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A B S T R A C T  Experim ental tocopherol deficiency was produced in  young m ale mink 
to study the subsequent gross and m icroscopic lesions and the extent to which they 
were altered or prevented by the addition o f cod liver oil, selenium or a-tocopherol to 
the basal ration. The m ajor gross lesions consisted o f in ternal intercostal, adductor 
and cardiac m yopathy, hepatic peripherolobular fa tty  in filtration and, in  the cod liver 
oil-supplemented m ink, yellow  fat. H istologically, the tocopherol-deficiency myopathy 
was characterized by swollen, d ifferen tia lly  stained fibers, vacuolar degeneration, 
sarcolem m al and myoblastic p ro liferation  and calcification o f the nonphagocytized 
m yofibrillae. The m yocarditis was foca l calcified necrotic and the fa tty  hepatic in fil
tration was accompanied by centrolobular hepatic hemorrhage. Yellow , acid-fast p ig
ment was deposited at the interstices o f the adipose tissue from  the cod liver oil- 
supplemented m ink which also had coagulation necrosis and calcification o f the renal 
tubules. Adipose tissue from  chronically tocopherol-deficient m ink had adipocyte-like, 
non-acid-fast spheres in its interstices. The basal tocopherol-deficient ration w ith  
0.1 ppm o f selenium as sodium selenite prevented all lesions except m inor accumula
tions o f amorphous non-acid-fast m aterial at the adipose interstices. The basal m ink 
ration w ith  25 ppm a-tocopherol prevented all the tocopherol deficiency lesions.

The limited information available rela
tive to tocopherol deficiency of mink has 
been obtained since 1947 when McDermid 
and Ott (1 ) first reported natural cases of 
steatitis or yellow fat in mink in the United 
States. Hartsough and Gorham (2 ) con
sidered this steatitis to be histologically 
similar to that experimentally produced by 
Dam (3 ) in rats fed low tocopherol, cod 
liver oil-supplemented rations. The pro
phylactic effects of tocopherol supplemen
tation of various mink rations were then 
studied by numerous investigators includ
ing Lalor et al. (4 ) and Dalgaard-Mikkel- 
sen et al. (5 ). Even synthetic antioxidants 
such as nn'-diphenyl-p-phenylenediamine 
(DPPD) and butylated hydroxy toluene 
(BHT) were found effective in preventing 
steatitis by Leekly and Cabell (6). Zenker’s 
degeneration or “white heart” disease was 
then reported by Benson (7 ) to be common 
in older mink and tocopherol supplementa
tion of the mink rations provided effective 
prevention of the cardiac degeneration.

During an investigation relative to the 
possible relationships between an experi

mental tocopherol deficiency and urinary 
incontinence, “wet belly,” in mink, Stowe 
et al.4 found gross evidence of tocopherol 
deficiency myopathy. The purpose of this 
paper is to present the gross and micro
scopic lesions observed during 2 subse
quent studies of tocopherol-deficient mink.

E X P E R IM E N TA L

Experiment 1. Forty, 6-week-old, dark, 
male, mink kits were fed the semipurified 
tocopherol-deficient basal ration described 
for experiment 1 in table 1. The amino 
acid and vitamin supplement for this ra
tion was prepared to furnish the constit
uents at the rates shown in table 2. All * 1 2 3 4
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TABLE 1

Com position  o f the tocopherol-deficien t m ink  diets

Exp. 1 Exp. 2

% %
Vitamin-free casein 16.0 8
Isolated soy assay protein1 8.0 16
Torula yeast2 16.0 20
Sucrose 25.5 26.5
Molecularly distilled lard3 24.0 20.0
a-Cellulose4 6.0 5.0
Salt mix ( I V ) 5 4.0 4.0
Amino acid and

vitamin supplement 0.5 0.5

1 From Archer-Daniels-Midland Company, Cincin
nati, Ohio.

2 Furnished by Lake States Yeast and Chemcial 
Division of St. Regis Paper Company, Rhinelander, 
Wisconsin.

3 Furnished by Distillation Products Industries, 
Rochester, N. Y.

4 Solka Floe, Brown Company, Boston 14, Mass.
5 Phillips and Hart 1935 J. Biol. Chem., 109: 657.

TABLE 2

A m in o  acid and v ita m in  supplem entation  rate 
fo r  experim enta l m in k  diets

Rate1

Arginine -HC1 250.0
DL-Methionine 100.0
Riboflavin 1.0
Pyridoxine 0.5
Ca pantothenate 3.6
Nicotinic acid 5.0
Choline chloride 400.0
Thiamine-HC1 0.5
Inositol 50.0
p-Aminobenzoic acid 100.0
Folic acid 0.2
Cyanocobalamin 0.16
Biotin 0.05
Vitamin A acetate 0.52
Vitamin D2 0.01
Menadione 0.5

1 Mg/100 g dry diet.

Fig. 1 Bilateral internal intercostal myopathy in a tocopherol-deficient mink.
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the animals were maintained with the 
basal ration for 4 weeks after which 8 
mink were assigned to lot A, and their 
basal ration was supplemented with a-to- 
copherol at the rate of 150 ppm on a dry 
basis. When sudden deaths became fre
quent among the tocopherol-depleted ani
mals, lots B, C and D were established 
with 8 animals/lot. The basal ration for 
lots B and C was supplemented with 
a-tocopherol at the levels of 50 and 25 
ppm, respectively. The basal ration for 
lot D was supplemented with sodium sel
enite at the level of 1 ppm. The unallotted 
mink were used as replacements.

Experiment 2. Thirty, 9 - week - old, 
brown, male, mink kits were fed the semi- 
purified tocopherol-deficient ration shown

for experiment 2 in table 1. When the 
mink became fully accustomed to the ra
tion, they were allotted to one of the fol
lowing experimental lots: (A ) Basal to
copherol-deficient ration; (B ) basal with 
8% cod liver oil replacing an equal quan
tity of lard; (C ) basal plus 0.1 ppm sele
nium; and (D ) basal plus 25 ppm a-to
copherol.

Mink that died or that were killed at the 
termination of each experiment were ex
amined by standard necropsy procedures. 
Sections from the following organs were 
preserved in acetate-buffered 10% for
malin and Zenker’s fixatives for histolog
ical examination; internal intercostal, ad
ductor magnus and cardiac muscles, 
diaphragm, trachea, lung, parotid salivary

Fig. 2 Vacuolar degeneration of internal intercostal muscle fibers from a tocopherol-deficient mink. 
H & E stain X 660.
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gland, small intestine, pancreas, liver, kid
ney, adrenal gland, ureter, urinary blad
der, urethra and any other tissue con
sidered important at the time of necropsy.

Appropriate sections of each of the tis
sues were stained with hematoxylin and 
eosin, Von Kossa’s, periodic acid Schiff, 
Sudan IV and Ziehl-Neelsen stains. The 
histological procedures followed were ac
cording to the Armed Forces Institute of 
Pathology Manual of Histological and Spe
cial Staining Technics (8 ).

RESULTS

The major lesions of tocopherol-deficient 
mink included skeletal and cardiac myop
athy, steatitis, hepatopathy and nephrop
athy. In addition, less frequently observed

lesions involved the adrenal gland. Lesions 
were not found in the sections saved from 
other organs.

Myopathy. Skeletal myopathy was ob
served grossly and involved primarily the 
internal intercostal muscles (fig. 1) and 
the insertion end of the adductor muscles. 
The myopathy was usually bilateral; 
however, some unilateral lesions were 
observed.

Histopathologically, 3 phases of skeletal 
myopathy were observed. The first phase 
was characterized by swollen, differentially 
stained muscle fibers, vacuolar degenera
tion (fig. 2) or an increased number of 
irregularly spaced sarcolemmal nuclei, or 
both. In the second phase, illustrated in 
figure 3, the previous features were present

Fig. 3. Adductor from  a tocopherol-deficient m ink; ( A )  Swollen, d ifferen tia lly stained fibers; (B )  
vacuolar degeneration; and (C )  p ro liferating sarcolem m al cells and myoblasts. H  & E stain X 350.
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along with an extensive nuclear element 
composed primarily of sarcolemmal nuclei 
and myoblasts. Lymphocytes and myo- 
phages were often present. The third or 
reparative phase was characterized by fo
cal calcium deposits adjacent to normal 
muscle fibers (fig. 4). Occasionally the 
myophagic reaction and calcification of in
dividual myofibrils shown in figure 5 were 
observed.

Although gross evidence of myopathy 
was more frequent in the internal inter
costal muscles, microscopic lesions were 
observed with greater frequency in the 
adductor muscles. The increase in sarco
lemmal nuclei was more prominent in my
opathy of the adductors than of the inter
nal intercostals or diaphragm. Internal

nuclear rowing was not characteristic of 
skeletal myopathy in mink.

In the mink fed the tocopherol-deficient 
cod liver oil-supplemented ration, the my
opathy was more extensive than that ob
served in the simply tocopherol-deficient 
mink. Many fibers, especially of the ad
ductor muscles, had undergone calcifica
tion in the presence of many sarcolemmal 
nuclei. On the basis of the above suggested 
classification, this myopathy was con
sidered to be early phase 3.

