
556 

Effects of Thyroxine and Cortisol on Liver Threonine 
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Many enzymes of amino acid catabolism 
increase in activity in rats fed a high protein 
diet (1-3) or injected with glucocorticoids 
(4). Among enzymes that have been exam- 
ined in some detail are tryptophan pyrrolase, 
the activity of which is elevated in rats fed a 
high protein diet ( 5 )  or injected with glu- 
cocorticoids (6),  with its substrate (7), or 
with various other compounds (8). Threonine 
dehydratase is also elevated in rats fed a 
high protein diet or injected daily with cor- 
tisol (9-12) or made diabetic (13) but the 
activity of this enzyme does not increase in 
rats injected with its substrate (9). 

There have been few studies of the influ- 
ence of hormonal treatments other than with 
glucocorticoids (12) on the responses of en- 
zymes of amino acid catabolism in rats fed a 
high protein diet. Thyroxine administration 
has been shown to depress the activities of 
several pyridoxal phosphate requiring enzy- 
mes (3, 14-16) but the influence of this 
hormone on enzyme activities in vivo has 
received much less attention than have the 
adrenal glucocorticoids. Some observations on 
the effects of cortisol and thyroxine on the 
activities of tryptophan pyrrolase and threon- 
ine dehydratase in rats fed a high protein 
diet are reported in this paper. 

Experimental procedure. Animal care. The 
experimental animals were male, Holtzman or 
Sprague-Dawley rats weighing lo@-1 50 or 
200-300 g. Hypophysectomized and thy- 

* Supported in part by Public Health Service 
Grant No. AM 10748 from the National Institute of 
'4rthritis and Metabolic Diseases. 

1 Present address: Central Research Laboratory, 
Allien Chemical Corporation, Morristown, N. J. 
2 Present address: Department of Physiological 

Sciences, University of California, Davis, Calif. 

roidectomized rats were obtained from the 
Chicago Hormone Assay Laboratory. One 
group of thyroidectomized animals was ob- 
tained from the Charles River Breeding La- 
boratory, Inc. Animals were housed individu- 
ally in suspended cages with wire mesh bot- 
toms. Upon receipt, they were fed ad libitum 
an adequate purified diet for a t  least 3 days 
to allow them to adjust to the new environ- 
ment. They were then fed the experimental 
diets for 4 days. Thyroidectomized rats were 
given 1% calcium gluconate in drinking 
water throughout the experiments. Hy- 
pophysectomized and thyroidectomized ani- 
mals were used 10 to 20 days after the oper- 
ation, but in each experiment the time after 
the operation was the same for all rats. 

Diets. The control diet (17) contained 
25y0 casein, 5% salt mixture, 5 %  corn oil, 
0.2% choline chloride, and 0.5% vitamin mix 
and sucrose to make 100%. Increases in the 
casein content were at  the expense of sucrose. 
Normal rats were fed the diets in dry form; 
hypophysectomized and thyroidectomized 
rats were fed diets in gel form. The gel diets 
were prepared as follows: all of the dry 
ingredients except for the vitamins and 4% 
of agar were mixed together; the agar and an 
amount of water equal to the weight of the 
dry components (twice the weight for the 
80% casein diet) were brought to a boil; 
when the agar was dissolved completely, the 
solution was mixed vigorously with the dry 
components. After the suspension had cooled 
a little, the vitamins and choline chloride 
were added with continuous mixing until the 
diet became homogeneous. I t  was then 
poured into a polyethylene container, allowed 
to cool, covered with an air-tight lid and 
stored at  4 O .  
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Treatment of animals. Hydrocortisone ace- 
tate (Abco Dealer Inc., New York, N. Y.) 
was injected in a suspension as obtained 
(each ml contained: hydrocortisone acetate 
50 mg; polysorbate 80, 0.4%; sodium car- 
boxymethylcellulose 0.5 % ; benzyl alcohol 
0.9%; sodium chloride 0.9% and water). 
L-Thyroxine hydrochloride pentahydrate (Nu- 
tritional Biochemicals Corporation) was dis- 
solved in 0.005 N sodium hydroxide at  a 
concentration of 100 pg per 0.1 ml and inject- 
ed as such. All injections were intraperitoneal 
and were given daily for 4 days. Although 
the intraperitoneal route is not necessarily 
the most effective it is commonly used in 
enzyme induction studies. Animals were 
killed 24 hr after the last injection and food 
was not withheld from them unless otherwise 
noted. The doses of cortisol and thyroxine 
were as shown in the results. 

