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Young growing rats fed on a 9 per cent casein diet containing choline 
and supplemented with methionine and tryptophsn develop a partial 
deficiency of threonine which is characterized by the accumulation of fat 
in the liver (1, 2). The condition was shown to be due to an amino acid 
imbalance (3). Later, other proteins such as fibrin, egg albumin, and those 
of beef and pork were studied (4). With all proteins except fibrin, the 
addition of methionine and tryptophan to the low protein diets precipitated 
a threonine deficiency and fat accumulated in the liver to the extent of 
25 to 30 per cent expressed on a dry weight basis. No accumulation of 
fat was observed in the livers of rats receiving fibrin even when the protein 
level was reduced from 9 to 6 per cent in the diet. A very poor rate of 
gain was observed, however, when the diet contained only 6 per cent of 
fibrin. Since fibrin contains nearly twice as much threonine as is present 
in most of the other proteins studied, and since with the low level of fibrin 
the need for threonine may be less because of the low rate of gain, an 
investigation of amino acid imbalances and liver fat deposition has been 
undertaken with rats fed on diets containing low levels of fibrin. 

EXPERIMENTAL 

Male weanling rats of the Sprague-Dawley strain, weighing 40 to 50 
gm., were used. The rats were housed in individual suspended cages and 
fed ad l&turn during the experimental period of 2 weeks. At the end of 
the experiments in which liver fat deposition was studied, the animals 
were stunned by a blow on the head and decapitated. Livers were re- 
moved immediately and stored at -4” until the estimations of fat were 
carried out. Fat was determined by ether extraction of the dried and 
ground liver. 

The basal diet used in the various experiments consisted of the following: 
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Fibrin,’ 6; corn oil, 5; Salts 4 (5), 4; vitamin mixture, 0.25; choline chloride, 
0.15 per cent; and the various amino acid supplements as indicated. 
Sucrose or dextrin, as indicated in the text, was added to make the ration 
100 per cent. The vitamin mixture provided, in mg. per 100 gm. of diet, 
the following: thiamine, 0.5; riboflavin, 0.5; niacin, 2.5; caltiium pantothe- 
nate, 2.0; pyridoxine, 0.25; biotin, 0.01; folic acid, 0.02; vitamin B12, 
0.002; and inositol, 10.0. 50 mg. of ascorbic acid were added to each kilo 
of the diet to prevent possible losses of thiamine (6). 2 drops of halibut 
liver oil fortified with vitamins E and K were administered weekly to each 
rat (7). 

Results 

The effect on growth of supplementing the basal diet with the limiting 
amino acids is shown in Table I. These supplements were such that, 
together with the amino acids from fibrin, they should have met the 
requirements of the rat. 

When methionine, which was calculated to be the most limiting amino 
acid, was added, growth was depressed. Phenylalanine had a similar but 
less pronounced growth-retarding effect. When histidine, which was 
considered to be the next limiting amino acid, was added, growth was not 
depressed; instead a slight growth stimulation resulted. When combina- 
tions of these amino acids were used, they proved more deleterious than 
the individual amino acids (Groups 5 and 6). A mixture of leucine, 
isoleucine, and valine, together with methionine, phenylalanine, and 
histidine, had a distinct growth-promoting effect (Group 10). Again 
incomplete combinations (Groups 7 to 9) were ineffective in overcoming 
the growth depression. 

Lysine and threonine, deficiencies of which have been implicated in the 
accumulation of fat in the liver, were ineffective in overcoming the imbal- 
ance (compare Groups 5, 14, and 15). 

Further information on the role of the individual amino acids in either 
creating or correcting the imbalance was obtained from the results given 
in Table II. Methionine and phenylalanine which depressed growth when 
added to the 6 per cent fibrin diet were found to be necessary for maximal 
growth when the other four amino acids were present (Groups 1 to 5). 
Growth was severely retarded if histidine, leucine, isoleucine, or valine 
was omitted from the mixture. 

Results showing the effect on the accumulation of fat in the liver when 
the various imbalanced diets were fed are given in Table III. It may be 
seen that in groups fed on the basal diet there was a slight tendency towards 

1 Ground beef blood fibrin, Armour and Company, Chicago, Illinois. 
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TABLE I 

E$ect of Limiting Amino Acids on Growth of Rats Fed on 6 
Per Cent Fibrin-Sucrose Diet 

Diet Gain in weight 

6% fibrin-sucrose (basal) 
Basal f 0.4% nL-methionine 

“ + 0.6% nL-phenylalanine 
“ + 0.2% L-histidine.HCl 
“ $ 0.4% DL-methionine + 0.6% nL-phenylalanine 
“ + 0.4% “ + 0.6% “ + 
201, L-histidine.HCl 

No. 6 + 0.4% L-leucine 
“ 6 + 0.4y0 oL-isoleucine 
“ 6 + 0.6% DL-valine 
“ 6 + 0.4% L-leucine + 0.4% nL-isoleucine f 0.6% DL- 

valine 
Basal f 0.4% L-leucine + 0.4% nL-isoleucine -I- 0.6% DL- 

valine 
Basal + 0.4% L-leucine + 0.4% m-isoleucine + 0.6% DL- 

valine + 0.2% L-histidine.HCI 
No. 5 + 0.1% L-arginine 

“ 5 + 0.5% L-lysine.HCl 
“ 5 f 0.4% nL-threonine 
“ 5 + 0.1% DL-tryptophan 

gm. #er 2 wks. 