Although selenium supplementation of 
the tocopherol-deficient mink prevented the 
gross myopathy of tocopherol deficiency, 
the microscopic myopathic lesions were not 
prevented completely. Mink killed after 
having been fed the selenium-supple-

Fig. 4 Calcified foci (black) in an adductor from a tocopherol-deficient mink. Von Kossa stain 
X 350.
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Fig. 5 Internal intercostal muscle from a tocopherol-deficient mink; (A )  Early myofibrillar calcifi
cation; and (B ) myophagia of calcifying muscle fiber. H & E stain X 540.

mented tocopherol-deficient ration had an 
early adductor myopathy characterized by 
an increase in the number of sarcolemmal 
nuclei.

Cardiac myopathy was observed grossly 
as irregular white patches on the endo
cardial surfaces from 2 tocopherol-defi
cient mink. Microscopically, early cardiac 
myopathy was distinguished by a relative 
increase in the number of internal nuclei 
which showed a tendency to row. Ad
vanced cardiac myopathy (fig. 6) was 
characterized by calcified necrotic foci of 
variable sizes immediately adjacent to 
normal cardiac muscle. No intermediate 
stages of cardiac myopathy were observed.

Cardiac myopathy was not observed in 
the selenium-supplemented tocopherol-defi
cient mink.

Steatitis. Only the tocopherol-deficient 
mink that received the 8% cod liver oil 
ration showed gross evidence of yellow fat 
or steatitis. Microscopically, this condition 
appeared as in figure 7 with acid-fast pig
ment, lymphocytes and some macrophages 
noted in the interstitial spaces of the adi
pose tissue.

On the other hand, earlier stages of 
adipose dyscrasias were observed micro
scopically in the adipose tissue from to
copherol-deficient mink not receiving the 
highly unsaturated fatty-acid diet. When 
compared with the normal adipose tissue, 
the interstices of the adipose tissue from 
the tocopherol-deficient, selenium-supple
mented mink appeared to contain amor
phous, non-acid-fast material as in figure 
8. In addition, the mink surviving chronic
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Fig. 6 Focal necrotic myocarditis with calcification in a tocopherol-deficient mink. H & E stain 
X 320.

tocopherol deficiency had adipose tissue 
whose interstices contained tiny non-acid- 
fast spheres which, in some ways, resem
bled adipocytes as in figure 9.

Hepatopathy. What appeared grossly to 
be a peripherolobular infiltration of fat in 
the liver of the tocopherol-deficient mink 
was confirmed upon histological examina
tion. In addition, there was centrolobular 
congestion. When compared with normal 
portal triads, the triads of the tocopherol- 
deficient mink were larger than normal 
and edematous as in figure 10. The sele
nium-supplemented, tocopherol - deficient 
mink killed at the end of the experiments 
had a lymphocytic infiltration around the 
portal triads.

Nephropathy. Gross renal lesions were 
not observed in any of the tocopherol-

deficient mink; however, glomerular con
gestion, focal capillary congestion and pyk- 
nosis in the proximal and distal convoluted 
tubules were observed in the tocopherol- 
deficient mink.

Tocopherol-deficient mink with early my
opathy had hemorrhagic peritubular foci 
in the renal cortex and medulla. Hemo
siderin was evident in the cytoplasm of the 
proximal and distal convoluted cells (fig. 
11). A rather homogenous serosanguine- 
ous fluid was present in the intertubular 
spaces of the kidneys of the tocopherol-de
ficient selenium-supplemented mink that 
were killed. Bowman’s capsules were often 
distended with a proteinaceous material 
which appeared to have produced some glo
merular atrophy. There was evidence of 
hyperplasia of the juxta-glomerular appa-
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Fig. 7 Adipose tissue from tocopherol-deficient cod liver oil-supplemented mink; (A )  Acid-fast pig
ment droplets; and (B ) lymphocytes in the interstitial spaces. Ziehl-Neelsen stain X 860.

ratus cells of one mink that had an early 
myopathy.

In the mink with extensive myopathy, 
coagulation necrosis of the proximal and 
distal convoluted tubules was observed. 
Calcified foci were even present in the 
cytoplasm of the necrotic cells of the prox
imal and distal convoluted tubules of the 
mink fed the 8% cod liver oil ration 
(fig. 12).

Selenium supplementation of the tocoph
erol-deficient rations prevented the above 
renal pathology.

Adrenalopathy. Although gross changes 
were never observed, hemorrhagic foci 
were frequently observed in the adrenal 
cortex and medulla of the tocopherol- 
deficient mink. On one occasion a calcified

necrotic focus was observed in the adrenal 
cortex. In the adrenal glands from the 
mink fed the 8% cod liver oil diet, lympho
cytic foci were observed in the zona fas- 
ciculata.

The gross and microscopic lesions asso
ciated with tocopherol deficiency in mink 
were prevented by supplementing the basal 
semipurified type rations with 25 ppm of 
a-tocopherol.

DISCUSSION

Skeletal muscle and adipose tissue were 
the most frequently affected tissues in ex
perimental tocopherol deficiency in mink. 
Myopathy was observed, however, in the 
presence and absence of any form of ste- 
atitis and steatitis was observed in the ab
sence of myopathy.
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Fig. 8 Adipose tissue from tocopherol-deficient selenium-supplemented mink. Interstitial spaces 
contain amorphous, non-acid-fast material. H & E stain x  860.

Myopathy was often present without 
gross evidence of “white muscle” com
monly associated with tocopherol de
ficiency. In such cases, the myopathy was 
histologically identified more readily in the 
adductor muscles than in the intercostal 
muscles. The skeletal myopathy, in gen
eral, followed the pattern of nutritional 
myopathy described by Adams and Denny- 
Brown (9 ). However, in mink, vacuolar 
degeneration appeared more characteristic 
of early myopathy than was emphasized by 
Adams and Denny-Brown. Also, the inter
nal nuclear rowing, described by West and 
Mason (10) as a prominent feature of 
tocopherol-deficiency myopathy in ham
sters was not a common feature of the 
same myopathy in mink.

Gross cardiac myopathy, a condition 
which Benson (7 ) reported in adult mink 
and called “white heart” disease, was ob
served only twice during these experi
ments. This incidence of tocopherol-defi
ciency cardiac myopathy is in contrast to 
that reported in lambs by Bacigalupo.5 He 
indicated that right ventricular lesions 
were frequent in the experimentally pro
duced stiff-lamb syndrome.

The overall incidence of tocopherol-defi
ciency myopathies in experiment 2 was 
less than that observed in experiment 1. 
This is attributed to the fact that in experi
ment 1, the kits were weaned onto the 
tocopherol-deficient rations, whereas in ex-

5 Bacigalupo, R. A. 1952 The effects of vitamin 
E deficiency in the lamb. Michigan State College 
Ph.D. thesis.
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Fig. 9 Steatitis of a mink made chronically tocopherol-deficient without unsaturated fatty acid sup
plementation. Spheres in the interstitial spaces are not acid-fast. Ziehl-Neelsen stain X 860.

périment 2, kits were completely weaned 
and eating standard ranch rations before 
they were obtained for the experiment. 
Consequently, considerably more muscle 
development had occurred in the latter 
mink prior to starting to feed them the 
tocopherol-depletion ration than had oc
curred in experiment 1.

With the variety of muscle lesions ob
served, it should be easy to formulate the 
steps in the pathogenesis of tocopherol- 
deficiency myopathy, but the gamut of 
lesions is seldom observed in a single 
animal or a single muscle. Swollen fibers 
and vacuolar degeneration are often pres
ent without signs of myophagic infiltration 
or focal calcification. Fibers may be dif
ferentially stained or even infiltrated 
with myophages without accompanying

evidence of vacuolar degeneration. Also, 
individual calcified fibers can be present 
without being accompanied by myopathy 
of the surrounding fibers or fasciculi.

When the internal rowing of skeletal 
muscle, described by West and Mason
(10), is present, it is believed to follow 
vacuolar degeneration, the nuclei accumu
lating in the vacuoles. Vacuolar degenera
tion, however, does not preclude internal 
rowing. Internal nuclear rowing is seldom 
observed in tocopherol - deficient mink, 
whereas vacuolar degeneration is a prom
inent characteristic.

The sequential pathogenesis of tocoph
erol-deficiency myopathy in mink may be 
similar to the following:

1. Serum-tocopherol values below 50 ug 
/100 ml serum.
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Fig. 10 Edematous portal triad from tocopherol-deficient mink. H & E stain X 230.

2. Swelling of individual fibers of the 
active voluntary muscles, especially the 
internal intercostals and the adductors.

3. Alteration of the pH of these swollen 
fibers indicated by differential staining 
characteristics.

4. Vacuolar degeneration or prolifera
tion of sarcolemmal nuclei, or both.

5. Fragmentation and lysis of the de
generate sarcoplasmic masses.

6. Attempted regeneration of the muscle 
by proliferation of myoblasts in intact en- 
domysium.

7. Phagocytosis of the necrotic myofi
brils and sarcolemmal cells.

8. Calcium deposition in the phagocy- 
tized or nonphagocytized sarcoplasmic de
bris.

9. Restoration of function to regener
ated muscle fibers.

Unfortunately, the factors which initiate 
this chain of events in the musculature 
remain more speculative than the above 
sequence.

Skeletal and cardiac myopathy in the 
absence of any form of steatitis was pro
duced within 60 days in mink kits that 
were weaned onto the tocopherol-deficient 
and unsaturated-fatty-acid-low basal ra
tions used in these experiments. The sit
uation wherein myopathy was present in 
the absence of steatitis was considered the 
uncomplicated tocopherol deficiency.

