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Adaptation of the rat to a high protein 
intake results in enzymatic changes and in- 
creased relative liver and kidney size. Not 
only do the activities of enzymes involved 
in the catabolism of specific amino acids 
increase, e.g., threonine dehydrase and tryp- 
tophan pyrrolase ( 1 ) ; but also essentially all 
enzymes of central importance in the catabo- 
lism of amino nitrogen, such as the urea 
cycle enzymes, glutamic-pyruvic transaminase 
and glutamic-oxaloacetic transaminase, are in- 
creased( 2-5).  However, little or no increase 
in glutamic dehydrogenase (GDH) has been 
observed when protein intake is increased( 2, 
4 3 ) .  The key position of GDH in the scheme 
of amino nitrogen catabolism has prompted 
a closer examination of the activity of this 
enzyme in the tissues of rats adapting to 
a high protein intake. 

Jlethods. Male rats of Holtzman or Charles 
River strain weighing 100-150 g were used 
unless otherwise noted. They were housed 
individually in suspended cages with screen 
bottoms and given food and water ad libitum. 
The control diet used in the high protein 
studies contained 2 570 casein, 65 % sucrose, 
5% corn oil, and 5% salts. The salt and 
vitamin mixtures (6 )  which were used initially 
were later replaced by Wesson salts and the 
vitamin mixture of Miller et al(7).  In diets 
containing 50% or more of casein the quan- 
tity of vitamins added to the diet was 
doubled. Adjustments in the level of casein 
were made at  the expense of sucrose. Pair- 
fed animals received a restricted amount of 
the 25% casein control diet so that their 
daily food intake was the same as that of 
the high protein group. The control diet 

7 This investigation was supported in part by Pub- 
lic Health Service Research Grants AM05587 and 
AM05841 from the National Institute of Arthritis 
and Metabolic Diseases. 

* Present address: Radioisotope Service, Veterans 
Admin. Hosp., Seattle, Wash. 

was fed to all animals for a t  least 3 days 
before start of the experiment. 

The diet was modified for the amino acid 
studies by replacing the sucrose with dextrin 
(autoclaved corn starch) and the casein with 
a mixture of crystalline L-amino acids. The 
basal mixture of essential amino acids con- 
tained 4.6% arginine * HCI; 4.9% histidine * 

HCl H20; 21.7% lysine HCl; 9.5% methi- 
onine ; 10.4 % isoleucine ; 13.1 % leucine ; 
13.7% phenylalanine; 9.5% threonine; 2.1 % 
tryptophan; and 10.4% valine and consti- 
tuted 8.7% of the diet.+ The main com- 
ponents of the diets for the low carbohydrate 
study are given in Table 1V.S 

At time of sacrifice the rats were stunned 
by a blow on the head and decapitated. The 
tissues were removed and chilled on ice. The 
intestinal samples consisted of approximately 
8 inches of the upper small intestine which 
had been rinsed with isotonic saline to re- 
move the contents. The mucosa was sepa- 
rated from the serosa with the aid of a 
spatula. Protein concentration was measured 
by the method of Lowry et aZ(9). 

After examining a number of variables the 
following method for determination of GDH 
was developed. Tissues were homogenized for 
2 minutes (3  minutes for muscle) in dis- 
tilled water with a VirTis “45” tissue homo- 
genizer.§ Centrifugation when used was a t  
1000 x g for 5 minutes. Where dilution was 
required 0.1 M, pH 7.4 phosphate buffer 
was used. 

GDH activity was determined spectropho- 
tometrically. Cuvettes contained 1 X 
M reduced nicotinamide-adenine dinucleotide 

t The amino acid experiments were part of a 
krger study of amino acid dietts by Dr. W. P, 
Stucki(8). 

T The tissues fcr this study were provided by 
Dr. M .  A. Waldorf. 

0 The dial setting was 50 which yielded approxi- 
mately 16,000 rpm. 
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TABLE I. Tissue Distribution of Glutamic De- 
hydrogenase Activity. 

Units/g tissue” 
Tissue -I standard error 

Liver 102 * 4  

Intestinal mucosa 9.4 & .7 
serosa 4.9 2 .4 

Spleen 4.4 2 .1 
Heart 1.9 * .2 
Diaphragm 1.7 ? .2 
Gastrocnemius muscle .3 2 .05 

Kidney 40 +- 1 
9 9  

* Tissues from 8 rats which had been raised on 
a stock diet and weighed approximately 250 g were 
analyzed. 

(NADH), 2.5 X 10-1 M NH4C1, 5 X 1W3 
M a-ketoglutarate, 1 X M ethylenedia- 
mine tetraacetic acid, 0.1 M, pH 7.4 phos- 
phate buffer and homogenate. Activity was 
measured at  room temperature by the rate 
of change in optical density a t  340 mp. 
Blanks contained no a-ketoglutarate. A unit 
of activity was defined as 1 pmole of NADH 
oxidized per minute under the assay condi- 
tions. 

