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The purpose of this study was to find whether the concentration of N-acetylglutamate and ornithine
transport into mitochondria would regulate urea synthesis when the dietary protein quality was
manipulated. Experiments were done on three groups of rats given diets containing 10 g of gluten,
10 g of casein, or 10 g of whole egg protein/100 g for 10 days. The plasma concentration and urinary
excretion of urea, the liver concentration and synthesis of N-acetylglutamate, the liver concentrations
of glutamate and lysine, and the liver ornithine transport into mitochondria increased with the decrease
in quality of dietary protein. A reverse correlation was observed between the activities of urea cycle
enzymes, the plasma concentration of arginine, and urinary excretion of urea under these conditions.
N-Acetylglutamate concentration and ornithine transport into mitochondria in the liver were closely
correlated with the excretion of urea. These results suggest that greater N-acetylglutamate
concentration and ornithine transport into isolated mitochondria in the liver of rats, given the lower
quality of protein, stimulate urea synthesis and that the concentrations of glutamate and lysine in the
liver are at least partly related to the hepatic N-acetylglutamate synthesis and ornithine transport,
respectively.
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INTRODUCTION demonstrated thaWl-acetylglutamate synthetase (EC 2.3.1.1)

Shimke (, 2) has suggested that the concentrations of urea- catfalyzed the a_c_etylation of gI_uFamate in liver. This enzyme is
cycle intermediates were unchanged under conditions affecting@ctivated specifically by arginine. Thus, the supply M
the rate of urea excretion (e.g., ingestion of a high-protein diet) 2cetylglutamate and orithine may limit the rate of urea
and concluded that the activities of various urea-cycle enzymesSynthesis.
were regulatory factors of urea synthesis. However, many The purpose of this present study was to discover the
investigators have previously reported that there was an increasénechanism by which the dietary protein quality affects urea
in urinary urea excretion without a comparable increase in the synthesis. In our previous repo#)( correlations between the
enzyme activities when the diet containing high quality protein liver concentration of ornithine and urea excretion were not
was replaced by the isonitrogenous diet with low-quality protein found when the dietary protein quality was manipulated.
(3-5). However, as ornithine transcarbamylase (EC 2.1.3.3) is distrib-

Urea formation has been shown to be stimulated by adding uted in hepatic mitochondria, ornithine synthesized by arginase
N-acetylglutamate and ornithine in vivé)( in perfused liver (EC 3.5.3.1) must be transported into the mitochondria. Cohen
(7-9), and in isolated hepatocytek0j when substrates for urea €t al. (L4) and Zollner (5) suggested that, under physiological
production were present in excesN-Acetylglutamate, an conditions, the transport of ornithine into hepatic mitochondria
essential activator of carbamyl phosphate synthetase (EC“mitS the rate of urea production and that lysine inhibited the
6.3.4.16), plays a critical role in the regulation of urea synthesis ornithine transport system. Three questions were considered in
in mammalian liver {1, 12). Shigesada and Tatibank3{ have  the present study: (1) whether the dietary protein quality might
control the synthesis and concentrationNsacetylglutamate

* To whom correspondence should be addressed. Telephone: 81-566-in the |iV€I’, (2) whether an elevated transport of ornithine into
26}2;70% E%?\;efsli{S%E-ESLZ(:‘LQ%HE-mai|1 khayase@auecc.aichi-edu.ac.jp. mitochondria in rats fed the low-quality protein might result in

* Nagoya Bunri %unior College. increased urea synthesis than that in those animals given the