Apparently 3 forms of adipose tissue 
dyscrasia were produced. The mildest type 
was characterized by the accumulation of 
amorphous material in the interstices of 
the adipose tissue from tocopherol-depleted 
mink supplemented with 0.1 ppm sele
nium.
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Fig. 11 Kidney of a tocopherol-deficient mink; (A )  Hemosiderosis; (B )  coagulation necrosis in 
convoluted tubules. H & E stain X 620.

The second type, characterized by micro- 
droplet-size spheres in the interstices of 
the adipose tissue, was observed in the 
chronically tocopherol-deficient mink. The 
fact that this type was not observed in 
the selenium-supplemented group is evi
dence that selenium affords at least partial 
protection for adipose tissue during tocoph
erol deficiency. This is not in full agree
ment with the report of Edwin et al. (11) 
who reported that selenium supplementa
tion of necrogenic torula yeast diets, fed 
to rats, gave no protection against peroxi
dation of the body fats.

The third type, which has been de
scribed by Hartsough and Gorham (2 ) and 
Gorham et al. (12), was characterized 
by the accumulation of acid-fast pigment 
droplets in the interstices of the adipose

tissues and occurred in the mink fed the 
basal tocopherol-deficient ration with the 
isocaloric addition at 8% cod liver oil.

Although there was a neutrophilia in the 
mink so affected, possibly resulting from 
the concurrent myopathy, the neutrophilic 
infiltration of the adipose tissue, character
istic of steatitis in cats (13) was not ob
served.

The hepatic, renal and adrenal hemor
rhages observed indicate that a relation
ship may exist between capillary perme
ability and tocopherol deficiency. Such 
evidence was provided by Grant (14) who 
reported upon a microangiopathy associ
ated with tocopherol deficiencies and yel
low-fat disease in swine. The angiopathy 
was identified by the presence of periodic 
acid Schiff-positive material accumulating
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Fig. 12 Kidney of tocopherol-deficient cod liver oil supplemented mink; (A )  Coagulation necrosis; 
and (B ) calcification of the convoluted tubules in longitudinal section. H & E stain X 250.

in the subendothelial area of small arteri
oles and capillaries, especially in the heart. 
The observations of Grant in this respect 
were not confirmed in the mink experi
ments either histochemically or histopatho- 
logically.

Evidence has been presented by other 
researchers to indicate that the renal le
sions previously attributed to tocopherol 
deficiency actually were the result of post
mortem autolysis which is more rapid in 
tocopherol-deficient animals than tocoph
erol-supplemented animals. Figure 12, 
however, provides evidence that antemor
tem renal lesions may be present following 
prolonged tocopherol deficiency, especially 
if the tocopherol-depletion ration is rela
tively high in unsaturated fatty acids.

The observed adrenal pathology, how
ever infrequent and inconsistent, supports 
the contention of other workers that the 
adrenal cortex may be the site of primary 
insufficiency during tocopherol deficiency. 
Raymondi (15) demonstrated that the ac
tion of tocopherol is comparable to that of 
ACTH in that tocopherol deficiency influ
enced the zona glomerulosa and zona fasci- 
culata with cortical changes related to hy
peremia. Hiisi-Brummer (16) presented 
evidence that the stress of prolonged to
copherol deficiency results in a cortical dys
plasia from a hyperfunction of the adrenal 
cortex. Histochemical studies are required 
to examine further the possible insuffi
ciency of the adrenal gland during tocoph
erol deficiency.
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ABSTRACT The effect of L-lysine monohydrochloride on calcium and phosphorus 
metabolism in man was studied under controlled dietary conditions. Five studies were 
performed in 3 patients in the metabolic research ward. The amounts of lysine added 
to the diet ranged from 10 to 20 g/day and the duration of the studies ranged from 
12 to 30 days. These investigations revealed that the calcium balances did not im
prove during the administration of lysine. Radioisotope studies were performed in 
one patient. Only very slight improvement of Ca45 absorption was noted in this 
patient in the lysine phase, whereas the absorption of Sr85 remained unchanged.

The absorption of calcium has been re
ported to be considerably lower in mature 
than in growing animals ( 1-4). Similarly, 
studies carried out in man indicate differ
ences in calcium absorption in persons of 
the younger and older age group.2,3 The 
change in absorption with age may be 
partly due to a decreased need for calcium 
in the mature or aging organism. Increase 
in absorption of calcium from the intesti
nal tract may be desirable in certain path
ologic states of calcium loss and may pos
sibly be of benefit in persons of the older 
age group.

Little is known on the transfer of cal
cium across the intestinal mucosa and 
very few substances are known to increase 
the passage of calcium from the intestine 
into the blood stream. In recent years, cer
tain carbohydrates and amino acids have 
been shown to improve the intestinal ab
sorption of calcium in experimental ani
mals (5-9). The use of lactose in man 
did not improve the calcium balances and 
has led only to a very slight increase of 
absorption of Ca45 (10).

The effectiveness of lysine on calcium 
absorption was investigated under con
trolled dietary conditions in persons of the 
older age group who had a relatively low 
absorption of ingested calcium. The re
sults obtained are reported in this com
munication.

EXPERIMENTAL

The effect of L-lysine monohydrochlo
ride on calcium, phosphorus and nitrogen 
metabolism was investigated in 5 studies 
performed in 3 patients. The studies were

performed under strictly controlled meta
bolic conditions according to methods by 
Bauer and Aub (11). The age, sex, 
diagnoses of the patients, the amount of 
lysine given and the duration of the stud
ies are listed in table 1. All patients were 
fully ambulatory. The physical examina
tion did not reveal any abnormalities. 
Roentgenograms of the skeleton revealed 
the presence of osteoporosis in patients 1 
and 2 and some kyphoscoliosis in patient 
3. The serum calcium levels of patients 1 
and 2 were normal; those of patient 3 
ranged from 7.5 to 8.7 mg/100 ml. The 
serum phosphorus and alkaline phospha
tase of the 3 patients were normal. Com
plete blood counts, urinalysis, fasting * 1 2 3

TABLE 1
List of patients studied

Patient Age and 
sex Diagnosis Lysine

g/days1 days
i 77 F Osteoporosis 10 22 

10 24

2 67 F Osteoporosis 20 12 
10 12

3 50 M Hypopara-
thyroidism 20 30

1 Given in 3 divided doses together with calcium 
supplements at meal time.

Received for publication May 23, 1963.
1 Supported in part by U. S. Public Health grant 

A-5572 and in part by the National Society for Crip
pled Children & Adults, Easter Seal Research Founda
tion.

2 Li, M., H. Spencer and J. Samachson 1960 Effect 
of high calcium intake on calcium metabolism in 
man. Federation Proc., 19: 251 (abstract).

3 Spencer, H., J. Menczel and J. Samachson. The 
absorption of calcium in patients with osteoporosis 
in preparation.

J. Nutrition, 81: ’63
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blood sugar, liver and renal function tests 
were normal.

The diet was a constant, analyzed, low 
calcium diet which contained an average 
of 1850 kcal, 264 g carbohydrate, 60 g fat, 
67 g protein, 152 mg calcium and 707 
mg phosphorus/day. The composition of 
the diet is listed in table 2. The calcium 
intake was increased to a level of approxi
mately 1 g calcium/day by supplementing 
the low calcium diet with calcium gluco
nate tablets. All other constituents of the 
diet remained unchanged. The daily fluid 
intake was kept constant. The control 
studies ranged from 12 to 36 days, the ex
perimental studies from 12 to 30 days. 
In the latter phase, 10 to 20 g L-lysine 
monohydrochloride4 were given orally/day 
in divided doses with meals, together with 
one-third of the daily oral calcium supple
ment (table 1). The body weight, fluid 
intake and output, and the urinary excre
tions of creatinine, calcium and phos
phorus were determined daily.

Metabolic balance studies of calcium, 
phosphorus and nitrogen were performed 
for each patient on aliquots of 6-day pools 
of urine and stool collections and on ali
quots of the diet. Analyses of urinary and 
fecal nitrogen were performed by the 
Kjeldahl method, phosphorus by the 
method of Fiske and SubbaRow (12), and 
urinary calcium by the method of Shohl 
and Pedley (13). Stool calcium and phos
phorus were determined on ashed aliquots 
of 6-day metabolic pools.

Radioactive tracer studies were carried 
out in the control and experimental phase

in patient 1. A tracer of Sr85 and Ca45 
(0.2 ac Ca45 and 0.4 uc Sr85/kg) was 
given as a single dose by the oral route 
with breakfast on the first day of the con
trol and experimental studies. Plasma 
levels of the radioisotopes were determined 
at 1, 4, 8 and 24 hours after the ingestion 
of the dose. After the first day of the tracer 
study, the plasma levels were determined 
daily for 6 days and 3 times per week 
thereafter for as long as significant counts 
could be obtained with the equipment 
available. The Sr85 and Ca45 analyses of 
urine were determined daily on aliquots of 
24-hour urine collections. Each stool speci
men was radioassayed separately for Ca45 
and Sr85 and analyzed for calcium. The 
duration of the radioisotope study was 22 
days in the control phase and 14 days in 
the experimental phase.

The administration of tracer doses of 
Sr85 and Ca45 and the analyses of both 
radioisotopes in plasma, urine and stool 
have been previously described (14, 15). 
The Sr85 was counted in a well-type scin
tillation counter, Ca45 in a Q-gas flow 
counter after precipitation with calcium 
oxalate as the carrier onto special plan- 
diets.