Homogenization with a VirTis homogenizer 
resulted in higher, more consistent activities 
than homogenization with a Potter-Elvehjem 
(teflon pestle) homogenizer. The low activity 
of the Fotter-Elvehjem homogenates was 
probably due to insufficient disruption of the 
mitochondria which is required for the release 
of “latent” activity( lo). Centrifugation at  
16,000 X g decreased the activity and was 
therefore avoided. Freezing and thawing 
tended to inactivate as well as release “latent” 
activity . 

Michaelis constants determined on liver 
homogenates (NH4+, 2.9 X NADH, 
7.4 x a-ketoglutarate, 2.1 )( lot-*) 
were in agreement with literature values for 
purified beef liver enzyme ( 1 1,12 ) . Although 
the pH optimum of 7.3 was lower than that 
reported for the purified enzyme, it agreed 
with that previously published for rat liver 
homogenate( 13,14). With the exception of 
intestinal homogenates the activity was stable 
for a t  least 3 days when stored at  8°C. 

Results. The GDH activities of several 
tissues were determined in a group of rats 
raised on a stock diet (Table I ) .  Liver had 
the greatest activity, being about twice as 

active per g of tissue as kidney. The tissues 
of the small intestine and the spleen had 
510% of the activity of liver. Muscle tissues 
had still lower activities with the skeletal 
muscle, gastrocnemius, having considerably 
lower activity than heart or diaphragm. 

The effect of a high protein intake was 
studied by allowing rats to consume 25 or 
80% casein diets for 7 to 14 days (Table 11). 
There was a small but statistically significant 
(P<.O5) increase in the livers of the rats 
consuming the high protein diet. A larger 
increase in GDH activity occurred in the 
kidneys of the rats adapted to the high pro- 
tein intake, The other tissues showed no 
appreciable changes. 

A more detailed examination was made of 
the liver GDH activity during the adaptation 
period (Table 111). Feeding the 80% casein 

TABLE 11. Effect of an 80% Casein Diet on 
Glutamic Dehydrogenase Activity. 

Activity ( 7%) ” 
Tissue k standard error 

Liver 115 & 5 
Kidr! ey 138 & 3 

113 k 1 5  Heart 

Gastrocnemius muscle 8 5 2  3 
Spleen 9 7 +  7 

*The  activity per g of wet weight was deter- 
mined in tissues of 5 to 15 rats. Activity is  ex- 
pressed as yo of that of the 25y0 casein group. 

TABLE 111. Liver Glutamic Dehydrogenase Activ- 
i ty During Adaptation to an 80% Casein Diet. 

Activity (yo) * t standard error 
Casein, 

Days on diet 80% Casein pair-f ed 

2 
3 
5 
7 

2 
3 
5 
7 

2 
3 
5 
7 

Per g wet wt 
103 2 5 
105 & 3 
106 & 3 
115 & 5 

108 +- 3 
119 t 4 
121 * 3 
122 -c- 7 

Per g protein 
88 98 
94 109 
95 110 

103 111 

Per g body wt 
113 4 4 
117 2 6 
118 k 3 
332 2 6 

9 1  -t 3 
100 & 4 
96 2 2 

105 k 5 

“Values are avcrages f o r  8 to 15 rats and are 
expressed as yo of the 25% casein group fed ad 
lib it urn. 
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FIG. 1. Effect on activity of kidney glutamic 
dehydrogenase per unit of body wt  of feeding high 
protein diets for varying lengths of time. Values are 
expressed as per cent of control and are averages for 
a t  least 8 animals. Rats were fed 80% casein 
(0-0) , 50% casein ( 0-0, or were pair fed 
( A-A) a 2 5 7 ”  casein diet. Vertical lines repre- 
sent standard errors. 

FIG. 2. Effect of casein level of diet on kidney 
glutamic dehydrogenase activity. Activity as per cent 
of the value for the 25% casein group is plotted vs. 
per cent of casein in the diet, Vertical lines represent 
standard errors. Five rats were used per group. 

diet resulted in an increased liver protein 
concentration and relative liver size (g liver 
per g body weight) during the first 5 days. 
The GDH activity kept pace with the in- 
creased liver size but lagged behind the in- 
creased protein concentration. By the sev- 
enth day the activity was elevated both per 
g of body weight (P<.Ol) and per g of 
tissue (P<.O5). Although the activity of the 
livers of the pair-fed group was elevated per 
g of tissue, activity per g of body weight 
was not altered. 