8 The University of Shizuoka. high-quality protein, and (3) whether arginine or glutamate might
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Table 1. Composition (g/100 g of diet) of Experimental Diets Table 2. Time-Dependent Changes of Specific Radioactivities
(Bg/umol) of Free Glutamate in the Liver of Rats Fed Diets with
ingredient 10% gluten ~ 10% casein  10% whole egg protein Different Qualities of Protein?
whole egg protein® 10.0 )
casein 10.0 time after 10% whole
gluten 10.0 injection (min) 10% gluten 10% casein egg protein pooled SEM
sucrose 502 502 502 15 2370 2290 2530 150
corn oil 5.0 5.0 5.0
AIN-93G mineral mix¢ 35 35 35 — - -
AIN-93VX vitamin mix¢ 1.0 1.0 1.0 @ Values are means and pooled SEMs, n = 6. Values within each time period
cellulose? 50 50 5.0 were not significantly different (p > 0.05).
choline chloride 0.2 0.2 0.2
- - — - - sulfosalicylic acid to precipitate the proteih9). Arginine, glutamate,
a Supplied by Taiyo Kagaku, Yokkaichi, Japan. ® Supplied by Oriental Yeast, and lysine were measured using an amino acid analyzer (L-8500;
Tokyo, Japan. ¢ Supplied by Nihon Nosan K. K., Yokohama, Japan (34). Hitachi, Tokyo, Japan).

N-Acetylglutamate Synthesis in the Liver. Radioactive “C-
control theN-acetylglutamate synthesis and lysine might control glutamate was combined with unlabeled glutamate to yield a dose of
the ornithine transport when the dietary protein quality was 1.11 MBq and a concentration of/gnol/mL of saline. The rats were
manipulated. We therefore examined the hepatic synthesis and®ach given an intraperitoneal injection at a dose of 1 mL/100 g of body
concentrations oi-acetylglutamate, the hepatic concentrations Weight. After 15 min, the rats were decapitated. The measurement of
of glutamate and lysine, the activity of carbamyl phosphate N-acetylglutamate synthesis involved isolatieacetylglutamate and

I . . . n . then radioactivity counting2Q).
synthetase and ornithine transport into mitochondria in the liver,

d the ol trati f L s qi tei In a preliminary experiment, we determined the hepatic specific
an € plasma concentration Of arginine In rats given proteins radioactivity of glutamate 5 and 15 min after the injection of radioactive

of different quality. Argininosuccinate synthetase (EC 6.3.4.5) gjytamate under these experimental conditions by the method of Morita
has been known to be a rate-limiting enzyme in the urea cycle. et al. 1). The decrease in labeling of free glutamate at 5 and 15 min
In the present study, we also determined the hepatic activity of in the liver was not significantTable 2). Therefore, the synthesis of

argininosuccinate synthetase. N-acetylglutamate in the liver was calculated for animals killed at a
single time point of 15 min after the injection of radioisotope.
MATERIALS AND METHODS Ornithine Transport into Isolated Mitochondria in the Liver.

Ornithine transport into isolated mitochondria was measured according
Chemicals. N-Acetylglutamic acid was purchased from Sigma to the method of McGivan et al29). Liver mitochondria were prepared
Chemical (St. Louis, MO). NatCO; (1.85GBg/mmol), U¥C-sucrose according to the method of Novicoff and Hew23). After hepatic
(17 GBg/mmol), and U4C-glutamic acid (9.25 GBg/mmol) were  mitochondria (3 mg of protein/mL) were preincubated with 2 mM
obtained from Amersham (Tokyo, Japan). [2:8Ornithine (1.11 TBq/ sodium phosphate, 3 mM succinate, 10 mM sucroseygimL
mmol) was purchased from Moravek Biochemicals (Tokyo, Japan). oligomycin, 0.5 mM aminooxyacetate, 225 mM choline chloride, and
All other reagents were purchased from Wako Pure Chemical Industries 10 mM Tris-morpholinopropanesulfonate (pH 7.0) at’20for 2 min,

(Osaka, Japan). 5 mM 3H-ornithine (18.5 kBg/mL) was added together witB-sucrose
Animals and Diets. Young male Wistar rats (110120 g, Japan (9.25 kBg/mL), which was used as a marker of the extramitochondrial
SLC, Hamamatsu, Japan) were maintained &t\24h a 12 h light/ space. After a further 2 min, the pellets and supernatants were separated
dark cycle. The rats were transferred to the experimental diets containingby centrifugation, acidified, and assayed for radioactivity (LS 5000TD;

20% gluten, 20% casein, or 20% whole egg protdiahle 1) after Beckman Japan, Tokyo, Japan).
being fed with a commercial nonpurified diet (MF, Oriental Yeast, Statistical Analyses.The means and pooled SEMs are reported.