Rats were killed with a decapitator and the 
blood was allowed to drain, The liver was 
removed promptly, wrapped in plastic wrap- 
ping material, frozen immediately in dry ice 
and kept frozen until used for the enzyme 
assays. 

Assay procedures. The activity of trypto- 
phan pyrrolase was measured by the method 
of Knox and Auerbach (6).  The incubation 
mixture consisted of 0.3 M phosphate buffer, 
pH 7.0, 1 ml; 10% liver homogenate, 1 ml; 
0.02 M L-tryptophan, 0.3 ml; and water, 1.7 
ml. The activity of threonine dehydratase 
was measured by the method of Goldstein et 
al. (9).  The incubation mixture consisted of 
0.1 M pyrophosphate buffer, pH 8.3, 1.4 ml; 
0.02 M pyridoxal phosphate, 0.1 ml; 0.5, M 
L-threonine, 0.5 ml; and 100,OOOg super- 
nate of 10% liver homogenate, 0.5 ml. The 
units of threonine dehydratase or trytophan 
pyrrolase are defined, respectively, as 1 pmole 
of a-ketobutyrate or kynurenine formed per 
hour under the assay conditions. The protein 
content was determined by the method of 
Lowry et al. (18). 

The activity of threonine dehydratase as 
reported by different authors for rats fed a 
control diet varies greatly. Goldstein et al. 
(9) reported that under their assay condi- 
tions the normal value for threonine dehydra- 

tase in 250-300 g rats was 8-11 units/mg of 
protein, which is the highest among several 
reported values. Our results for 2 W 3 0 0  g 
rats are in agreement with Goldstein’s and 
Knox’s values, ranging from 9 3  to 11.5 
units/mg of protein. 

Since activity per 100 g of body weight 
[ (units/g of liver X liver wt. x lOO)/body 
wt.) takes into account changes in liver size 
and should be indicative of the total enzy- 
matic capacity of the animal, results calcu- 
lated on this (basis and expressed as percent- 
age of the control value are presented in the 
figures. Actual values for the control groups 
are given with each figure. 

Results. Intact rats. In rats (initial av 
body wt. 256 g) fed a control diet ( 2 5 %  
casein) or a high protein diet (80% casein) 
ad libitum, daily injections of L-thyroxine 
(i.p., 400 pug/rat per day for 4 days) (Table 
I )  depressed the activity of threonine dehy- 
dratase by 40% (control diet) and 55% (high 
protein diet). Thyroxine treatment did not 
significantly alter the activity of tryptophan 
pyrrolase of rats fed either diet. 

The enzyme changes throughout the study 
followed the same pattern whether the results 
were expressed per milligram of protein, per 
gram of fresh liver, or per 100 gram of body 
weight as shown in Tables I and 11. 

Thyroxine treatment (50 pg/day) de- 
pressed by about 50% induction of threonine 
dehydratase activity by cortisol, but did not 
affect induction of tryptophan pyrrolase 
activity of rats fed the 25% casein control 
diet (Table I1 and Fig. 1). 

The combination of a high protein diet and 
cortisol injections increased the activity of 
threonine dehydratase 23-fold over that of 
rats fed the 25% casein control diet and not 
injected with hormones (Fig. 2) .  However, 
when rats fed the high protein diet were 
injected with both cortisol and thyroxine the 
activity of threonine dehydratase was about 
3574.0 below that of the cortisol-treated group. 
The activity of tryptophan pyrrolase was not 
affected by thyroxine treatment. 

