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ABSTRACT The fate of the most limiting amino acid (i.e., tracer quantities of
threonine-U-1“C or histidine-U-4C) was studied in rats fed a single meal of a low
protein diet in which an amino acid imbalance had been created by the addition of an
amino acid mixture devoid of threonine or histidine. The amino acid imbalances did
not increase the rate of oxidation of labeled amino acids as indicated by measurement
of radioactivity in expired carbon dioxide; they did not result in enhanced excretion
of radioactivity in urine or feces; nor did they result in enhanced incorporation of
radioactivity into liver glycogen or fat. The accumulated evidence indicated that amino
acid incorporation into liver proteins was enhanced by the amino acid imbalances.
Incorporation into other tissue proteins was not depressed, and total retention of label
in carcass was slightly greater as a result of the imbalance. On the basis of these
and other observations, a hypothesis was formulated to explain the effects of amino
acid imbalances. It is suggested that an imbalance leads to more efficient incorporation
of the growth-limiting amino acid into tissues with the result that its concentration
in blood plasma decreases within a few hours after ingestion of the imbalanced meal.
This phenomenon, which resembles the response of an animal to a severely deficient
diet — a protective response — results in a signal to an appetite-regulating center

indicating that the diet is much more deficient than it actually is. Food intake is
subsequently depressed and the food intake depression results in retarded growth.

Rats fed a low protein diet to which has
been added a mixture of all but one of the
indispensable amino acids gain less weight
than control rats fed the low protein diet
alone. The growth retardation is attrib-
uted to an amino acid imbalance and can
be prevented by a small supplement of the
amino acid missing from the mixture.
Although considerable information about
the nutritional effects of amino acid imbal-
ances has accumulated (1), the metabolic
events responsible for these effects are not
known.

Ten years ago, Salmon (2, 3) postulated
that the addition of an incomplete mixture
of amino acids to a low protein diet might
increase the catabolism of all amino acids
and, hence, result in increased destruction
of the amino acid in shortest supply in the
diet (limiting amino acid). To test this
hypothesis which would explam the growth-
depressing effect of an amino acid imbal-
ance, 2 groups of workers studied the
metabolism of isotopically labeled trypto-
phan in rats fed a low protein diet lack-
ing niacin and to which threonine had been
added to create an amino acid imbalance.
Florentino and Pearson (4) obtained re-
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sults supporting the hypothesis, whereas
Wilson et al. (5) found no indication of
increased catabolism of tryptophan, the
limiting amino acid in the diet used. The
rats used in these experiments had been
fed the imbalanced diet for a week or more
and showed a depressed rate of growth. As
the growth depression is mainly the result
of low food intake (6-9), it is difficult in
experiments conducted under such condi-
tions to distinguish between metabolic
changes due directly to the amino acid im-
balance and those due to low food intake.
The initial metabolic effects of an amino
acid imbalance should be detectable before,
or at least at the same time as, the food
intake of the experimental animals is af-
fected; hence experiments of relatively
short duration appear to be needed to re-
solve the dilemma posed by these disparate
results.
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A decrease in the concentration of the
limiting amino acid in blood plasma is one
of the earliest biochemical changes ob-
served inrats fed an amino acid-imbalanced
diet (10, 11), and the possibility of a close
relationship between the regulation of food
intake and plasma amino acid pattern has
been suggested (9, 12, 13). Increased ca-
tabolism of the limiting amino acid could
account for this type of change in the
plasma amino acid pattern. In addition,
the extra amino acids added to create an
imbalance might interfere with absorption
of the limiting amino acid from the gastro-
intestinal tract, with uptake of the limiting
amino acid from body fluids into tissues, or
with synthesis of protein in the tissues.

In an effort to determine the metabolic
basis for the gross effects of an amino acid
imbalance and for the reduction in the con-
centration of the most limiting amino acid
in blood plasma, the metabolic fate of
1C-labeled limiting amino acids was stud-
ied in rats immediately after they had in-
gested equal quantities of a balanced or an
imbalanced diet.

EXPERIMENTAL PROCEDURE

Young adult male rats of the Sprague-
Dawley strain were trained to consume
about 10 g of a 15% casein agar-gel diet
within 2 hours by feeding them for only
2 to 3 hours daily for about 3 weeks.