Tokyo, Japan) for 4 days. All rats were individually housed and Duncan’s multiple-range test was used to compare means after one-
provided free access to food and water. The approval of the Aichi way ANOVA (24, 25). Differences were considered significant at
University of Education Animal Care and Use Committee was given p < 0.05.

for our animal experiments.

Experimental Procedures.Three experiments were done, with 18
rats being divided randomly into three groups. In each experiment,
animals were fed the experiment diet for 10 days. On daﬁ,&rine Experiment 1. The rats fed the 10% gluten diet gained less
was cpllected for_24 h, filtered, and used f_or urea analysis. After the body weight and had less food intake than the other two groups,
experimental period, the rats were decapitated, and the plasma was,ich did not differ. Compared with the rats fed the 10% whole
collected in glass tubes and stored-&0 °C. The livers were quickly egg protein or 10% casein diets, rats fed the 10% gluten diet

removed, weighed, and used. had relati i iah hich ianifi v
In Experiment 1, the effects of dietary protein quality on the urinary ad relative liver weights which were significantly lower.

excretion of urea, the hepatic activities of carbamyl phosphate synthetaseJfinary excretion, the plasma concentration of urea, and hepatic
and argininosuccinate synthetase, the concentration®-atetyl- concentrations di-acetylglutamate increased significantly with
glutamate and glutamate in the liver, and the concentration of arginine the 10% casein diet and still more with the 10% gluten diet as

in the plasma were investigated. In experiment 2, the effects of dietary compared with the 10% whole egg protein di€able 3). The

protein quality on théN-acetylglutamate synthesis in vivo in the liver  liver concentration of glutamate in rats given the 10% gluten
were determined. In experiment 3, the effects of dietary protein quality diet was significantly greater than that in rats given the 10%
on ornithine transport into isolated mitochondria and the concentration ~gsein or 10% whole egg protein diets. The activities of

of lysine in the liver were investigated. The plasma and urinary coamy| phosphate synthetase and argininosuccinate synthetase,
concentrations of urea were measured by the method of Archib&jd ( urea cycle enzymes, were proportional to the dietary protein

The activities of carbamyl phosphate synthetase and argininosuccinate . :
synthetase in the liver were determined according to the method of quality. Compared with the case of the rats fed the 10% whole

Schimke (). The N-acetylglutamate concentration was measured by €99 protein, the plasma concentration of arginine was signifi-
the method of McGivan et al1f) described in our previous report ~ cantly lower in rats fed the 10% gluten or 10% casein diets.
(18). For measuring the concentrations of free arginine, lysine, and The liver concentration dl-acetylglutamate was correlated to
glutamate, liver and plasma were treated with ice-cold 120 mmol/L the excretion of urear(= 0.885,p < 0.001). The correlation

RESULTS



Dietary Protein and Urea Synthesis in Rats J. Agric. Food Chem., Vol. 50, No. 25, 2002 7469

Table 3. Effects of the Quality of Dietary Protein on the Activity of Hepatic Urea Cycle Enzymes, the Liver Concentrations of N-Acetylglutamate and
Glutamate, and Plasma and Urine Urea Concentrations in Rats?