RESULTS

Table 3 shows the metabolic balance 
data of calcium, phosphorus and nitrogen 
of the 3 patients studied. In patient 1, a 
slight increase of urinary calcium excre
tion was noted in 2 separate studies during 
which 10 g lysine were given daily for 22

4 Kindly supplied by the Chas. Pfizer Pharma
ceutical Company, New York, New York.

TABLE 2

Composition of metabolic low calcium  diet

Carbohydrate Protein Fat

9 /da y 9 /da y g day

200 mg Fruit juice 24 100 g Bread 50 g Butterfat 41
20 g Rice1 16 20 g Spaghetti1 r 15 20 g Cream 2

100 g Bread 52 20 g Rice1 J 175 g Meat 24
70 g Jelly 46 175 g Meat (beef and
20 g Spaghetti1 15 turkey) 40

100 g Potatoes2 19 100 g Potatoes2 1
200 g Canned vegetables 18 200 g Canned f 5225 g Sweetened canned vegetables I

fruit 44
28 g Sugar 28

Total 264 60 67

1 Weight of raw food.
2 Weight of cooked food.
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TABLE 3
Effect of lysine on mineral and protein metabolism in man

Study
Calcium Phosphorus Nitrogen

balanceIntake Urine Stool Balance Intake Urine Stool Balance
days mg! day mg/day mg/day mg/day mg/day

Patient 1
Control 36 1468 106 1171 +  191 516 192 280 + 44 +  971
Lysine, 10 g/day 22 1485 152 1250 +  83 541 240 279 + 22 +  1117
Control 12 1478 100 1344 +  34 527 183 334 + 10 +  1329
Lysine, 10 g/day 24 1488 138 1255 +  95 543 243 270 + 30 +  1582

Patient 2
Control 18 1504 305 1110 +  89 665 428 238 ___ 1 +  844
Lysine, 20 g/day 12 1495 297 1023 +  175 557 350 233 — 26 +  159
Lysine, 20 g/day 12 1492 318 999 +  175 576 267 188 +  121 +  121

Patient 3
Control 30 1496 76 1331 +  89 677 311 290 + 76 +  1146
Lysine, 20 g/day 30 1494 83 1267 +  144 626 312 271 + 43 +  3781
Control 14 1489 103 1177 +  209 613 300 234 + 79 +  1882

and 24 days, respectively. In the lysine 
phase the fecal calcium excretion was 
intermediate to that in the 2 control stud
ies. The calcium balances of this patient 
did not follow any particular trend and be
came slightly less positive during the first 
study, whereas there was slight improve
ment of the calcium retention in the sec
ond lysine study. In patients 2 and 3 the 
urinary calcium excretion remained in the 
same range during the administration of 
lysine as in the control study. In patient 
2 the fecal calcium excretion was some
what lower in the 2 lysine studies than 
in the corresponding control studies. In 
patient 3 the fecal calcium excretion was 
intermediate during lysine intake as com
pared to the excretions in the 2 control 
studies. However, in general, these dif
ferences were small and the values were 
similar in the control and lysine studies. 
The calcium balances of patients 2 and 3 
were slightly more positive during the 
administration of lysine than in the control 
study. However, the calcium balance of 
patient 3 was more positive following the 
discontinuation of lysine than during its 
administration.

There was no consistent change in 
urinary phosphorus excretion in the lysine 
phase (table 3). An increase of urinary 
phosphorus excretion of approximately 50 
mg/day was noted in patient 1, whereas 
a decrease of the phosphaturia occurred 
in patient 2 and there was no change in

patient 3. Also, there was no consistent 
effect on the excretion of fecal phosphorus 
and the phosphorus balances were ap
proximately in the same range in the 
control and lysine studies. The changes in 
nitrogen balance did not show any definite 
trend. There was slight improvement of 
the nitrogen balance in patient 1, a de
crease in patient 2 and a marked improve
ment in patient 3.

Figure 1 shows the changes in urinary 
calcium excretion in patient 1 in 2 lysine 
studies. In each phase of lysine adminis
tration there was a distinct increase in the 
urinary calcium excretion. This excretion 
returned promptly to base line levels after 
the discontinuation of lysine.

Table 4 shows the results of Ca45 and Sr85 
studies carried out in patient 1. In the 
control study the urinary excretion of Ca45 
was considerably lower than that of Sr85 
on the day of the oral administration of 
the tracers. In the lysine phase there was 
no change in these excretions on the cor
responding day. The 14-day cumulative 
urinary Sr85 excretions were similar in the 
control and lysine studies. However, the 
cumulative urinary Ca45 excretion was 
slightly higher during lysine intake than 
in the control study corresponding to 
the higher urinary calcium excretion in 
this phase. The fecal Sr85 excretion was 
of similar magnitude in the control and 
experimental phase, whereas the fecal Ca45
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Fig. 1 Urinary calcium excretion during the administration of lysine (patient 1); each bar 
represents the average excretion for 6 days.

TABLE 4
Urinary and fecal Sr85 and Ca45 excretion before and during lysine administration 

(14-day cumulative excretions)1

Study
Urinary excretion Stool

Sr85 Ca« Calcium Sr85 Ca45
% dose % dose mg/day % dose % dose

Control 6.3 3.3 1062 93.8 93.8
Lysine3 6.5 4.7 1522 91.9 83.2

1 Sr85 and Ca45 were given simultaneously as a single tracer dose by the oral route on the first 
day of each study. The excretions are cumulative for 14 days.

2 Average of 14 days.
3 10 g lysine given/day in divided doses.

excretion was somewhat lower during the 
administration of lysine.

Figure 2 shows the Sr85 and Ca45 plasma 
levels of patient 1 following the oral ad
ministration of both radioisotopes. In the 
control study, the plasma level of Ca45 
was considerably higher than of Sr85. 
During the administration of lysine, this 
difference was accentuated as the Ca45 
plasma level was somewhat higher than 
in the control study while the plasma level 
of Sr85 was slightly lower.

DISCUSSION

The calcium balances improved only 
very slightly during lysine supplementa
tion in 4 of the 5 studies, the increase

ranging from 50 to 85 mg/day. However, 
this effect could not be reproduced con
sistently in the same person. For instance, 
the calcium balance improved by 60 mg/ 
day in patient 1 in one study, and de
creased by 108 mg in another. The slight 
improvement in calcium balance was 
mainly due to a slight decrease in fecal 
calcium excretion. However, these minor 
changes are difficult to interpret since 
variations in average stool calcium excre
tion of approximately 100 mg/day fre
quently occur with a high calcium intake. 
A change of this order of magnitude may 
be due either to improvement in absorp
tion or to physiological variations. Fluc
tuations in fecal calcium excretion in
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Fig. 2 Effect of lysine on Sr85 and Ca45 plasma levels in man; a single dose of Sr85 and 
Ca45 was given orally on the first day of the control and lysine studies.

different study periods occur commonly be
cause of the inaccuracy in the separation 
of stool collections in the different study 
periods, and delay or irregularity in fecal 
passage through the gastrointestinal tract, 
especially in persons of the older age 
group. The radioisotope data indicate a 
slight increase in Ca45 absorption as judged 
by the higher plasma levels cf Ca45 and 
the lower excretion of Ca45 in stool. How
ever, these changes are within the range 
of physiological variation. In studies re
peatedly performed with Ca47 in this labo
ratory in the same person on a constant 
dietary intake similar variations were 
noted.5 In addition, the absorption of Sr85 
was not increased in the studies performed 
during lysine supplementation.

The increase in urinary calcium excre
tion in the 2 lysine studies in patient 1 
may be either due to some improvement 
in calcium absorption, or may also be 
ascribed to the hydrochloride portion of the 
molecule of lysine monohydrochloride. 
Ten grams of lysine monohydrochloride

contain 2 g hydrochloric acid. Although 
this quantity is not sufficient to produce 
clinical symptoms of acidosis, it requires 
buffering action, part of which is probably 
supplied by the release of calcium from 
bone secondary to dissolution during acid
osis. Studies in which ammonium chloride 
was aministered orally in amounts of 9 
g/day (equivalent to 6.1 g HCl/day) have 
shown that the resistance to the action of 
the chloride in producing acidosis varied 
in different patients (16, 17). However, 
the urinary calcium excretion increased 
markedly in most cases during ammonium 
chloride administration.

Wasserman et al. (5 ) showed that a 
lysine-to-calcium molar ratio between 1 
and 2 was needed to improve calcium 
and strontium absorption in rats. In the 
present study performed in man, the ratio, 
with a daily intake of 10 g L-lysine mono
hydrochloride and 1500 mg calcium, was

5 Spencer, H., and J. Samachson. Variability of 
Ca47 absorption in man during a constant dietary 
intake, in preparation.
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54.7/37.5 or 1.46, in the recommended 
range. With an intake of 20 g lysine/day 
the ratio was even higher than that recom
mended. Under these conditions, failure 
to achieve improved calcium absorption 
may be due to other factors. Wasserman 
et al. (5, 6 ) reported that lysine was 
effective when both lysine and the doses 
of the radioisotopes were given simultane
ously in aqueous solution to fasted rats. 
In subsequent studies, Raven et al. (18) 
reported that lysine added to a basal diet 
did not significantly increase the retention 
of stable calcium, Ca45 or Sr85, nor did it 
significantly increase the absorption of 
Sr85 with a low calcium diet.
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ABSTRACT The effect of 200 ppm of dietary fluoride on magnesium calcinosis was 
studied in rats and dogs. Dogs fed diets containing 30 ppm Mg showed magnesium 
deficiency symptoms and mineralization of soft tissues. Addition of 200 ppm of 
fluoride to the diet prevented the development of gross aortic lesions and calcification 
of soft tissues but did not prevent the occurrence of other symptoms. The protective 
effect of fluoride did not appear to be mediated by the change in the level of serum 
Ca, Mg or P. In rats, dietary fluoride at 200 ppm had no protective effect on soft tissue 
calcification when they were fed 30 ppm Mg. Serum Mg of rats fed low Mg diet ap
peared to be decreased by fluoride feeding.