Two amino acid imbalances were stud-
ied: a threonine imbalance, and a histidine
imbalance. These imbalances were pro-
duced by adding a mixture of indispensable
amino acids lacking either threonine or his-
tidine to a low protein basal diet. The
basal diet used in the study of the threonine
imbalance contained: (in per cent) casein,
6; L-methionine, 0.3; vitamin mixture in
sucrose (14), 0.5; salt mixture (14), 5;
corn oil, 5; choline-Cl, 0.2; sucrose, 28; and
dextrin, 55. To prepare the threonine-
imbalanced diet, 10% of the carbohydrate
in the basal diet was replaced by an amino
acid mixture lacking threonine. The

~amounts of individual amino acids added

were as follows: (in per cent) L-leucine,
1.67; L-isoleucine, 1.26; L-valine, 1.26;
L-histidine'HCl, 0.73; L-phenylalanine,
1.67; vr-lysine‘HCl, 2.60; L-tryptophan,
0.35; and r-methionine, 0.47. The basal
diet used in the study of the histidine im-
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balance was similar except that the dietary
level of casein was reduced to 5%, and
0.2% of r-threonine was added to ensure
that this amino acid would not be limiting.
To create a histidine imbalance, 5.4% of
an amino acid mixture lacking histidine
was added to the basal diet in place of car-
bohydrate. The amounts of individual
amino acids added were as follows: (in per
cent) L-methionine, 0.3; L-phenylalanine,
0.9; vr-leucine, 0.9; L-isoleucine, 0.6;
L-valine, 0.6; L-lysine-HCI, 0.9; L-arginine-
HCI, 0.6; r-threonine, 0.45; and L-trypto-
phan, 0.15.

These amino acid mixtures were known
from previous work (1, 9, 15,) to cause
amino acid imbalances that resulted in
growth depressions in rats fed ad libitum.
The growth depression caused by the amino
acid mixture lacking histidine is prevented
by a supplement of histidine; that caused
by the amino acid mixture lacking threo-
nine is prevented by a supplement of
threonine.

Each diet was dispersed in an equal
amount of hot water containing 3% of agar
and upon cooling the mixture set as a gel.
Threonine-U-*C (6.2 ng) was incorporated
into the threonine-imbalanced diet and
histidine-U-*C (5.4 .g) was incorporated
into the histidine-imbalanced diet such that
each rat ingested about 8.3 yc. The quan-
tities of the limiting amino acids added
were insufficient to affect growth. Al-
though the diets contained about 50% of
water, food intakes are reported on a dry-
weight basis. The control diets in these
studies contained about half as much nitro-
gen as the experimental diets; hence, in
essence, what is being studied is the effect
of a surplus of all of the indispensable
amino acids except one on the metabolic
fate of the indispensable amino acid that
is limiting for growth. The control and
experimental diets contained the same
amount of the limiting amino acid.

For the collection of carbon dioxide, ani-
mals were placed in glass metabolism cages
through which dry, carbon dioxide-free air
was passed. The expired carbon dioxide
was collected in columns containing a mix-
ture of ethanolamine and ethyleneglycol
monomethylether (1:2, v/v), and the
radioactivity was determined according to
the method of Jeffay and Alvarez (16).
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All of the samples were counted in a
Packard liquid scintillation spectrometer.
An internal standard of “C-toluene was
used to determine the disintegrations per
minute (dpm).

Spilled food was suspended in 1 N HCI,
heated overnight, filtered and an aliquot
was used for the determination of radio-
activity with aqueous scintillation solution
I (17) after neutralizing and decolorizing
a 2-ml aliquot with 0.2 ml of 30% hydro-
gen peroxide for 4 to 6 hours at 100°.
Recoveries of radioactivity from protein-**C
and threonine-"*C using this procedure were
97% and 85%, respectively. Urine was
diluted to constant volume, filtered and a
2-ml aliquot was also decolorized and
counted as described above.

Feces were homogenized in a mortar
with water, made to volume and centri-
fuged, and 2 ml of the supernatant fluid
was counted as described for urine.

In some experiments 0.1 ml of blood was
collected hourly from the tail vein, mixed
with 5 ml of cold 5% trichloroacetic acid
and centrifuged, and 2 ml of the super-
natant fluid was used for the determination
of radioactivity.