14.2 f 1.0 
9.6 f 1.2 

12.1 f 0.9 
16.3 IL 1.3 

5.6 f 0.6 

5.6 f 0.9 
8.6 f 0.6 
7.3 f 1.1 
5.0 f 0.7 

30.6 f 1.8 

10.6 f 1.2 

16.3 f 1.3 
6.1 zk 0.6 
6.0 f 0.4 
5.5 f 1.0 
5.5 f 0.7 
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TABLE II 

E$ect of Omitting Single Amino Acid on Growth of Rats Fed on 6 Per Cent 
Fibrin Diet Supplemented with Six Amino Acids* 

Group 
No. Diet Growth 

1 6% fibrin-sucrose (basal) 
2 Basal + 0.4% nL-methionine + 0.6% uL-phenylalanine 
3 “ + 6 amino acids* 
4 No. 3 minus methionine 
5 ‘L 3 “ phenylalanine 
6 “ 3 “ histidine 
7 “ 3 ” leucine 
8 “ 3 “ isoleucine 
9 “ 3 “ valine 

gm. fier 2 wks. 

13.5 f 1.2 
5.0 f 0.8 

29.0 f 2.2 
20.1 f 1.8 
12.0 f 0.4 

8.0 f 1.2 
3.0 f 0.9 
4.5 f 1.0 
5.0 f 0.9 

* The following amino acids were added: DL-methionine, 0.4 per cent; nL-phenyl- 
alanine, 0.6 per cent; L-histidine.HCI, 0.2 per cent; L-leucine, 0.4 per cent; DL-iSO- 

leucine, 0.4 per cent; and nL-valine, 0.6 per cent. 
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fatty infiltration. However, the liver fat values were normal when growth 
was retarded as a result of imbalances. The growth stimulation obtained 
when six amino acids were included (Group 7) was accompanied by an 

TABLE III 

Growth and Liver Fat in Rats Fed on 6 Per Cent Fibrin Diet 
Supplemented with Amino Acids* 

6% fibrin-sucrose (basal) 
Basal + 0.4% nL-methionine 

“ + 0.1% nL-tryptophan 
“ + 0.4% nL-methionine + 0.1% uL-tryp- 
tophan 

5 Basal + 0. 4y0 nkmethionine + 0.1% nL-phenyl- 
alanine 

6 No. 5 + 0.2% L-histidine.HCl 
7 Basal + 6 amino acids* 
8 No. 7 + 0.6% L-lysine.HCl 
9 “ 7 + 0.5’% oh-threonine 

10 “ 7 f 0.6% L-lysine.HCl f 0.5y0 nL-threoninc 

Diet Growth Liver fat 

gm.  fier 2 wks. w cm1 dry weigh1 

14.2 f 1.0 18.6 f 2.3 
9.6 f 1.2 11.4 zt 2.0 

12.6 f 1.2 14.5 f 1.1 

9.0 f 1.1 12.5 f 2.1 

6.6 f 0.8 13.5 f 1.6 
6.3 f 1.0 7.8 f 1.1 

30.6 f 1.8 37.6 f 1.8 
34.3 f 0.4 25.9 f 1.6 
29.0 f 1.0 29.5 f 2.5 
33.5 f 1.5 19.9 f 1.2 

* See the footnote to Table II. 

TABLE IV 

Growth and Accumulation of Liver Fat in Rats Fed 6 Per Cent Fibrin-Dcxlrin 
Diet Supplemented with Amino Acids* 

Diet 

6% fibrin-dextrin (basal) 
Basal + 0.4’% nL-methionine 

“ + 0.4% “ + 0.6% nL-phen- 
ylalanine 

Basal+ 6 amino acids* 
No. 4+ 0.6% L-lysine.HCl 

“ 4 + 0.5% nL-threonine 
“ 4 + 0.6% L-lysine.HCl + 0.5% nL-threonim 

- 

- 

Growth 

gm. fier 2 wks. 

29.3 f 2.6 
28.8 f 3.6 

P w cent dry weight 

17.6 f 1.6 
18.1 f 2.9 

16.5 f 1.0 12.1 f 1.7 
39.2 f 1.0 24.5 f 2.2 
43.8 f 3.1 16.1 f 0.8 
40.5 f 1.7 19.9 f 1.2 
42.5 f 2.7 16.1 f 1.1 

* The amino acid supplements were the same as those in Table II. 

accumulation of fat in the liver. These fatty livers respon dc 

Liver fat 

:d more to 
lysine than to threonine. The effect of lysine and threonine together was 
more pronounced than that of either of the individual amino acids. In 
no case, however, were the liver fat values reduced quite to normal (Groups 
8, 9, and 10). 