Magnesium status of laboratory animals 
has been shown to be influenced by many 
factors and interrelationships (1 -5 ). 
Bunce et al. (6 ) reported that the addition 
of fluoride reduced mineralization of the 
aorta in magnesium deficient dogs and the 
animals showed 50 to 75% growth reduc
tion as compared with littermates fed mag
nesium supplemented ration.

The experiments reported here were un
dertaken to investigate further the effect of 
dietary fluoride upon mineral deposition in 
soft tissues of rats and dogs fed low mag
nesium diets.

EXPERIMENTAL

The composition of the basal diet used 
in these studies was the same as diet 58-M 
( 6 ) in which the mineral and vitamin sup
plements were modified.2 It contained 30 
ppm of magnesium and 0.5 ppm of fluo
ride.

One litter of weanling pups of mixed 
breeding and 3 litters of weanling beagles 
from our own kennel were divided into 4 
groups of 4 to 6 pups each. They were fed 
test diets for 7 weeks. Precautions were 
taken to protect the animals from dis
temper, infectious hepatitis and leptospira 
canicola infections and from external and 
internal parasites.

Male weanling rats of Sprague-Dawley 
strain were divided into 4 groups of 8 each 
and subjected for 6 weeks to the same die
tary treatments as outlined above for the 
weanling dogs.

The basal diet was fed to lot 1. Sodium 
fluoride was added to the diet of lot 2 at 
the level of 200 ppm F. Animals in lot 3 
served as controls and were fed the basal 
diet with an additional 150 ppm magne
sium in the form of anhydrous magnesium 
sulfate. The magnesium content of 180 
ppm in this type of diet was considered 
marginally adequate for weanling dogs and 
rats (6,7). Animals in lot 4 were fed the 
control diet (180 ppm M g) supplemented 
with 200 ppm fluoride as sodium fluoride. 
Food and distilled water were given ad 
libitum. Body weights and blood samples 
were obtained weekly. Blood serum was 
analyzed for calcium, magnesium and in
organic phosphorus. At the termination of 
the experiment, aortas, hearts and kidneys 
were analyzed for calcium, magnesium and 
phosphorus. Ash, magnesium and fluoride 
content of femurs were determined. In the 
case of rats, weekly blood analyses were 
not possible. Blood samples, kidneys and 
femurs were analyzed at the end of the 
experiment.

Received for publication July 12, 1963.
1 We are indebted to Wilson and Company, Chicago, 

for partial support of this project.
2 Composition of low magnesium basal ration: (in 

per cent) Casein, extracted with hot ethanol, 21.0; 
sucrose, 66.0; lard, 8.0; salts, 4.9; and vitamins, 0.1.

The salt mixtures supplied per 100 g ration: (in 
grams) KC1, 1.14; NaCl, 1.00; CaC03, 1.50; Na2HP04, 
anhydrous, 1.15; and (in milligrams) Fe2(S04)3, 36.0; 
CuS04-5H20, 2.75; MnS04 lH 20, 1.54; ZnCl2 (dry), 
2.08; KI, 0.13; and CoC12-6H20, 0.88.

The vitamin mixture supplied, per 100 g ration: (in 
milligrams) thiamine HC1, 0.50; riboflavin, 0.30; 
nicotinamide, 0.90; Ca pantothenate, 0.20; pyridoxal- 
HC1, 0.088; folic acid, 0.030; d-biotin, 0.010; also 
vitamin Bi2, 4.0 ng; vitamin A, 400 IU; vitamin D, 
80 IU; dl-a-tocopherol, 5.0 mg; and choline chloride, 
0.123 g.

J. N u tritio n , 81: ’ 63 3 0 7
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Analytical methods. Soft tissues were 
dried at 105° and ashed at 600°. Since the 
aortic valve area was prone to calcification, 
they were dissected free of heart muscle 
including approximately 3 mm of aorta. 
Ashed samples were dissolved in de-ionized 
water with minimal amount of hydrochlo
ric acid. The ether-extracted dried bones 
were ashed in the same manner. An atomic 
absorption spectrophotometer3 was used in 
the determination of calcium and magne
sium. Serum inorganic phosphorus and 
total phosphorus of the ashed samples were 
measured by the Fiske-SubbaRow method 
as described by Hawk et al. (8 ).

RESULTS AND DISCUSSION

Characteristic magnesium deficiency 
symptoms such as relaxation of phalanges, 
muscular weakness, tetany and ataxia were 
observed in dogs fed low magnesium diets. 
Addition of 200 ppm fluoride to such a diet 
(lot 2 ) did not alter the symptoms ex
hibited; however, the onset of tetanic seiz
ures was earlier (about one week) than in 
those in the nonfluoridated animals. Food 
intake and growth rate of dogs fed 200 ppm 
of fluoride (lot 2 and 4) during the 7 weeks 
period were slightly less than those fed low 
fluoride diets of the same magnesium con

tent. The level of magnesium was the 
main factor affecting growth in this ex
periment as shown in figure 1.

Pups fed a low magnesium diet without 
added fluoride developed mineralized le
sions in the luminal wall of the aorta. Cal
cium content of aorta, heart and kidney 
were markedly increased. One dog in this 
lot showed calcification of the right ven
tricle wall. The addition of 200 ppm fluo
ride to the basal diet prevented the develop
ment of the aortic lesion. The calcium 
content of the heart valve, heart muscle 
and kidney was dramatically reduced by 
supplementary F~ at the rate of 200 ppm 
(table 1). The F- reduced by 73% the cal
cium content observed in the kidney. Fluo
ride at the level used did not change the 
mineral composition of these organs when 
the magnesium content of the diet was 180 
ppm. Since the growth rate and feed con
sumption were slightly decreased by the 
fluoride feeding, it was unlikely that the 
restriction of feed intake as observed by 
Bunce (6 ) was the major factor in the pre
vention of calcification of soft tissues.

The serum data failed to provide a clue 
to the protective action of fluoride against

3 Perkin Elmer Corporation model 214, Norwalk, 
Connecticut.

WEEKS ON EXPERIMENT 

Fig. 1 Average rates of gain cf dogs.
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the Mg calcinosis syndrome. In both low 
magnesium lots serum magnesium de
creased sharply to 0.6 mg/100 ml within 
3 weeks and remained at this level until 
the termination of the experiment. The 
depression of serum calcium and the eleva
tion of serum phosphate were observed, as 
reported by Bunce (6 ). No significant 
changes in serum composition of the ele
ments were noticed between the fluoridated 
and the nonfluoridated dogs fed at the 
same magnesium level. Bone magnesium 
content, unlike the soft tissues, was greatly 
affected by the low magnesium diets. Mag
nesium content of bones from dogs fed 30 
ppm Mg was about 40% of those from 
dogs fed 180 ppm Mg. The differences in 
bone magnesium levels were not affected 
by fluoride feeding.

Rats fed 30 ppm magnesium developed 
a magnesium deficiency syndrome (9 ). 
Convulsive attacks were observed in some 
animals fed low magnesium, with and 
without fluoride supplementation; how
ever, the fluoride-fed rats showed more 
seizures with greater severity. Two rats 
fed the basal diet with fluoride failed to 
survive after the seizure, whereas those fed

low magnesium alone continued to the ter
mination of the study. The low magnesium 
basal diet retarded growth rate about 50% 
when compared with the positive control 
with 180 ppm magnesium (fig. 2). At 
this level of dietary magnesium animals 
showed no sign of deficiency. Fluoride 
feeding at 200 ppm did not decrease the 
growth of rats in this experiment.

No calcification of soft tissues was ob
served grossly but rats fed low magnesium 
diets showed a marked increase in kidney 
calcium. Fluoride at 200 ppm did not pre
vent the development of calcinosis syn
drome in the rat fed 30 ppm magnesium. 
Bone ash was decreased by feeding low 
magnesium diets but was not affected by 
the dietary fluoride (table 2).

Average serum magnesium of rats fed 
the basal diet was decreased to 1 mg/100 
ml, whereas fluoride feeding caused fur
ther depression to 0.76 mg/100 ml of se
rum (table 1). This may provide an explan
ation for the convulsive seizures and their 
severity observed in the fluoride-fed group. 
In contrast with the data on the dog, serum 
calcium of rats in the low magnesium 
groups was elevated and the serum phos-

TABLE 1

Analytical data, average by lot (dog)

Lot 1 Lot 2 Lot 3 Lot 4

30 ppm Mg 30 ppm Mg + 
200 ppm F 180 ppm Mg 180 ppm Mg + 

200 ppm F
No. of dogs/lot 6 4 4 5

Ash,%
Aorta 3.23 2.21 2.05 2.02
Valve 3.44 2.52 2.33 2.40
Heart 4.79 4.44 4.62 4.99
Kidney 5.59 5.41 5.33 5.22
Bone 47.6 50.6 50.0 51.8

Calcium, mg/100 g dried tissue
Aorta 256.7 22.1 25.5 25.1
Valve 164.3 20.1 15.6 18.2
Heart 5.0 2.8 3.1 4.1
Kidney 44.7 11.9 9.1 14.5

Magnesium, mg/100 g dried tissue
Aorta 31.9 34.4 33.8 35.1
Valve 28.7 30.6 27.9 31.5
Heart 94 100 105 116
Kidney 65.7 72.2 63.4 69.3
Bone ash 281 317 700 700

Fluoride, ppm of ash
Bone 98 6741 99 6634
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WEEKS ON EXPERIMENT 
Fig. 2 Average rates of gain of rats.