Before the rats were killed, they were
anesthetized with ether; blood was taken by
heart puncture. Then the gastrointestinal
tracts, livers, kidneys and left gastroc-
nemius muscles were taken out rapidly,
frozen, and stored at —29° until analysis
was performed. The remainder of each
carcass was dissolved in about 600 ml of
NaOH in methanol (160 g/liter) and
heated at 95° for 2 to 4 hours. The solu-
tion was diluted to 1 liter with water and
an aliquot taken, neutralized, and aqueous
scintillation solution added and the sample
counted.

Gastrointestinal contents were washed
out with water, dissolved in dilute alkali,
neutralized and centrifuged; an aliquot was
decolorized and counted as described above.
Portions of liver and kidney homogenates
were diluted with 2 N NaOH, heated, then
neutralized and the radioactivity of the
whole tissue was determined as described
above. Tissues were homogenized in
water, and acid-soluble and protein frac-
tions were obtained acccording to the
method of Hutchinson and Munro (18).
Protein fractions were dissolved in 2 N

NaOH, and a 1-ml aliquot containing about
10 mg of protein was transferred to a
counting vial and partially hydrolyzed by
heating at 95° for 24 hours. The solution
was then neutralized with HCl and mixed
with the aqueous scintillation solution and
counted. The addition of 1 to 2 ml of ab-
solute ethanol to this counting mixture was
necessary to prevent the separation of the
aqueous phase from the organic solvent
phase. The ethanol also minimized the
formation of precipitates.

Another aliquot of the protein solution in
2 N NaOH was used for the determination
of nitrogen by the Kjeldahl method. From
these data the specific activity of the pro-
tein was calculated. For some samples,
isolated protein was suspended in metha-
nol, and a portion of it was transferred to
a tared counting vial, and the weight deter-
mined directly. The nitrogen content of
tissue homogenates was also determined by
the Kjeldahl method. In some of the sam-
ples radioactivity of liver glycogen and liver
lipids was measured. To prepare the glyco-
gen a portion of fresh liver was dissolved
in 30% KOH, and glycogen was precipi-
tated with ethanol; the precipitate was dis-
solved in 5% trichloroacetic acid, and the
contaminating protein was removed by cen-
trifugation. Glycogen was again precipi-
tated with ethanol, hydrolyzed with dilute
HCIl, neutralized and counted in aqueous
scintillation solution. Glycogen content
was determined by a colorimetric method
using phenol and sulfuric acid (19). Liver
lipids were extracted with diethylether from
the dried, powdered, liver homogenates.
The lipids were dissolved in petroleum
ether, washed with distilled water and
counted in toluene containing 0.4% 2,5-
diphenyloxazole (PPO).

Uniformly labeled L-threonine and L-his-
tidine were purchased from the New Eng-
land Nuclear Corporation which had tested
them for purity by chromatography in 4 sol-
vent systems and guaranteed impurities of
less than 2% . They were used as received.
Later, both amino acids were tested for
purity in our laboratory by placing a sample
in a Technicon Amino Acid Analyzer and
passing the effluent from the column
through the flow cell of a Nuclear Chicago
scintillation spectrometer. For labeled
threonine 96 to 98% of the radioactivity
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coincided with the standard threonine. For
the labeled histidine 75% of the radio-
activity coincided with the standard histi-
dine. The rest of the radioactivity was
scattered along the chromatogram in small
peaks which were apparently breakdown
products of histidine. Histidine in very
small quantities is known to be light-sensi-
tive. Not more than 4% of the contami-
nation corresponded with peaks for known
standard amino acids. All results are based
on the amounts of radioactivity absorbed by
individual rats.

RESULTS

Shown in figure 1 is the percentage of
radioactivity expired as carbon dioxide by
animals fed 7 g of either the control diet
(4 rats) or the threonine-imbalanced diet
(6 rats) containing threonine-U-#C. Car-
bon dioxide was collected hourly for the
first 8 hours; then at 4-hour intervals to
the end of 24 hours, and finally at 6-hour
intervals until 48 hours. At 24 hours the
animals were again fed 7 g of their re-
spective diets, but without threonine-U-*C.
Animals fed the control diet expired some-
what more radioactivity in CO2 than did
those of the imbalanced group over the 48
hours of the experimental period, but the
difference between the 2 groups was not
statistically significant. During the second
24 hours the curves for cumulative radio-
activity in CO: expired by the 2 groups were
almost parallel.