Thyroxine administration did not depress 
threonine dehydratase activity of rats fed an 
80% casein diet in the experiment reported in 
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M R  TRP 
DEHYDRATASE PYRROLASE 

FIG. 1. Effects of thyroxine and cortisol on activi- 
ties of liver tryptophan pyrrolase and threonine 
dehydratase of rats fed control diet ( Z S %  casein). 
Male rats (100-1 10 g) were given intraperitoneal 
injections of 10 mg of cortisol and various amounts 
(as indicated under the figure) of thyroxine (fig per 
rat) daily for 4 days; four rats per group; 
un i td l00  g of body weight/hr for control groups 
receiving no hormonal treatment: threonine dehy- 
dratase, 2 2 5 0 ;  tryptophan pyrrolase, 6.0. 

80% casein diet but kept without food over- 
night were: for those not injected with thy- 
roxine, 12,700 units/100 g of body wt./hr; for 
those injected with 200 rng of thyroxine/day, 
8900 unitsJlO0 g of body wt./hr. 

Thyroidectomized rats. The activity of liv- 
er threonine dehydratase was two- to threefold 
higher in thyroidectomized rats than in in- 
tact controls (Figs. 3 and 4).  Control rats 
had the same average body weight as the 
thyroidectomized rats at  the time of thy- 
roidectomy. The activity of tryptophan 
pyrrolase in rats fed a control diet was very 
little affected by thyroidectomy. Administra- 
tion of thyroxine to thyroidectomized rats fed 
a control diet depressed the activity of thre- 
onine dehydratase by 45% and that of tryp- 
tophan pyrrolase by 30% (Fig. 4).  Feeding a 
high protein diet to thyroidectomized rats 
resulted in a ten- to thirteenfold increase in 
threonine dehydratase and about three- to 
fourfold increase in tryptophan pyrrolase 
(Figs. 3 and 4).  In  thyroidectomized rats fed 

Fig. 2 whereas in the experiment reported in 
Table I it depressed the activity of this 
enzyme in rats fed the high protein diet by 
nearly 50%. The rats used in the first exper- 
iment (Table I )  weighed 256 g; those used 
in the second weighed only 110 g. The doses 
of thyroxine used were 400 pg for 256 g rats 
and 2 0 0  pg for 110 g rats. When the two 
trials were repeated, nearly identical results 
were obtained but in another study in which 
food had been withheld from the animals the 
night after the last injection, threonine dehy- 
dratase activity of young rats fed a high 
protein diet and injected with thyroxine was 
depressed. A further experiment revealed that 
thyroxine treatment depressed threonine de- 
hydratase activity of young rats fed a high 
protein diet only if they were kept without 
food overnight before they were taken for the 
enzyme  determination^.^ Values for rats al- 
lowed access to food until they were killed 
for the enzyme determinations were essential- 
ly the same as those reported in Fig. 2. How- 
ever, values for rats (110-130 g) fed the 

z$ This experiment was done in col1abor;ition with 
John I. Dalezios (19). 
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FIG. 2 .  Effects of cortisol and thyroxine on liver 
tryptophan pyrrolase and threonine dehydratase of 
rats (100-110 g) fed an 80% casein diet. Thyroxine 
(200 pg/rat) , cortisol ( 10 mg/rat) were injected 
intrapentoneally daily for 4 days; four rats per 
group; units/100 g of body weight/hr for control 
groups receiving low protein diet and no hormonal 
treatment: thrconine dehydratase, 2930 ; tryptophan 
pyrrolase, 8.3. 
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2900 1 

CASEIN 252525808080 252525808080 
CORTISOL0 0 + 0 0 + 0 0 + 0 0 + 

THR TRP 
DEHYDWTASE PYRROLASE 

FIG. 3.  Effects of cortisol (10 mg/rat) on liver 
tryptophan pyrrolase and threonine dehydratase of 
thyroidectomized rats fed a 25% casein (control) or 
80% casein diet. Four rats per group; units/100 g of 
body weight/hr for intact control rats receiving 
no hormonal treatment ; threonine dehydratase 
2360 ; tryptophan pyrrolase, 8.3. 

the high protein diet and injected with cor- 
tisol the activity of threonine dehydratase 
increased 22-  to 27-fold. Treatment with cor- 
tisol had the same effect in thyroidectomized 
rats fed the control diet as it did in intact 
rats. 

