among all three groups. Katunuma et al. (1966)
reported that the differences in ammonia level in the liver
of mice fed the low or the high protein diet were quite
small, and that there were great changes in urea excretion.
Under our experimental conditions, there were no correla-
tions between the ammonia concentration and urea excre-
tion of groups. The concentration of ammonia may not
have regulated urea synthesis in the present investigation.
L-Ornithine is an intermediate of urea cycle. Katunuma
et al. (1966) reported that an elevated hepatic ornithine
concentration could be involved in activating the urea
cycle under the physiological conditions. Urea formation
has been shown to be stimulated by adding ornithine
in vivo (Greenstein et al., 1956), in perfused liver (Kramer
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et al., 1972; Saheki et al., 1975), and in isolated hepato-
cytes (Briggs et al., 1976) when substrates for urea pro-
duction were present in excess. Hayase et al. (1980) has
shown that the levels of free serine and ornithine in the
liver of rats fed the methionine-free diet were found to
increase markedly as compared with those of rats fed the
basal diet. Therefore, we assumed that the concentration
of ornithine in the liver may limit the rate of urea syn-
thesis. In the present experiment, compared with the rats
fed the 10% gluten diet, the liver concentrations of free
ornithine was significantly lower in rats fed the 10%
gluten + L-lysine, L-threonine and L-methionine. The de-
crease in liver ornithine may decrease urea synthesis in
groups treated with L-lysine, L-threonine and L-methionine.
The changes in liver concentration of ornithine may be
one of the factors affecting urea synthesis without altering
urea-cycle enzyme activities when the dietary limiting
amino acids were added to the low quality protein.

The metabolic response to dietary protein includes
marked changes in protein synthesis, especially in liver,
muscle and brain (Yokogoshi et al., 1980; Tanaka et al.,
2002; Millward et al., 1976; Symmons et al., 1972). The
L-lysine is the first limiting amino acid of gluten for re-
quirement in mammals (Rama Rao et al., 1961). The con-
centrations of threonine and sulfur amino acids in gluten
are also lower. Koie et al. (2000) reported the addition of
lysine to the low gluten diet elevated the protein synthesis
rates in the brain. However, little documentation for the
effects of supplementation of dietary limiting amino acids
to the low quality protein on protein synthesis of visceral
organs and skeletal muscle is available. We hypothesized
that the higher tissue protein synthesis in rats fed the gluten
diet supplemented with limiting amino acids might result in
the lower concentration of amino acids and decreased urea
synthesis compared with those fed the gluten diet alone in
the present experiment. In the liver, small intestine, kidney
and gastrocnemius muscle, the fractional and absolute rates
of protein synthesis increased with the addition of dietary
L-lysine, L-threonine and L-methionine. The concentrations
of free serine in the liver was significantly lower in the
L-lysine, L-threonine and L-methionine treatment compared
with those in the group given the 10% gluten diet alone.
These results reflected the changes in tissue protein syn-
thesis. Ishikawa et al. (1972), examined the arteriovenous
difference of the plasma concentrations of various amino
acids, and demonstrated the importance of alanine, serine
and glutamine as a major end product of the degradation of
amino acids in rat tissues. Serine supplies the nitrogen by
dehydratase directly (Goldstein et al., 1962; Imai et al.,
2003). The higher protein synthesis in tissues of rats given

the low quality protein diet supplemented with dietary lim-
iting amino acids may have decreased the release of these
amino acids from tissues and regulate the liver concentra-
tions of amino acids.

Proteolysis is a major flux of protein turnover and
affects the nitrogen balance together with protein syn-
thesis. It is quite sensitive to physiological regulation
by amino acids as well as hormones (Kadowaki and
Kanazawa 2003). The major proteolytic pathways in tis-
sues include the autophagic/lysosome pathway. In auto-
phagic proteolysis, several regulatory amino acids inhibit
deprivation-induced proteolysis; leucine, tyrosine, methio-
nine, tryptophan, proline, glutamine and histidine in the
liver (Kadowaki and Kanazawa 2003; Mortimore et al.,
1987). In the present study, the addition of L-lysine, L-
threonine and L-methionine for low gluten diet increased
significantly the hepatic concentrations of free glutamic
acid + glutamate and methionine. These results suggest
that proteolysis in tissues may decline with the dietary
addition of limiting amino acids, although the role of
protein degradation in urea synthesis remains unknown
under our physiological condition. This is the possibility
to consider in detail in further examination of the mecha-
nism by which the quality of dietary protein and the com-
position of dietary amino acids alters urea synthesis.

These results suggest that the increased protein synthe-
sis in tissues of rats given the addition of dietary limiting
amino acids is likely to be one of the factors to decrease
the concentrations of amino acids and decline urea synthe-
sis, and that the hepatic concentration of ornithine is at
least partly related to the urea synthesis.
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