The amounts of radioactivity excreted in
the urine and feces of the imbalanced
group did not exceed those for the control
group (table 1) so that, overall, no more
1C was eliminated by the threonine-imbal-
anced group than by the control group.
The livers of rats fed the threonine-imbal-
anced diet contained more radioactivity
from threonine-U-"*C than did those of the
control group, and more “C was also re-
tained in the carcasses of rats fed the
imbalanced djet.

To test the effect of dietary amino acid
imbalance on the absorption of the first-
limiting amino acid, gastrointestinal con-
tents were collected and their radioactivity
determined at 3.5 and 8 hours after feed-
ing control and imbalanced diets containing
C-labeled threonine or histidine. Animals
were fed 3 g of diet in the experiment on

the histidine imbalance. Absorption was
calculated as the difference between the
amount of radioactivity ingested and that
recovered from the gastrointestinal tract
(table 2). By 3.5 hours after the feeding
period 65% and 59% of the ingested radio-
activity had been absorbed from the intes-
tinal tracts of the control and threonine-
imbalanced groups, respectively. The dif-
ference between the 2 groups was not
statistically significant. By 8 hours 97%
of the ingested radioactivity had been ab-
sorbed by the animals of the control group
and 95% by those of the imbalanced group.

EFFECT OF AMINO ACID IMBALANCE ON
EXPIRATION OF C*O,

20

Control Standard
error

>
T

S
T

Imbalance

PERCENT OF INGESTED RADIOACTIVITY
o
T

o 1 1 Il 1 1 1 1 1 L L
4 8 2 18 20 24 28 36 42 48
HOURS AFTER FEEDING MEAL CONTAINING C'* THREONINE

Fig. 1 Expiration of 4CO. after feeding diets
containing threonine-U-“C. Rats were fed 7 g of
either the control diet or threonine-imbalanced
diet containing threonine-U-4C. After 24 hours,
each rat was fed 7 g of the same diet without
threonine-U-“C. Each point represents the aver-
age of 4 rats for the control group and 6 rats
for the imbalanced group. Standard errors of the
mean are shown at 48 hours.

TABLE 1

Distribution of radioactivity at 48 hours after
feeding diets containing threonine-U-14C!

% of ingested 14C

Control Imbalanced
% %

Expired CO; 184 *=23*2 14.3 =13
Urine 2.08 +0.25 2.20+0.17
Feces 3 1.65+0.17 1.25+0.20
Liver 5.87+0.29 7.24+0.26
Carcass 70.1 *=1.87 74.6 =237
Recovery 98.1 *=1.27 99.5 *=2.16

1 Rats were fed 7 g of either the control or threo-
nine-imbalanced diet containing 8.3 uc of threonine-
U-14C. After 24 hours, animals were fed 7 g of the
same diet without threonine-U-14C.

2 Mean + SE of mean.

3 Water-soluble portion of feces.
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TABLE 2
Percentage absorption® of threonine-UC or histidine-U-1*C after feeding the
threonine- or histidine-imbalanced diet

Hours Threonine-U-4C Histidine-U-14C
fedeidmet 8 Control Imbalanced Control Imbalanced
3.5 64.6+5.79 2 589284 _ —
8 97.4+0.72 95.7%0.83 92.1+1.89 89.3+1.55
1 % absorption = radioactivity ingested — radioactivity in g.i. x 100.

2 Mean + sE of mean.

In the experiment on histidine imbalance
92% of the ingested radioactivity was ab-
sorbed within 8 hours by animals fed the
control diet and 89% by those fed the im-
balanced diet. Thus, amino acid mixtures
lacking either threonine or histidine did not
appear to affect the extent of absorption,
respectively, of threonine and histidine, the
limiting amino acids.