10% gluten 10% casein 10% whole egg protein pooled SEM

initial body weight (g) 131.8 132.0 1317 11
body weight gain (g/10 days) 15.5 33.12 36.22 2.0
food intake (g/day) 18.4 18.5 19.3 0.7
liver weight (g/100 g of body weight) 3.96° 4.382 4412 0.12
urinary urea (mmol/day) 7.612 5.259 3.69¢ 0.50
plasma urea (mmol/L) 4372 3.56° 2.67° 0.15
liver argininosuccinate synthetase® (U/g of liver) 0.131°¢ 0.155° 0.1882 0.07
liver carbamyl phosphate synthetase® (U/g of liver) 0.363¢ 0.410° 0.4712 0.017
liver N-acetylglutamate (nmol/g of liver) 19.82 16.60 14.1° 0.4
liver glutamate («mol/g of liver) 4,382 3.65° 3.220 0.16
plasma arginine (mmol/L) 0.21° 0.19¢ 0.282 0.007

aValues are means and pooled SEMs, n = 6. Means with different superscript letters are significantly different (p < 0.05). ® Unit of enzyme activity: mmol of urea
produced per hour. ¢ Unit of enzyme activity: mmol of citrulline produced per hour.

Table 4. Effects of the Quality of Dietary Protein on the Hepatic Synthesis of N-Acetylglutamate and the Plasma Concentration of Urea in Rats?

10% gluten 10% casein 10% whole egg protein pooled SEM
body weight gain (g/10 day) 13.00 43.12 45.72 24
food intake (g/day) 18.1 19.2 20.7 12
liver weight (g/100 g of body weight) 3.23° 3.972 4,122 0.09
plasma urea (mmol/L) 4.372 3.56° 2.67¢ 0.15
liver N-acetylglutamate synthesis (Bg/g of liver) 26.32 21.2° 15.8¢ 1.0

2 Values are means and pooled SEMs, n = 6. Means with different superscript letters are significantly different (p < 0.05). Initial body weight of rats is from 140 to
156 g.

Table 5. Effects of the Quality of Dietary Protein on the Ornithine Transport into Isolated Mitochondria, the Concentration of Lysine in the Liver, and
the Plasma Urea Concentration?

10% gluten 10% casein 10% whole egg protein pooled SEM
initial body weight (g) 131.8 135.3 135.1 11
body weight gain (g/10 day) 15.2° 41.62 47.22 2.2
food intake (g/day) 18.4 18.5 19.2 0.8
liver weight (g/100 g of body weight) 3.93 4.252 4502 0.10
plasma urea (mmol/L) 4.278 3.36° 2.76¢ 0.16
ornithine transport (nmol/mg of protein) 2.46° 2.00° 1.22¢ 0.10
liver lysine (umol/g of liver) 0.34¢ 1.40° 1.642 0.03

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

between the concentrationsfacetylglutamate and glutamate the activities of urea cycle enzymes when a diet containing high-
was significant ( = 0.801,p < 0.001). quality protein was replaced by an isonitrogenous diet with low-
Experiment 2. As in experiment 1, the group fed the 10% quality protein. The purpose of the present experiments was to
gluten diet grew less than the group fed the 10% casein diet orelucidate the mechanism by which the dietary protein quality
the 10% whole egg protein diet. The plasma concentration of alters urea synthesis. In the present study, the activities of
urea and hepatic synthesis df-acetylglutamate increased carbamyl phosphate synthetase and argininosuccinate synthetase,
significantly with the 10% casein diet and still more with the urea cycle enzymes, were proportional to the dietary protein
10% gluten diet as compared with the 10% whole egg protein quality, while urea excretion was greater in the group given
diet (Table 4). the diet with low-quality proteinTable 3). Therefore, the results
Experiment 3. The concentration of plasma urea elevated Suggest that regulation of urea synthesis by dietary protein
gradually with the decreasing quality of the dietary protein. The quality may not be attributable to changes in activities of urea
dietary protein quality affected ornithine transport into isolated C€ycle enzymes, thus corrobolating the findings of Das and
hepatic mitochondrial{able 5). Compared with the case of the ~Waterlow @).
rats fed the 10% whole egg protein diet, the ornithine transport  N-Acetylglutamate is a physiological activator of carbamyl
into mitochondria and the concentration of lysine in the liver phosphate synthetasell( 26). Variation in the N-acetyl-
were significantly higher in rats fed the 10% gluten diet or the glutamate concentration has correlated well with urea synthesis
10% casein dietable 5). The correlation between the plasma in intact animals 13, 20, 27, 28) and in isolated hepatocytes
concentration of urea and the ornithine transport into hepatic (10, 29). Many investigators have indicated that a change in