TABLE 2

Analytical data, average by lot (ra t)'

Lot 1 Lot 2 Lot 3 Lot 4

30 ppm Mg 30 ppm Mg + 
200 ppm F

180 ppm Mg 180 ppm Mg 4- 
200 ppm F

Serum, mg/100 ml
Calcium 12.5 12.1 11.5 11.1
Magnesium 1.05 0.76 1.63 1.71
Phosphorus 8.95 8.63 9.25 9.91

Kidney, mg/100 g dried sample
Calcium 174.8 131.3 5.62 5.21
Magnesium 87.2 94.4 93.1 98.6

Bone
Ash, % 58.0 56.7 61.0 61.4
Magnesium, mg/100 g ash 211 218 580 619
Fluoride, ppm of ash 94 7848 131 7844

1 Eight rats/group.

phate was decreased. These changes in 
serum composition were less pronounced 
with the addition of fluoride.

The data presented in figure 3 suggest 
species difference as measured by serum 
calcium and phosphorus concentrations. 
Dogs fed the low magnesium basal diet 
showed a decrease in serum calcium and 
an increase in serum phosphorus. In con
trast the analytical evidence indicated an 
increase in serum calcium and a decrease 
in serum phosphorus for rats fed low mag
nesium diets. There was a decrease in 
serum magnesium in both species when fed

low magnesium diets. In addition to the 
differences in serum calcium and phos
phorus concentrations, the difference in 
protective effect of fluoride feeding against 
mineral deposition of the kidney was also 
evident. The dietary fluoride at 200 ppm 
did not prevent mineral deposition of the 
soft tissue of rats but it was effective 
against the magnesium calcinosis in dogs. 
Why these differences in serum composi
tion and the response in fluoride feeding 
occurred and whether they were related are 
not known. Retention of fluoride in bone 
was unexpectedly similar in both species.
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Fig. 3 Average serum Ca, P and Mg of dogs during experiment.

LITERATURE CITED
1. O’Dell, B. L. 1960 Magnesium requirement 

and its relation to other dietary constituents. 
Federation Proc., 19: 648.

2. McAleese, D. M., and R. M. Forbes 1961 
The requirement of magnesium in the rat as 
influenced by environmental temperature and 
dietary calcium. J. Nutrition, 73: 94.

3. Hegsted, D. M., J. J. Vitale and H. McGrath 
1956 The effect of low temperature and die
tary calcium upon magnesium requirement. 
J. Nutrition, 58: 175.

4. Vitale, J. J., E. E. Hellerstein, D. M. Hegsted, 
M. Nakamura and A. Farbman 1959 Stud
ies on the interrelationships between dietary 
magnesium and calcium in atherogenesis and 
renal lesions. Am. J. Clinical Nutrition, 7: 
13.

5. Griffith, F. D., H. E. Parker and J. C. Rogler 
1963 Observations on a magnesium-fluoride

interrelationship in chicks. J. Nutrition, 79: 
251.

6. Bunce, G. E., Y. Chiemchaisri and P. H. 
Phillips 1962 The mineral requirements of 
the dog. IV. Effect of certain dietary and 
physiologic factors upon the magnesium de
ficiency syndrome. J. Nutrition, 76; 23.

7. Kunkel, H. O., and P. B. Pearson 1948 The 
quantitative requirements of the rat for 
magnesium. Arch. Biochem., 18: 461.

8. Hawk, P. B., B. L. Oser and W. H. Summer- 
son 1954 Practical Physiological Chemis
try, ed. 13. McGraw-Hill Book Company, 
Philadelphia, p. 630.

9. Kruse, H. D., E. R. Orent and E. V. McCollum 
1932 Studies on magnesium deficiency in 
animals. I. Symptomatology resulting from 
magnesium deprivation. J. Biol. Chem., 96: 
519.

SE
R

U
M

 
C

a
,



S o m e  I n d e p e n d e n t  a n d  C o m b i n e d  E f f e c t s  o f  C o p p e r  

M o l y b d e n u m ,  a n d  Z i n c  o n  t h e  P l a c e n t a l  

T r a n s f e r  o f  Z i n c - 6 5  i n  t h e  R a t

KENNETH E. KINNAMON
U. S. Army Medical Research and N utrition  Laboratory, 
Fitzsimons General Hospital, Denver, Colorado

ABSTRACT The effects of increased dietary levels of different combinations of 
3 elements: copper (0.01% ), molybdenum (0.08% ), and zinc (0.50% ), were studied 
in the pregnant rat. Data are presented which suggest that dietary copper and zinc 
induce a mechanism of competition within the fetus and placental structures (amnion, 
chorion, yolk sac, allantois, and decidua) resulting in a lower uptake of radiozinc in 
these tissues. A high level of dietary molybdenum appears to be able to counteract 
completely the influence of an increased level of dietary copper on this uptake in the 
absence of increased dietary zinc, and partially overcome the influence of excess cop
per when it is fed in combination with a high level of zinc. Molybdenum apparently 
does not elicit a similar action on dietary zinc. Autoradiographic studies conducted 
on fetuses revealed highest activities, in order of decreasing radiozinc concentration, 
in: 1) calcifying bones, 2) liver, spleen and lumens of large blood vessels, and 3) 
kidneys. A highly significant (P < 0 .0 1 )  increase in zinc-65 urine excretion was 
observed in rats fed any ration high in zinc and a significant (P  <  0.05) increase 
was noted in animals fed an excess copper and molybdenum diet.

The utilization of one dietary nutrient 
may be profoundly influenced by the pres
ence of another. In particular, dietary 
interrelationships exist between copper, 
molybdenum, and zinc. For example, 
symptoms of molybdenum toxicity in cattle 
respond to copper therapy (1). Conversely, 
supplemental molybdenum has been found 
to be an effective treatment of hypercu- 
prosis in sheep (2 ). Kulwich et al. (3 ) 
demonstrated that excess copper may be 
accumulated when a high level of molyb
denum is fed. Supplements of copper have 
been shown to partially overcome an ane
mia caused by high levels of dietary zinc 
(4—6). Molybdenum and zinc feeding has 
been found to reduce rat growth more than 
molybdenum feeding alone (7 ). Even mo
lybdenum-fed rats housed in galvanized 
(zinc-dipped) cages have been reported to 
suffer more from molybdenum toxicity 
than those housed in stainless steel 
cages (8 ).

The placental transfer of zinc-65 under 
“normal” dietary conditions has been stud
ied in the dog (9 ), the rat (10), and the 
rabbit (11). However, information con
cerning the placental transfer of this iso
tope under conditions of increased dietary 
levels of mineral nutrients is lacking. The

metabolism of zinc has assumed greater 
importance since the advent of the nuclear 
age. Since the start of atomic weapons 
testing, zinc-65 has been reported in farm 
products (12), molluscs (13, 14), fish
(15), cattle (16), and in the Marshall Is
land natives (17), as well as in cyclotron 
workers (18). Too, radiozinc has been 
found to be second only to radiophos
phorus as an ecologically troublesome iso
tope in the vicinity of reactor sites (19, 20).

The purpose of the present investigation 
was to observe how increased dietary levels 
of different combinations of 3 elements, 
copper, molybdenum, and zinc, affected 
first, growth, and second, the excretion and 
placental transfer of intraperitoneally in
jected radioactive zinc in rats.

MATERIALS AND METHODS

Forty female rats of the Sprague-Dawley 
strain* 1 initially weighing 116 to 146 g were 
used in this study. The animals were ran
domly assigned to 8 experimental groups 
of 5 animals each. These groups were 
maintained with their respective ration for 
5 weeks, at which time a normal, healthy

Received for publication June 10, 1963.
1 Obtained from Sprague-Dawley, Inc., Madison 5, 

Wisconsin.
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Sprague-Dawley male rat was housed with 
each experimental animal for a period of 
5 days for breeding. At the end of 7 weeks 
all animals were given intraperitoneal in
jections of aqueous Zn65Cl2, and placed in 
metabolism cages. Urine and feces were 
collected daily until the rats were killed 2 
4 days after the tracer injection. Through
out the experimental period weight gain 
and feed consumption for each rat were 
recorded daily.

The basal diet was a finely ground com
mercial laboratory ration3 containing 18 
ppm copper, 70 ppm zinc, and less than 
1 ppm molybdenum. One or more of the 
following ingredients was added to the 
basal diet: 0.01% copper as CuS0<t 5H20;
0.08% molybdenum as Na2Mo04-2H20; 
and 0.50% zinc as ZnC03.

The above levels of supplementation 
were used to obtain the following 8 treat
ments: 1) basal ration (control); 2 ) Cu; 
3) Mo; 4) Zn; 5) Cu +  Mo; 6) Cu 4- Zn;
7) Mo +  Zn; and 8) Cu +  Mo +  Zn. The 
diets were fed ad libitum for the duration 
of the experiment.