A statistically significant difference
(P < 0.05) was observed between the
amounts of radioactivity remaining in the
TCA-soluble fraction of blood from control
and imbalanced groups 8 hours after the
feeding period (fig. 2). A time study was
carried out only for the threonine imbal-
ance. In one experiment blood was col-
lected from each group of rats at 0.5, 1.5,
2.5 and 3.5 hours; in another experiment
at 8 hours. In the experiment on histidine
imbalance, blood was collected only at 8
hours. After feeding the diets containing
threonine-**C, the TCA-soluble fraction of
blood from animals fed the threonine-
imbalanced diet contained less radioactiv-

x10%
7+ -
6 Control (Thr) Control (Hig)
. "”\\‘ \
» sk 2 N N { —
3 4 paS
2, o7 ~., Imbolonce(His) _|
£ Imbolonce {Th) ">~
€ i/ S 1
g3 ~‘-§
2 —
1 -
1 { Il L ] 1 1 1

1 2 3 4 5 6 7 8
Hours ofter feeding

Fig. 2 Effect of amino acid imbalance on dis-
appearance of radioactivity from the acid-soluble
fraction of blood. Plasma was used in the histi-
dine study. Differences at 8 hours were significant
in both experiments (P < 0.05).

radioactivity ingested

ity at 3.5 hours, and by 8 hours the differ-
ence was highly significant. A significant
difference was also observed at 8 hours be-
tween the experimental and control groups
in the study of histidine imbalance. Thus,
absorbed threonine-U-#C and histidine-U-
*C disappeared more rapidly from the pe-
ripheral circulation when animals were
fed the threonine- or histidine-imbalanced
diets.

The values for total protein content of
the livers of animals fed the threonine-
and histidine-imbalanced diets were slightly
higher than those for their respective con-
trols, but the differences were not signifi-
cant (table 3.). Values for the percentage
of absorbed radioactivity incorporated into
liver were significantly higher for both
threonine- and histidine-imbalanced groups
than for the respective control groups, ex-
cept for the experiment terminated at 3.5
hours (table 4). The greatest difference
was observed in the experiment on histi-
dine imbalance in which the livers of the
control group contained 11.2% of absorbed
radioactivity, whereas those of the imbal-
anced group contained 16.1% . Values for
the percentage of ingested radioactivity in
the TCA-soluble fraction of liver were simi-
lar for the control and the threonine-
imbalanced groups; but in the experiment
on histidine imbalance, the value of 1.56%
for the control group was distinctly higher
than that of 0.87% for the imbalanced
group.

The percentage of ingested radioactivity
associated with the total liver protein was
significantly higher for the histidine-imbal-
anced group as also was the specific activ-
ity of the liver protein. Similar results
were obtained in the experiment on threo-
nine imbalance, but the differences were
smaller, and no difference was observed at
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TABLE 3
Composition of liver
Hours
feeding o E, Body wt Liver wt Total protein
14C.contain-
ing diets
g g mg/liver %
Threonine imbalance
35 Control 186 =*=10.0! 6.1x0.2 1250+ 78 20.6+0.8
Imbalanced 201 = 7.6 6.7+04 139660 21.0+0.5
8 Control 129 * 24 4.5%0.1 81419 18205
Imbalanced 132 = 15 4.6+02 892+40 194=0.7
48 Control 235 = 28 56x0.3 1172+89 20.0+0.8
Imbalanced 230 =+ 48 6.6+0.3 1256+ 59 18.8+0.5
Histidine imbalance
8 Control 137.8* 59 6.3:x0.16 909+ 28 14.4+0.33
Imbalanced 1422+ 6.6 6.3+0.35 949+48 15.1+0.17
' Mean + sE of mean.
TABLE 4

Distribution of radioactivity in liver

Hours % of absorbed 4C

after T Specific
feedin of diet Acid- activity of
14C-contain- Liver soluble Protein protein 1
ing diet fraction
% % %
Threonine imbalance
3.5 Control 5.73+0.3412 1.02+0.08 3.78+x0.34 323+27
Imbalanced 5.84+048 1.23+0.46 3.83+0.42 29125
8 Control 5.64+0.26* 0.85*0.11 4.39%+0.17 926 =38
Imbalanced 6.29+0.10 0.77%0.14 5.14+=0.37 989+41
48 Control 5.87+0.29+ 0.30+x0.03 5.04+0.31 667+41
Imbalanced 7.24*0.26 0.36+=0.03 6.18=0.48 788 =49
Histidine imbalance
8 Control 11.2 =0.64° 1.56+0.18 ® 103 =045 163869 *
Imbalanced 16.1 *=0.62 0.87+0.076 15.9 =044 2402*115

1 Specific activity == dpm/mg liver protein x

mean dpm absorbed of control and imbalanced groups

? Mean + sE of mean.

dpm absorbed for each rat

= Difference between control and imbalance is statistically significant (P << 0.05).
b Difference between control and imbalance is statistically significant (P < 0.01).

the 3.5 hour interval. The radioactivity of
liver glycogen and liver lipids from rats
used in the study of histidine imbalance
was measured. Liver glycogen and liver
lipids from the control group contained
0.15% and 0.073%, respectively, of ab-
sorbed radioactivity and values for the
histidine-imbalanced group were, respec-
tively, 0.12% and 0.055%. Differences
between the control and experimental
groups were not statistically significant.