isolated mitochondria was significant € 0.870,p < 0.001). N-acetylglutamate synthesis was involved in regulating the liver
concentration ofN-acetylglutamate 20, 26). Therefore, we

assumed thalN-acetylglutamate concentration and synthesis

might be more important than carbamyl phosphate synthetase
Das and Waterlow3) and we b) reported that an increase  activity in regulating urea synthesis when the dietary protein

in excretion of urea occurred without a concomitant change in quality was changed. Urinary excretion of urea and liver

DISCUSSION
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concentration and synthesisN{acetylglutamate increased with  hepatocytes and isolated hepatocytes. Gluten is known to be a
the decrease in dietary protein qualifjaples 3and4). The lower quality protein than casein or whole egg protein because
higher synthesis of liveN-acetylglutamate in rats fed the 10% of deficiency in lysine. Therefore, we assumed that lysine
gluten or 10% casein diets enhanced tacetylglutamate concentration regulated ornithine transport into mitochondria.
concentration and stimulated urea synthesis in these groupsThe hepatic concentration of free lysine decrreased significantly
Therefore, the changes Mracetylglutamate synthesis may have with the casein diet and markedly more with the gluten diet as
controlledN-acetylglutamate concentration and been one of the compared with the whole egg protein digaple 5). The lower
factors affecting urea synthesis in this study. concentration of liver lysine may induce greater ornithine

N-Acetylglutamate synthetase (EC 2.3.1.1) has been shownfransport into mitochondria in rats fed the low-quality protein.
to catalyze the acetylCoA-dependent acetylation of glutamate The regulation of urea synthesis may be partly mediated through
in liver mitochondria {3). This enzyme is activated by arginine ~the inhibition of ornithine transport by lysine when the dietary
(20, 30). Shigesada et al20) have demonstrated that an arginine Protein quality is manipulated. On the other hand, as lysine was
treatment stimulated the hepatic synthesiblafcetylglutamate ~ Not added in vitro in this study, the dietary protein quality may
in vivo and in isolated hepatocytes. Therefore, we examined affect the regulation of ornithine transport directly. However,
the effect of dietary protein quality on the concentrations of litle documentation of the effect of dietary protein quality on
hepatic glutamate and plasma arginine. The changes in freeth€ carrier system for omithine transport mediated by the lysine
arginine concentration are not considered to be the factor leading®" direct ornithine transport is available. This is another
to the greater synthesis of livéf-acetylglutamate in rats fed ~ POSsibility to consider in further examination of the mechanism
the low-quality protein Table 3). The concentration of free by which the dietary protein quality alters urea synthesis.
arginine may not have regulated urea synthesis in the present These results suggest that the gredieacetylglutamate
study. On the other hand, the greater concentration of hepaticconcentration and ornithine transport into isolated mitochondria
glutamate in the groups given the 10% gluten or 10% casein I the liver of rats given the lower quallty of protein stimulate
diets increased thig-acetylglutamate synthesis in these groups Uréa synthesis and that the concentrations of glutamate and
(Table 3). The glutamate is the substratelfcetylglutamate  ySine in the liver are at least partly related to the hepatic
synthesis. The changes in concentration may have controlleg\-acetylglutamate synthesis and ornithine transport, respectively.
the N-acetylglutamate concentration in the present investigation.
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