Thyroxine depressed the activity of threon- 
ine dehydratase by about 40% in thyroidec- 
tomized rats fed a high protein diet, and by 
about 60% in those fed a high protein diet 
and also treated with cortisol (Fig. 4). On 
the other hand, tryptophan pyrrolase activity 
of thyroidectomized rats fed a high protein 
diet was not affected by thyroxine and cor- 
tisol (Fig. 4 ) .  

Hypophysectomized rats. Increasing the 
protein content of the diet resulted in in- 
creases in the activities of both threonine de- 
hydratase and tryptophan pyrrolase in hypo- 
physectomized rats (Fig. 5 ) .  Hypophysec- 
tomy had little or no effect on the activity of 
either enzyme in rats fed the 25% casein con- 
trol diet (Fig. 6 ) .  Thyroxine depressed the 
activities of both enzymes in hypophysecto- 
mized rats fed either the control or the high 

protein diet and injected with cortisol (Fig. 
6) 

Discussion. Threonine dehydratase activi- 
ty, but not that of tryptophan pyrrolase was 
depressed by administration of thyroxine to 
rats fed a control diet or a high protein diet 
with or without cortisol injections. In thy- 
roidectomized rats fed either the control or 
high protein diets, the activity of threonine 
dehydratase was two- to threefold above val- 
ues for intact rats but tryptophan pyrrolase 
activity was not. Evidently thyroxine selec- 
tively depressed the activity of threonine de- 
hydratase under these conditions. Although 
the thyroxine dosage was high in most of 
these experiments similar effects have been 
obtained with doses as low as lOpg/lOO g of 
body weight (14,19). 

Rosen et al. (20) have reported that thy- 
roxine administration inhibits the response of 
glutamate-alanine transaminase to cortisol in 
the rat. Horvath (14), and Litwack et al. 
( 15) showed that thyroxine inhibits pyridox- 
a1 phosphate-dependent enzymes in vitro and 
suggested that thyroxine inhibits enzyme ac- 
tivity in vitro by interacting with pyridoxal. 
Litwack et al. (21) also reported that in rats 

CASEIN 25 25 25 80 80 80 80 25 25 25 80 80 80 80 
c o R n s o L o o o o + o +  o o o o + o +  

THYROXINE0 0 + 0 0 + + 0 0 + 0 0 + + 
THR TRP 

DEHYDRATASE PYRROLASE 
FIG. 4. Effects of thyroxine ( 2 0 0  pg/rat) and cor- 

tisol (10 mg/rat) on liver tryptophan pyrrolase and 
threonine dehydratase of thyroidectomized rats 
fed a 25% casein (control) or 80% casein diet. Four 
rats per group; unitdl00 g of body weight/hr for 
intact control rats receiving low protein diet and no 
hormonal treatment: threonine dehydratase, 2480 ; 
tryptophan pyrrolase, 7.3. 
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FIG. 5. Effect of casein content of the diet on liver 
tryptophan pyrrolase and threonine dehydratase 
of hypophysectomized rats. Five rats per group ; 
units/100 g of body weight/hr for control 
groups receiving low protein diet and no hormonal 
treatment: threonine dehydratase, 3740 ; tryptophan 
pyrrolase, 11.4. 