Radioactivity per unit weight of muscle
tended to be low for the imbalanced groups
up to 8 hours (table §5). In the histidine
imbalance experiment the value of 59.2
dpm/mg muscle for the control group was
significantly higher than that of 42.6 dpm
/mg muscle for the imbalance group. The
decrease appeared to be due to a decrease
in the amount of radioactivity in the TCA-
soluble fraction of the muscle since the spe-
cific activity of muscle protein at 8 hours
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TABLE 5
Incorporation of threonine-'*C or histidine-1*C into muscle

Hours Radioactivity
after Type
feeding of diet ‘Whole TCA-soluble Muscle
diets muscle fraction protein
dpm/mg muscle dpm/mg muscle dpm/mg protein
Threonine imbalance
3.5 Control 28.3*+5.1! — 25.8*+29
Imbalanced 20.7%x1.1 — 36.7x1.3
8 Control 49.2+2.6 17.9+0.09 2 221 *=5.5
Imbalanced 448+15 7.5+0.07 230 =*=5.9
48 Control 388+33 — —
Imbalanced 45.8+3.2 — —
Histidine imbalance
8 Control 59.2+3.7» 369+t14- 177

Imbalanced 426 +2.2 12.6 £0.53 175

I+ 1+
©®
o®©

! Mean + SE of mean.

a Difference between 2 groups is significant (P < 0.01).

TABLE 6
Incorporation of histidine-U-1“C or threonine-U-1“C into kidney and intestine

}a{g:;:s Type 'Kidney Intestine
fegcilglg of diet Wet wt Acfxg:%l::le Protein Protein
g dpm/mg tissue dpm/mg protein dpm/mg protein
Threonine imbalance
8 Control 0.84+0.03" 49.0x162 846 =29 2226 =156
Imbalanced 0.85+0.02 404=*1.1 787+23 2376 =247
Histidine imbalance
8 Control 1.04 =0.04 55.9+x1.8 1192 +33 2 2412+ 399
Imbalanced 1.07x0.05 59.0+25 1588 + 86 2724 =120

1 Mean + SE of mean.

» Difference between 2 groups is statistically significant (P < 0.01).

was the same for the control and imbalance
groups in both the threonine imbalance and
histidine imbalance studies. At 3.5 hours
in the threonine study, however, the value
for the imbalance group was higher.
Analyses of kidney and intestine were
carried out 8 hours after feeding diets con-
taining either threonine-U-*C or histidine-
U-“C (table 6). In the threonine-imbal-
ance study the value for radioactivity in the
TCA-soluble fraction and in the protein of
kidney was lower for the imbalanced group
than for the control; but in the histidine-
imbalance study the values for the imbal-
ance group were higher than the control
values. The specific activity of kidney pro-
tein from the histidine-imbalanced group
was significantly higher than that for the

control (P < 0.01). The specific activity
of intestinal protein tended to be higher in
the imbalanced groups in both studies, but
in neither study were the differences sta-
tistically significant (table 6).

DISCUSSION

From these and previous results we have
developed a hypothesis concerning the se-
quence of events which leads to depressed
growth and food intake in rats ingesting a
diet in which an amino acid imbalance has
been created. The imbalanced meal is evi-
dently digested and absorbed normally, and
this results in the flow of a surplus of all
but one of the indispensable amino acids to
the liver where protein synthesis is stimu-
lated. More of the amino acid in short
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supply is incorporated into liver proteins
and hence the supply for peripheral tissues
is reduced. It is not, however, reduced to
the point where protein synthesis is sup-
pressed by low substrate concentration be-
cause incorporation into muscle proteins
apparently continues at the same rate as
in the control animals (table 5). This
eventually results in the muscle and plasma
free amino acid patterns becoming severely
unbalanced, and the patterns then resem-
ble those resulting from ingestion of a
severely deficient diet; a homeostatic mech-
anism is triggered and food intake is de-
pressed. As a consequence of this depres-
sion of food intake, the supply of amino
acids for protein synthesis is reduced, and
the growth of the animal is retarded.