For the first 7 weeks the experimental 
animals were maintained in cages of stain
less steel construction suspended individ
ually from above, having solid walls but 
wire-mesh floor and front. Dimensions 
were 25.4 cm long, 20.3 cm wide, and
17.7 cm high. Food containers were clear 
glass cylinders, 8.9 cm in diameter and
10.2 cm deep, equipped with white lac
quered screw-cap metal lids having a 3.2- 
cm hole stamped through the middle to 
minimize spillage of food. The metabolism 
cages used during the last 4 days of the 
study were constructed in essentially the 
same fashion as described above, except 
for smaller dimensions and special cone 
dividers in the excreta collection funnel to 
allow more complete separation of the 
feces and urine. Distilled, demineralized 
water for drinking was dispensed from 
glass bottles equipped with stainless steel 
outlet tubes.

Four animals in each group received 
1 ml of an aqueous Zn65Cl2 solution4 con
taining 5.65 ug of zinc/ml and of specific 
activity 884 uc/mg. One rat in each group, 
used for autoradiographic studies, received 
1 ml of a similar solution containing
509.05 ug of zinc/ml, specific activity 884

uc/mg. The injected doses were 5 uc and 
450 uc, respectively.

Chemical and radio-analysis. After 
ether euthanasia fetuses and placental 
structures (amnion, chorion, yolk sac, 
allantois, and decidua) were removed, 
counted, and weighed. These, along with 
daily urine and fecal collections, were 
measured for radioactive zinc by counting 
in a well-type sodium iodide scintillation 
counter. Nitrogen determinations on fe
tuses and placental structures were carried 
out as described by Ferrari (21).

The rations were analyzed for total zinc 
by the method of Vallee and Gibson (22) 
using an ashing procedure described by 
Reitz et al. (23). The diet was analyzed 
for copper and molybdenum as described 
in the AOAC (24).

Autoradiography. Three fetuses were 
taken from one rat of each treatment 
group, fixed for 48 hours in neutral buf
fered 10% formalin, and then embedded 
in paraffin by routine procedures. Tissue 
sections of 5-u thickness were cut, mounted 
on clean glass microscope slides, and 
stained first with hematoxylin-eosin and 
then with alizarin red S and the von Kossa 
stains for the demonstration of sites of 
mineralization of bone. Autoradiographs 
were prepared from replicate tissue sec
tions using Kodak AR-10 stripping film 
following the technique of Pelc (25). The 
autoradiographs were exposed for 30 to 
62 days, developed 5 minutes in Kodak 
D-19 developer, and fixed for 5 minutes in 
Kodak acid fixer with hardener. They were 
then stained for 10 minutes with nuclear 
fast red, dehydrated, and mounted with 
Permount. One tissue section from each 
fetus was dipped in 1% celloidin in ether: 
alcohol prior to preparing the autoradio
graph in order to eliminate any possible 
misinterpretation due to chemical exposure 
of the film.

RESULTS AND DISCUSSION

Growth, feed consumption, and litter 
size. Growth of animals in the experi
mental groups did not differ significantly

2 The Principles of Laboratory Animal Care as 
promulgated by the National Society for Medical Re
search were observed.

3 Purina Laboratory Chow, Ralston Purina Com
pany, Davenport, Iowa.

4 Obtained from Abbott Laboratories, Oak Ridge, 
Tennessee.
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from those in the control group except for 
those animals fed diets containing both 
excess molybdenum and excess zinc (i.e., 
Mo +  Zn and Cu +  Mo +  Zn). Both com
binations were equally efficient in growth 
retardation (t  test). Growth in these 2 
groups was significantly (P  <  0.01) less 
than in the control group (table 1). These 
observations are in agreement with those 
of previous studies which show that excess 
zinc, when present in the diet with excess 
molybdenum, causes more growth retarda
tion than either excess molybdenum or 
zinc alone (7, 8). The observation that 
elevated dietary molybdenum or zinc alone 
causes significant growth retardation (4, 
5, 7, 26) was not noted at dietary levels of 
added mineral nutrient used in this study.

TABLE 1
Average weight gain of animals in  the 

various treatment groups

Treatment Wt gain

9
1 Basal ration (control) 115
2 Mo 108
3 Cu 131
4 Zn 109
5 Cu +  Mo 104
6 Mo +  Zn 86+ +
7 Cu-fZn 124
8 Cu +  Mo +  Zn 90+ +

+ + Indicates a significant difference at the 1% 
level when compared with control animals (t test).

There was no significant difference in 
food consumption among treatment groups 
during the study. Thus the suggestion that 
some of the toxic effects produced in ani
mals maintained with a ration containing 
molybdenum is the result of decreased die
tary intake (27), perhaps due to a mech
anism of sensory recognition of the 
presence of molybdenum in the diet 
demonstrated by Monty and Click (28), 
would not apply in this study. Johnson 
and Miller (29) reported a reduction in 
the efficiency of feed utilization when rats 
were fed rations containing molybdenum. 
A mechanism such as this may account 
for the weight loss in the experimental 
animals of this study when increased die
tary zinc was present to “enhance” the 
effect. Whether the loss in efficiency is 
effected through faulty digestion or absorp
tion of nutrients or through some other

derangement in metabolism is still unan
swered. No significant differences in num
ber of fetuses per litter, wet weight of the 
litter, or average weight per fetus were 
seen among the treatment groups (table 2, 
lines 1 and 2).

Distribution of injected zinc-65 in the 
fetus and placental structures. The distri
bution of the injected radiozinc was evalu
ated in terms of the percentage of injected 
zinc-65 retained 4 days after administra
tion per: 1) fetus or placental structures; 
2) gram of wet weight of fetus or placental 
structures; 3) milligram of nitrogen in the 
fetus or placental structures; or 4 ) total 
wet weight of litter.

The results show clearly that the per
centage of radiozinc retained by either the 
fetus or the placental structures within 
any treatment group is directly propor
tional to its wet weight (table 2, fines 3 and
4). That is, although there is a possible 
variation up to 5 days in fetal age, with 
resultant variation in fetal weight, when 
either fetuses or placental structures were 
evaluated in terms of activity per gram 
or wet weight the values obtained within 
any treatment group are essentially iden
tical. Therefore, when using this basis of 
evaluation not only can significant differ
ences between treatments be shown in 
fetuses or placental structures of compar
able weight and development, but the same 
significant differences are noted when all 
fetuses or placental structures of all 
weights within each treatment are con
sidered as a single group and compared. 
Thus, the variation in percentage of in
jected dose observed within a given treat
ment group, whether evaluated in terms of 
activity per fetus, per placental structures, 
or per litter can be attributed solely to the 
variation in the wet weight of that tissue 
being compared.

There seems to be little correlation be
tween the percentage activity and the nitro
gen content (table 2, lines 5 and 6). This 
observation, combined with the data indi
cating that radiozinc activity varies with 
wet weight, appears to imply that the 
radioactive zinc is present mainly in the 
tissue fluids. Since the metal is assumed 
to be primarily associated with protein 
when it is physiologically active (30), the 
present evidence suggests that, at 4 days
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after injection, most of the zinc-65 is not 
fixed at organic sites of function.

Within each treatment group the activity 
per gram of fetus and activity per gram of 
placental structures are almost identical 
(table 2, lines 3 and 4). This is not too 
unexpected when one considers the struc
ture of the rat placenta. According to 
Arey (31), the placentas of rats, guinea 
pigs, and rabbits are classified as hemo- 
endothelial, demonstrating the nearest ap
proach to actual intermingling of the blood 
of the fetal and maternal circulations. 
Chorionic villi lose their layers to such a 
degree that, in most places, the bare endo
thelial lining of their vessels alone sepa
rates the fetal blood from the maternal 
sinuses. This near intermingling of fetal 
and maternal circulations may allow al
most free flow of fluid and radiozinc from 
maternal placenta to fetus. Moreover, 
Terry et al. (11) have shown that the 
intact placentas of rabbits, remaining after 
the removal of the fetus, readily accumul
iate radiozinc, suggesting the removal of 
zinc from the maternal blood is not de
pendent on a fetal acceptor.

Zinc-65 uptake in animals fed a diet 
containing only increased molybdenum 
was not significantly different than that 
observed in the control animals. However, 
with excess zinc alone in the diet a highly 
significant (P  <  0.01) retardation of zinc- 
65 uptake occurred and when copper alone 
was added to the basal ration a significant 
(P  <  0.05) retardation of radiozinc uptake 
was noted. Excess molybdenum fed in 
combination with excess copper caused a 
significant increase (P  <  0.05) in fetal- 
placental structures uptake rather than a 
decrease, whereas molybdenum plus zinc 
fed rats showed significantly (P < 0 .0 5 ) 
lower zinc-65 uptake than normal, but 
were about equal (t  test) to those rats fed 
a diet of high zinc alone. Uptake in ani
mals fed a copper plus zinc ration was 
greatly retarded (P  <  0.01). The magni
tude of the effect of feeding copper and 
zinc in combination is more clearly ob
served when it is noted that the retardation 
of uptake in those animals was signifi
cantly greater than the uptake in animals 
fed a diet of added copper alone (P <  0.01) 
or zinc alone (P  <  0.05). It has already 
been pointed out that the fetus-placental
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structures’ uptake o f rad iozinc in  anim als 
o f these 2 la tter groups is s ign ificantly 
low er than that o f anim als in  the control 
group. Those anim als m ain tained w ith  a 
h igh  dietary leve l o f  a ll 3 trace m etals 
showed uptakes s ign ifican tly  low er than 
norm al ( P < 0 . 0 1 ) .  A lthough  sign ificant 
d ifferences as determ ined by the Student’s 
t test w ere not found, the percentage up
take in  both fetuses and p lacen ta l struc
tures in  those anim als fed  a copper plus 
m olybdenum  plus zinc diet fe ll w ith in  a 
range between  that o f anim als fed  a zinc 
or copper diet and those supplied w ith  a 
copper plus zinc diet.