fed 2 %  of thyroid powder in the diet for 3 
days the activity of tyrosine a-ketoglutarate 
transaminase was depressed but after 7 days 
of feeding this diet, the activity was in- 
creased slightly. Knox and Greengard (3) 
suggested that depressions of pyridoxal phos- 
phate-dependen t enzymes in thyroxine- 
treated animals may be the result of de- 
pletion of the coenzyme from the tissues by 
this treatment with reduction in apoenzyme 
being a secondary response. Threonine dehy- 
dratase is a pyridoxal phosphate-dependent 
enzyme, whereas tryptophan pyrrolase is not; 
hence, the differential responses of the two 
enzymes could be attributed to inactivation 
or depletion of pyridoxal phosphate. Howev- 
er, the high intake of pyridoxine (4-fold the 
requirement) by rats used in the present ex- 
periments should have prevented pyridoxine 
depletion during the short time thyroxine was 
administered. Further, the observation that 
thyroxine did not depress the activity of thre- 
onine dehydratase in young rats fed a high 
protein diet and allowed to eat freely until 

the end of the experimental period makes it 
unlikely that direct interaction of thyroxine 
with pyridoxal phosphate can account for 
these observations. 

Freedland and Avery (11) reported th,at 
including 4% of iodinated casein in the diet 
of normal rats resulted in a twofold increase 
in the activity of serine dehydratase. Since 
serine dehydratase and threonine dehydratase 
are the same enzyme (9) ,  the observations 
of Horvath (19) and ourselves that thyroxine 
injection depresses the activity of threonine 
dehydratase are in contrast to their findings. 
However, they ( 1 1 )  fed 4% of iodinated 
casein and did not inject thyroxine. Further, 
the size and age of the animals may be im- 
portant (they did not report the size of their 
animals). In young animals (100-130 g) fed 
a high protein diet. thyroxine injection did 
not depress the ,activity of threonine dehy- 
dratase. 

Of particular interest are the elevations of 
the two enzymes in hypophysectomized rats 

2000 
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INTACT 
p HYPOPHYSECTOMIZED 
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C A S E I N 2 5 2 5 2 5 2 5 8 0 8 0  252525258080 

CORTl* 0 + + 0 + + 0 + + O  + + 
THYROXO 0 + 0 0 + 0 0 -b 0 0 + 

THR TRP 
DEHYDRATASE PYRROLASE 

FIG. 6. Effect of thyroxine (200 pg/rat) and cor- 
tisol (10 mg/rat) on liver tryptophan pyrrolase and 
threonine dehydratase of hypophysectomized 
rats fed a 25% casein (control) or 80% casein diet. 
Four rats per group; units/100 g of body 
weight/hr for hypophysectomized control rats re- 
ceiving low protein diet and no hormonal treatment; 
athreonine dehydratase, 1580 ; tryptophan pyrro- 
lase, 7.5. 
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fed a high protein diet. This would indicate 
that induction of these enzymes by a high 
protein intake is not mediated by hormones 
of the pituitary gland. However, responses to 
a high protein intake are higher in the intact 
than in the hypophysectomized rat and the 
response to combined treatment with high 
protein and cortisol was much greater than to 
either treatment alone. Rosen et al. ( 2 2 )  
showed that several enzymes respond to a 
high protein intake in adrenalectomized rats, 
and Peraino ( 1 2 )  showed that in intact rats 
the response to cortisone and a high protein 
intake are additive. I t  would appear, there- 
fore, that a high protein diet and cortisol 
induce this enzyme through different mecha- 
nisms. There is considerable evidence (23- 
25 )  that cortisol induction is the result of an 
enhanced rate of enzyme synthesis. There is 
also evidence that the activities of some en- 
zymes of amino acid catabolism in animals 
may increase owing to inhibition of enzyme 
degradation ( 2 6 ) .  If a high protein intake 
depresses the rate of enzyme degradation this 
would account for the greater response of 
threonine dehydratase to combined treatment 
with cortisol and a high protein intake than 
to either treatment alone. 

Changes in the activity of threonine dehy- 
dratase in rats injected with thyroxine may 
also be related to changes in energy metabol- 
ism and this might explain the limited re- 
sponsiveness of young rats that were not 
starved. Visual inspection of rats receiving 
thyroxine injections indicated that the larger 
rats had substantial reserves of fat whereas 
young rats: which normally have very little 
body fat, became almost wholly depleted of 
adipose tissue when they were fed a high 
protein diet and injected with thyroxine for 4 
days. The activities of many enzymes of 
amino acid catabolism increase when rats are 
fed a high protein diet, a condition in which 
energy must be derived from amino acids; 
and thyroxine treatment increases metabolic 
rate and, hence, energy consumption. The 
suppressed response of threonine dehydratase 
activity to a high protein intake in mature 
rats treated with thyroxine may therefore be 
a reflection of preferential utilization of ami- 