Incontrovertible evidence for the validity
of some aspects of this hypothesis has been
difficult to obtain. However, some addi-
tional indirect evidence from other sources
tends to support it, and on the basis of evi-
dence obtained so far, some alternative hy-
potheses can be eliminated.

The observations on the metabolism of
threonine-U-*C (fig. 1 and table 1) indi-
cate that an amino acid imbalance created
by adding a surplus of all but one of the
indispensable amino acids to a low protein
diet does not increase the catabolism of
the limiting amino acid as suggested
earlier (2, 3,). Actually, the amounts of
“C in carbon dioxide, glycogen, lipids,
urine and feces were somewhat lower for
the group fed the imbalanced diet. The
results of carcass and liver analyses con-
firmed that most of the *C had been re-
tained in the body. If, as proposed above,
a greater amount of the most limiting
amino acid is removed from the circulation
because of increased incorporation into pro-
teins, a reduction in the amounts of radio-
activity in carbon dioxide, urine, feces,
glycogen and fat would be expected. In a
study of the effect of an amino acid imbal-
ance involving histidine on the oxidation of
histidine-U-**C, less radioactivity was found
ilrll 0802 expired by rats fed the imbalanced

jet.

Competition for transport sites has been
suggested as a possible explanation of the
effects of amino acid imbalance (20). The
rates of absorption of threonine-U-C and
histidine-U-*C from the intestine were not

lower for the imbalanced groups than for
the control groups (table 2). An amino
acid imbalance, therefore, does not appear
to affect significantly gastrointestinal ab-
sorption of the limiting amino acid. This
may well be due to the large capacity of the
intestine to absorb amino acids (21). Evi-
dence that competition among amino acids
during transport into cells does not occur
as a result of feeding an imbalanced diet
has been presented recently (22).

The observations on the incorporation of
1“C-labeled amino acids indicated that the
amount of radioactivity incorporated into
liver proteins of rats fed the imbalanced
diets was greater than for controls, but the
differences were not consistently signifi-
cant. It takes only a small increase in body
proteins to account on a quantitative basis
for the decrease in the concentration of the
growth-limiting amino acid in both muscle
and plasma. In the first place the plasma
pool represents only a small portion of
the total amount of amino acids in the
body (22). A small increase in incorpora-
tion into the proteins or pools of one or
more large organs or tissues or a small de-
crease in the rate of protein breakdown
could cause a substantial change in the
amount of an amino acid circulating in
blood plasma. An estimate of the total de-
crease in plasma and muscle free threonine
made in another experiment amounted to
37 pmoles (22). A 12% increase (about
100 mg) in liver proteins or a 0.5% in-
crease in total body proteins would account
for a decrease of this size. Such changes
could well be within the limits of accuracy
of measurements made on intact animals
owing to the variability among individuals.
The development of techniques for the con-
tinuous monitoring of amino acid pools and
amino acid incorporation into various tis-
sues and organs in the living animal pose
almost insuperable problems. The present
experiments provide values only at speci-
fied time intervals and it must be assumed
that the results indicate the true course of
events.

In relation to the present results, Sidran-
sky et al. (23-26) observed that liver pro-
tein content of rats force-fed a purified diet
devoid of threonine was greater than that

3 Dakshinamurti, K., and A. E. Harper, unpublished
results.
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of a control group, although muscle pro-
tein content was lower. Sanahuja (27)
has recently reported higher protein con-
tent of the livers of rats fed an imbalanced
diet. Sidransky has also reported that liver
RNA increased in rats force-fed a diet de-
void of threonine and that incroporation of
14C-labeled amino acids into liver protein
was enhanced in this condition (25, 26,
28).