The rise of kidney GDH during the adap- 
tation period was followed using rats con- 
suming 25, 50, or 80% casein diets (Fig. 1).  
Food intake of the 25% casein group was 

restricted to the amount consumed by the 
80% casein group. The activity of the high 
protein groups rose both per g of tissue and 
per g of body weight. As the relative size 
of the kidney also increased during this 
period the increases in activity were larger 
when expressed per g of body weight. The 
increase was greater a t  the higher protein 
level and reached a maximum at 4-7 days. 
The activity was not changed in the pair-fed 
group. 

The relationship between protein level and 
kidney activity was further investigated (Fig. 
2 ) .  Rats receiving an 18% casein diet had 
the lowest activity. Raising the dietary pro- 
tein content above 18% resulted in increases 
in activity that were roughly proportional to 
the increases in protein intake. This figure 
also illustrates the effect on activity expressed 
per unit of body weight of the increase in 
relative size of the kidney. 

Several dietary manipulations were carried 
out to determine which dietary factor was 
causing the enzyme responses. Feeding a 
diet in which carbohydrate was replaced by 
fat produced only a small rise in kidney 
GDH (Table IV) compared to that obtained 
with a high protein diet (Fig. 2 ) .  The effect 
of changing the amino acid composition of 
the diet was studied with diets in which 
crystalline amino acids and ammonium ace- 
tate were the only source of amino nitrogen 
(Table V) .  Kidney GDH was the same 
whether glutamic acid, ammonium acetate, or 
a mixture of dispensable amino acids pro- 
vided the nitrogen for the synthesis of the 
amino acids not provided. When only indis- 
pensable amino acids were included in the 

TABT,E IV. Kidney Glutamic Dehydrogenase Ac- 
tivity of Rats  Consluming Diets High or Low i n  

Carbohydrate. 

Activity (70) * 
f standard error 

Dict Per  g tissue Pe r  g body wt  

Coil t rol 100 * 4 100 * 3 
T,ow carbohydrate 104 k 4 122 t 6 

* Six rats per group were maintained fo r  9 days 
on the coiitrol dirt (259” casein, 65% dextrin) or 
the low carbohydrate diet (38% casein, 50% f a t ty  
acids from the hydrolysis of crisco). Values a re  
expressed as yo of the control group. 
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TABLE V. Kidney Glutamic Dehydrogenase Ac- 
tivity of Rats Consuming Diets with Differing 

Sources of Dispensable Amino Acid Nitrogen. 

Activity (%) * 
-C standard error 

Body P e r g  P e r g  
Dietary addition wt (8) wet wt body wt 

7.6v0 Glutamic acid 117 1 O O - t -  2 1 0 0 2 3  
4.0% Ammonium acetate 112 94 e 3 99 e 3 
5.7y0 Non-essential 110 98 -t- 3 98 2 3 

5.7% Essential amino 84 136 2 1 0  166 2 9 
amino acidst 

acids: 
~ 

*Five weailling rats per group received for 19 
(lays diets containing a mixture of indispensable 
amino acids plus various sources of nitrogen for 
synthesis of dispensable amino acids. Activity is 
expressed as Yo of the group receiving glutamic 
mid. 

t The mixture consisted of 48.1% L-glutamic 
acid, 28.9y0 glycine, and 3.84% each of L-alanine, 
Laspartic acid, 1,-cystine, L-proline, L-serine, and 
L- tyrosine. 

$ Same as basal mix given in the methods section. 

diet the kidney GDH activity was higher 
but growth was depressed. In another trial 
in which proline or alanine was the sole source 
of nitrogen for the synthesis of the other 
dispensable amino acids, liver, kidney and 
intestinal glutamic dehydrogenase activities 
were not different from values obtained when 
glutamic acid was provided in the diet. 

Discussion. As might be anticipated from 
the key role of GDH in amino nitrogen 
metabolism, there was a correspondence be- 
tween level of GDH activity and relative 
importance of the tissue in amino acid catab- 
olism. The activity was greatest in the liver, 
in agreement with previous reports( 13,15) 
and least in muscle. Liver, which is the 
major site of amino acid catabolism, had 
10 times the total activity of kidney, the 
next highest tissue. The values for muscle 
were relatively lower than those reported 
previously ( 15). This is probably a reflec- 
tion of the greater specificity of the spectro- 
photometric method used here. 