no acids as a source of energy and diversion 
of them away from synthesis of labile pro- 
teins. However, when body fat is depleted 
and amino acids must be mobilized even 
more extensively as a source of energy, as in 
the young animal treated with thyroxine, en- 
zymes which are required for this, such as 
threonine dehydratase, may be maintained 
tenaciously unless a period of starvation is 
superimposed on the thyroxine treatment. 

Siimmary. The activities of threonine de- 
hydratase (L-threonine hydro-lyase EC4.2.1. 
16 )  and tryptophan pyrrolase (L-tryptophan: 
oxygen oxido-reductase EC1.13.1.12) were 
measured in tissues from rats subjected to 
hormonal and dietary treatments. Both treat- 
ment with cortisol and a high protein intake 
resulted in elevations in the activities of 
these enzymes in intact, hypophysectomized, 
and thyroidectomized rats. The combined 
effect of cortisol treatment and a high pro- 
tein intake on the activities of threonine 
dehydratase and tryptophan pyrrolase was as 
great or greater than the sum of the two 
treatments individually. Thyroidectomy re- 
sulted in a two- to threefold increase in the 
activity of threonine dehydratase, but did not 
affect the activity of tryptophan pyrrolase. 
Thyroxine injections depressed threonine de- 
hydratase activity in intact, hypophysectom- 
ized, and thyroidectomized rats. Thyroxine 
also depressed the activity of threonine dehy- 
dratase in rats fed a high protein diet or 
injected with cortisol. Tryptophan pyrrolase 
activity was not altered in intact rats treated 
with thyroxine but was depressed in hy- 
pophysectomized rats fed control or high pro- 
tein diets. 
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Seasonal Variation of Aortic Ruptures of Turkeys Induced 
by Diethylstilbestrol" (33606) 

R. H. HARMS, H. R. WILSON AND CHARLES F. SIMPSON 
Florida Agricultural Experiment Station, Gainesville 32601 

In 1963, it was reported from this labora- 
tory that injections of high levels of diethyl- 
stilbestrol (DES) resulted in a high inci- 
dence of aortic rupture in turkeys ( 1 ) .  The 
administration of DES by either the paren- 
teral or oral routes caused mortality from 
aortic ruptures ( 2 ) .  The mortality resulting 
from the DES treatments is apparently due 
to the estrogenic effect since the feeding of 
dienestrol diacetate also resulted in a high 
level of mortality ( 3 ) .  In several experi- 
ments, various factors have been found to 
influence the rate of mortality resulting from 
the injections of DES. I t  was determined that 
a higher incidence of mortality occurred on 
a corn-soybean type diet containing 23% 
protein and a relatively high level of energy 
than occurred when the diet contained 20% 
protein and a high level of oats (4) .  Increas- 
ing the level of dietary sodium chloride from 
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0.5 to 3.0% resulted in significantly increas- 
ing rate of aortic rupture, and reducing the 
level from 0.05 to 0% resulted in a signifi- 
cantly decreased incidence of aortic rupture 
( 5 ) .  Supplementing the diet with thiouracil 
has been found to increase incidence of aortic 
rupture ( 6 )  as compared to a significant 
decrease in mortality by the addition of iodi- 
nated casein ( 7 ) .  

During the past 7 years, 23 experiments 
were conducted to study factors which influ- 
ence aortic ruptures in turkeys induced by 
diethylstilbestrol. In this series of studies i t  
was observed that the turkeys are more sus- 
ceptible to aortic rupture in certain periods 
of the year than in others. The data from 
these 23 experiments were combined to 
demonstrate this seasonal effect. 

Materials and Methods. Mortality data 
from 23 experiments involving the use of 
DES to produce aortic ruptures in turkeys 
have been summarized. Only the data from 
those groups receiving DES without addition- 