At present it is not clear whether protein
synthesis may be slightly enhanced in or-
gans other than the liver after ingestion of
an amino acid-imbalanced diet. The spe-
cific activity of muscle protein was almost
the same for the control and imbalanced
groups in both experiments despite the
lower activity of the muscle TCA-soluble
fraction for the imbalanced group. This
would indicate that muscle protein synthe-
sis is continuing steadily. The specific ac-
tivity of kidney protein 8 hours after feed-
ing the diet containing *C-threonine was
slightly less for the imbalanced group, al-
though the specific activity of kidney was
clearly higher 8 hours after animals had
ingested the histidine-imbalanced diet con-
taining *C-histidine. The incorporation of
the limiting amino acid into intestinal pro-
tein was also slightly higher. No evidence
was obtained of a substantial depression of
incorporation of labeled amino acid, and
even if incorporation is unaffected in most
organs and accelerated in only a few, the
plasma concentration of the most limiting
amino acid would decrease.

Quite apart from enhanced incorpora-
tion, a lowering of the plama concentration
of the limiting amino acid could occur after
ingestion of an imbalanced diet, if the im-
balanced amino acid mixture decreased the
rate of breakdown of body proteins. This
mechanism is important in relation to
metabolic adaptations of mammalian en-
zymes (29, 30). In the present study, such
an effect could not be distinguished from
increased protein synthesis.

It must be kept in mind that despite the
apparent increase in protein synthesis after
feeding a meal of an imbalanced diet,
within a short time (a few hours) an amino
acid imbalance results in depressed food
intake, depressed growth and, therefore, in
reduced overall protein synthesis. Hender-
son et al. (31) suggested that the increased

niacin or tryptophan requirement of rats
fed a low protein diet lacking niacin and
supplemented with tryptophan might be
due to accelerated protein synthesis. This
would deplete the supply of tryptophan
available for niacin synthesis and lead to
the development of niacin deficiency. The
above situation is a special case of amino
acid imbalance in which an interrelation-
ship with a vitamin is involved, but there
is considerable similarity to the imbalances
discussed in this paper. Henderson’s idea
was not generally accepted because the pos-
tulation of enhanced protein synthesis ap-
peared to be incompatible with the observed
reduction in the growth of rats fed the
imbalanced diet.

If food intake can be maintained as by
insulin injection (32), exposure to a cold
environment (33), cortisol injection,® or
forced-feeding,® no adverse effects of an
amino acid imbalance are observed. When
rats were fed an imbalanced diet after
being protein-depleted, they gained weight
a little more rapidly for a few days than
rats similarly treated but fed the control
diet (12). Also when food intake was
stimulated by cold exposure in our labora-
tory, rats fed imbalanced diets gained some-
what more than those fed the control
diet (15). Amino acid imbalances are fre-
quently observed when relatively small
amounts (less than 1% ) of the second
most limiting amino acid or acids are added
to a diet. The effect is out of proportion to
what would be anticipated. Such quanti-
ties are far below those tolerated readily if
the amino acid is not second most limiting.
If enhanced incorporation of the limiting
amino acid is the basis for the changes in
blood amino acid pattern as a result of feed-
ing an imbalanced diet, then simply by
mass action, provision of an excess of the
second most limiting amino acid should
lead to more efficient utilization of the most
limiting one.

All of these observations indicate that,
provided food intake can be maintained,
the limiting amino acid in an imbalanced
diet is used as efficiently, if not more effi-
ciently, than the same amino acid in an ap-
propriate control diet. These observations,

‘Leuﬁlé’ P. M-B.,, Q. R. Rogers and A. E. Harper

1964 ect of amino acid imbalance on food intake

and preference. Federation Proc., 23: 185 (abstract).
s See footnote 4.
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thus, lend support to the idea that the
alteration in blood amino acid pattern as a
result of feeding an imbalanced diet is the
result of more, rather than less, efficient
utilization of the limiting amino acid. The
link between the alteration in blood amino
acid pattern and depressed food intake is
not clear, but it is known that the blood
change resembles that observed in animals
fed a much more deficient diet, a diet that
causes a severe depression in food intake
and that, when force-fed, causes the de-
velopment of pathologic lesions (23-26).
Thus, the response to an imbalanced diet
appears to be a protective response to a
signal that normally arises only when a
much more severely deficient diet is fed.
Rats given a choice between an imbalanced
diet and a protein-free diet will select the
protein-free diet (12, 34) which will not
support life but will restore the blood amino
acid pattern to normal and reject the im-
balanced diet which will support growth.
These observations suggest that the changed
blood amino acid pattern serves as a signal
that activates an appetite-regulating mech-
anism or that the pattern is an indirect
reflection of some more subtle change, pos-
sibly at sites of protein synthesis, that
serves as a signal.
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