In other experiments dextrin was used as the dietary carbohydrate in 
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place of sucrose and the various groups were repeated. In this case the 
growth rate was twice that obtained with sucrose although it was still 
suhoptimal. The results given in Table IV show that the imbalance caused 
by methionine was not as severe as when sucrose was used. Otherwise 
the results for growth, as well as for liver fat, for the various groups fol- 
lowed a pattern similar to that described for the sucrose series. 

DISCUSSION 

The results presented in this paper illustrate an amino acid imbalance 
that is more complex than any reported previously. From the analytical 
data, methionine and phenylalanine appeared to be the amino acids most 
limiting for growth in the diet containing 6 per cent of fibrin; these were 
considered to be followed by histidine, leucine, isoleucine, and valine in 
this order. However, from Table I it can be seen that the addition of 
methionine and phenylalanine caused a growth depression rather than a 
stimulation and that histidine was without effect. Further studies (Tables 
I and II) indicated that, of the six amino acids tested, methionine was the 
least deficient (Groups 1, 3, and 4 in Table II) and that the sequence in 
which they became limiting for growth was leucine, isoleucine, valine, and 
histidine, all approximately equally so, followed by phenylalanine and then 
methionine. 

The difference between the experimental results and the theoretical 
sequence suggests either that the accepted amino acid requirements are 
too high or that the availability of some of these amino acids from fibrin 
is not complete; perhaps it is a combination of both. 

Several instances have been reported in which the addition of a small 
amount of the second most limiting amino acid to a low protein diet has 
been found to increase the severity of the deficiency of the amino acid that 
was most limiting for growth (8, 9). The situation in the present instance, 
although more complex, follows this general pattern. In the earlier ex- 
ample, addition of a single amino acid that was not limiting created a more 
severe deficiency of the single amino acid that was most limiting. In this 
case, there are four almost equally limiting amino acids. The addition of 
the next most limiting amino acids, methionine and phenylalanine, either 
alone or in combination apparently increased the severity of the deficien- 
cies of the four most limiting amino acids, leucine, isoleucine, valine, and 
histidine. 

The exact quantitative relationships necessary for the creation of an 
amino acid imbalance have not been established. However, from the 
present studies (Table II), as well as from previous observations on amino 
acid imbalances (lo-13), it is evident that supplementation with a mixture 
of all the essential amino acids except the most limiting is a reliable and 
reproducible method of creating a severe imbalance. 
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The data further provide an explanation for the previous observations 
of Winje and coworkers (4) that no fatty livers were produced when rats 
were fed a low protein diet containing fibrin. Dietary deficiencies of one 
or two specific amino acids may cause the development of fatty livers in 
rats fed low protein diets containing choline (1, 2). Therefore, when the 
need for such amino acids is increased, as is the case when growth is im- 
proved, partial deficiencies would occur resulting in the development of 
fatty livers. As long as growth remained poor and certain minimal 
amounts of the “lipotropic” amino acids were provided, normal liver me- 
tabolism might be expected. Reference to Table III shows that when the 
imbalance was corrected by the addition of six amino acids and growth was 
improved, fat accumulated in the liver. When growth was poor, the 
quantity of liver fat was not abnormal. Since the quantities of lysine and 
threonine in the diets of Groups 1 to 7 (Table III) were the same, it follows 
that, when growth was improved, more of each of these amino acids were 
used for body protein synthesis and less were available for their “lipotropic” 
function. When additional quantities of lysine and threonine were pro- 
vided, liver fat approached a normal value. In this case, in contrast to 
the results with a 9 per cent casein diet, lysine was required as well as 
threonine. 

It may be pointed out that growth in all these experiments was subopti- 
mal. When sucrose was replaced by dextrin, much better growth was 
obtained (compare Tables I and IV). This would be in agreement with 
the observation that the protein requirement, expressed as a percentage 
of the diet, is greater when sucrose is the dietary carbohydrate (14). 

SUMMARY 

Amino acid imbalances have been created by supplementing a low pro- 
tein diet containing 6 per cent of fibrin with various combinations of amino 
acids. 

When methionine and phenylalanine, the amino acids calculated to be 
most limiting for growth, were added, either alone or together, a complex 
imbalance involving leucine, isoleucine, valine, and histidine was created. 

Supplementation of the 6 per cent fibrin diet with the six amino acids 
stimulated growth but at the same time caused fat to accumulate in the 
liver. These fatty livers responded to lysine and to threonine. A com- 
bination of lysine and threonine, however, was more effective than either 
of the individual amino acids. 

When sucrose was replaced by dextrin, although growth was substan- 
tially improved, the same effects of the various amino acid supplements 
on growth and liver fat deposition were observed. 
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