The high protein intake caused an increase 
in activity per g of liver that was small and 
on the same order as the rise in protein con- 
centration. However, the increase in total 
activity was substantial as liver size also 
increased. The limited GDH response con- 
trasted with the marked increases reported 

for other liver enzymes, e.g., urea cycle en- 
zymes ( 2 ), glutamic-pyruvic transaminase ( 2, 
3,4), and threonine dehydrase ( 1 ) . The low 
GDH response was more comparable with the 
response of glutamic-oxaloacetic transaminase, 
another enzyme that is very active in liver 

The increased GDH activity per g of kid- 
ney demonstrated that adaptation to a high 
protein intake results in changes in enzyme 
activity as well as in size of this organ. 
Arginase has been reported to be increased 
when protein intake is raised( 16) ; but the 
transaminases remain the same per g of kid- 
ney(3). The rise in kidney GDH followed 
the pattern reported for several liver en- 
zymes(2,3). It was proportional to the ele- 
vation in dietary protein level and reached 
a maximum in 4-7 days. Lowering the carbo- 
hydrate intake or varying the glutamic acid 
intake did not affect the kidney GDH activ- 
ity. It appears that the enzyme was re- 
sponding to changes in protein intake per se. 

Summary. The activity of glutamic de- 
hydrogenase (GDH) has been determined in 
the tissues of rats consuming normal or high 
protein diets. In rats consuming a stock diet 
the distribution of GDH activity was as 
follows in order of decreasing activity: liver, 
kidney, intestinal mucosa, intestinal serosa, 
spleen, heart, diaphragm, and gastrocnemius 
muscle. Rats adapted to an 80% casein 
diet for 7-14 days had a higher activity per 
g of tissue in liver and kidney but not in 
spleen, heart or gastrocnemius muscle. Com- 
pared with rats consuming a 25% casein 
diet the activity of rats placed on an 80% 
casein diet rose 15% per g of liver, the 
same as the liver protein concentration, and 
32% per g of body weight. Pair-fed rats had 
a higher activity per g of liver but no change 
per g of body weight. The increase in kidney 
GDH reached a maximum of 35% per g of 
tissue (85% per g of body weight) 4 days 
after changing the dietary casein level from 
25  to 80%. The activity was proportional to 
the casein content of the diet for groups re- 
ceiving more than 18% of casein. The ac- 
tivity of the kidney was not significantly 
affected by feeding a low carbohydrate-high 
fat diet or by substituting various dispensable 

(2-5).  
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Uptake of Ethionine-Ethyl-Ha by the Rat Conceptus." (29317) 

RICHARD L. SCHULTZ AND JOHN E. BLATTMAN 
Department of Anatomy,  University o f  Colorado Medical Center, Denver 

Recent studies have shown that ethionine 
is transported across the placenta of rats and 
mice and that this amino acid analogue is 
incorporated into the proteins of the fetus 
( 1-3). Our studies (3) have indicated that 
the maximum concentration of free ethionine 
in the fetus and amniotic fluid occurs some 
time after that of the placenta and the plas- 
ma. The purpose of this study is to de- 
termine the relative rates of movement of 
labeled ethionine into the free amino acid 
pools and into the proteins of the placenta, 
fetus, and amniotic fluid of the pregnant rat. 

Materials and methods. Intraperitoneal in- 
jections of 200 mg DL-ethionine (Nutritional 
Biochemicals) were given to eight 12-day 
pregnant rats (Sprague-Dawley) . The rats 
were anesthetized 6 hours later and were 
injected intravenously with 250 pc (1.5 mg) 
L-ethionine-ethyl-H3 (New England Nuclear 
Corp.). The urethra was clamped off at  time 
of injection. At 5, 1 5 ,  30 and 120 minute 
intervals after injection of the tracer, blood 

was drawn from the vena cava inferior, the 
bladder was removed, and amniotic fluid, 
fetuses and placentae were collected. 

Four pregnant rats were injected with 200 
mg DL-ethionine and with 250 pc of L-ethio- 
nine-ethyl-H3 intraperitoneally 12 and 72 
hours prior to autopsy on day 12 of preg- 
nancy. The rats were placed in metabolic 
cages and the urine was collected at  12 hour 
intervals. Blood and tissues were obtained 
as before. 

Absolute ethanol was added to the plasma, 
amniotic fluid, and to homogenates of 8 
fetuses and 2 placentae from each animal 
to bring the final concentration to 80% etha- 
nol. The precipitates were separated by cen- 
trifugation and washed twice with 80% etha- 
nol. The supernatant from each tissue or fluid 
was combined with the washes and consti- 
tuted the soluble activity. Fat was extracted 
from the precipitates with ethanol-ether and 
ethanol-chloroform. The precipitates were 
hydrolyzed in 6N HCl at llO°C for 38 to 

*Supported by a grant from Nat. Inst. of General 24 hours, evaporated to dryness, and dis- 
Med. Sciences, N.I.H., P.H.S., and a grant from the solved in water to Yield the Protein-bound 
Fluid Research Committee, Univ. of Colorado Med. amino acids. The protein samples were de- 
Center. colorized with norit. All samples were evap- 