These data show that added d ietary 
copper and zinc, w hether fed  alone or in  
a com bination, s ign ifican tly  low er the 
fetus-placental structures’ uptake o f in 
jected  zinc-65. A  diet h igh  in  copper plus 
zinc was m ore e ffective  in  low erin g  rad io
zinc uptake than w hen  either was present 
alone in  the ration. M olybdenum  fed  to
gether w ith  increased leve ls  o f zinc appar
ently does not a lter the low ered  zinc-65 
uptake caused by d ietary zinc. H ow ever, 
m olybdenum , w hen  present in  the diet w ith  
excess copper, s ign ifican tly  m itigates the 
in fluence o f  the d ietary copper upon 
zinc-65 uptake. Th e  e ffect o f the dietary 
m olybdenum  is so pronounced that the an i
m als fed  m olybdenum  plus copper had a 
sign ifican tly h igher fe ta l or (p lacen ta l 
structures) uptake o f rad iozinc than the 
control animals. It  is d ifficu lt to explain  
w hy the copper plus m olybdenum  com bina
tion  allows m ore tissue uptake o f zinc-65 
than norm al. Th e  in fluence o f m olybde
num  on copper is aga in  dem onstrated in  
those anim als m ain tained w ith  a diet h igh 
in  all 3 trace elem ents. M olybdenum  ap
pears to suppress the in fluence o f copper 
enough to a llow  zinc-65 uptakes in  this 
group to fa ll betw een  those observed in  
zinc- or copper-fed anim als and anim als 
fed  the pow erfu l copper plus zinc com bin
ation.

A utorad iography. Th e  distribution o f 
zinc-65 w ith in  fetuses from  d ifferen t treat
m ent groups w as sim ilar. A c tiv ity  above 
background was present over the entire 
fetus. Th e h ighest concentration  o f rad io
zinc occurred in  ca lc ify in g  bones (f ig . 1 ) 
in  those areas where m inera liza tion  had 
occurred, as determ ined by the von  Kossa

and the aliziran  red S stains. In  bones 
w here m inera liza tion  had not occurred 
rad iozinc deposition was essentia lly absent. 
Th is  was observed in  vertebrae, ribs, long 
bones o f the extrem ities, and m em branous 
bones o f the skull. H oum ont (3 2 )  has 
dem onstrated a sim ilar observation. H e 
described rad iozinc deposition  in  osseous 
tissue im m ediate ly  prior to its ca lcification . 
L iver , spleen, and the lum ens o f la rge 
blood vessels showed re la tive ly  h igh  con
centration  o f deposited rad iozinc although 
the levels did not approach that o f  ca lc ify 
in g  bone. V ery  active hem atopoiesis w as 
observed in  both the liv e r  and spleen, and 
num erous free  erythrocytes w ere noted in  
the lum ens o f the large blood vessels. 
Scatter was too great to d irectly associate 
activ ity  w ith  any particu lar ce ll type. Th e 
kidney contained a slightly h igher activ ity 
than the rem ain ing organs and tissues.

E xcre tion . Feca l e lim ination  o f rad io
zinc in  the anim als o f the experim ental 
groups was not sign ifican tly d ifferen t. Th e 
results in  this study are in  agreem ent w ith  
the w e ll docum ented observation  that this 
route o f excretion  is the principal m eans 
o f e lim inating adm inistered rad iozinc (1 0 , 
3 3 -3 5 ).

Th e am ount o f activ ity  elim inated  v ia  
the urine in  4 days is very  sm all com pared 
w ith  that by feca l excretion. H ow ever, s ig
n ificant d ifferences in  rad iozinc excretion  
are shown in  this study (tab le  3 ) .  In  all 
anim als that w ere fed  a ra tion  conta in ing 
excess zinc, the urinary zinc-65 e lim ina 
tion  w as greatly increased ( P < 0 . 0 1 ) .  
Th e ration  conta in ing all 3 trace m inerals 
was m ore e ffective  than the other three 
( P  <  0 .0 5 ). In  those anim als fed  a copper

TABLE 3

Percentage o f in je cted  zinc-65 excreted  in  the  
urine 96 hours a fter adm in istra tion

1 Basal ration (con tro l)
%

0.462
2 Mo 0.573
3 Cu 0.451
4 Zn 3.281 + +
5 Cu +  Mo 0.730+
6 M o - f Zn 2.433+ +
7 C u -f Zn 4.085++
8 Cu +  Mo +  Zn 5.109 + +

+ + Indicates a significant difference at the 1% 
level when compared with control animals (t  test).

+ Indicates a significant difference at the 5%  
level when compared with control animals (t test).
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Fig. 1 Uptake o f zinc-65 in  ca lc ify ing bones o f a norm al rat fetus o f the third trimester.

a. Photom icrograph o f a vertebra stained w ith  alizarin red S. The large black areas in d i
cate sites o f calcification.

b. Autoradiograph o f a vertebra o f a fetus in  which the mother had been given  450 p.c 
o f zinc-65, 96 hours before it was killed. The black exposed silver grains indicate the sites 
o f the isotope. Note the sim ilarity to the sites o f calcification shown in figure la .

c. Same as figure lb , v iew ed by dark-field microscopy.

plus m olybdenum  diet the rate o f e lim ina
tion was sign ifican tly h igher (P  <  0 .0 5 ). 
Cotzias et al. (3 5 ) ,  using a whole-body 
counting technique, have shown an in 
creased radiozinc excretion  associated w ith 
h igh d ietary zinc, but did not find sign ifi
cantly increased zinc-65 elim ination  asso
ciated w ith  h igh  dietary copper. A  sim ilar 
technique has recently been used to dem 
onstrate decreased absorption o f ora lly ad
m in istered rad iozinc in  rats fed  an elevated 
leve l o f d ietary zinc (3 6 ) .

The m anner in  wh ich  the interactions o f 
these trace m inerals takes place is poorly 
understood. M agee and M atrone (3 7 )  have 
suggested that the in teraction  between 
zinc and copper m ay be caused by zinc 
increasing the excretion  and decreasing 
the u tilization  o f copper. Cox and Harris

(2 6 )  stated that the antagonistic e ffect o f 
zinc and copper m ay be a reflection  o f an 
in terference on iron  m etabolism  by zinc 
which is partia lly counteracted by the abil
ity  o f copper to m obilize iron  in  the liver 
when the iron  is at a very low  level. H a lver
son et al. (3 8 )  pointed out that m olyb
denum m ay produce its in teraction  w ith  
copper by reducing levels o f sulfide ox i
dase, thus lead ing to an accum ulation o f 
inorgan ic sulfide. Th is accum ulation  o f 
sulfide presum ably precipitates as h igh ly 
insoluble copper sulfide. It has been 
pointed out, how ever, that i f  an excess 
production o f sulfide w ere the specific 
m echanism , then other m etals that fo rm  
h igh ly insoluble sulfides such as iron, m an 
ganese, zinc, and cobalt should also be 
m embers o f the deficiency com plex  (3 9 ) .
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Data presented by M ills  (4 0 )  ind icate that 
the m ode o f m etabolic disturbances caused 
by m olybdenum -copper in teraction  m ay 
vary. R e fe rr in g  to the rat versus the 
rum inant, he states that the tox ic ity  ob
served upon m olybdenum  feed in g  to the 
fo rm er is probably the result o f  a fa ilu re 
o f  copper u tiliza tion  w ith in  the tissue. 
M etabolic disturbances consequent upon 
the feed in g  o f m olybdenum  to rum inants, 
how ever, are probably caused by changes 
w ith in  the d igestive tract wh ich  restrict 
copper absorption and thus are lik e ly  to be 
the underly ing cause o f the ensuing copper 
deficiency.

Further studies are being conducted in  
this laboratory, w ith  particu lar em phasis 
upon the in fluence o f  su lfate, to define 
m ore clearly the roles o f these nutrients 
and their in terrelationships.
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Effect of Oleic and Linoleic Acids on the Absorption 
of Saturated Fatty Acids in the Chick* 1

R. J. YOUNG and  R. L. GARRETT
D epartm ent o f  P ou ltry  Husbandry and the Graduate School o f  N u tr it io n , 
C orne ll U n ivers ity , Ithaca , New  York

A B S T R A C T  Palmitic and stearic acids, which are utilized very poorly by the chick 
when fed singly, are absorbed to a significant degree when fed in a mixture o f fatty 
acids such as hydrolyzed lard. Experiments were conducted with chicks to determine 
whether oleic and linoleic acids are specifically required for absorption o f the saturated 
fatty acids. Increasing the amount of oleic acid (O )  in relation to palmitic acid (P )  
resulted in a linear increase in absorption o f the palmitic acid. A  significant improve
ment was detected with an oleic to palmitic acid ratio ( 0 : P )  of 0.1:1. The absorb
ability of palmitic acid was increased to 80% when the 0 :P  ratio was 0.8:1, and 
maximal absorption o f 85 to 90% was obtained with an 0 :P  ratio of 1.34:1. The 
effect of linoleic acid ( L )  was less dramatic. The maximal improvement in absorption 
of palmitic acid was 20% with the highest levels o f linoleic acid. Mixtures containing 
a ratio of linoleic to palmitic acid (L : P )  o f 1:1 or more were no better than a ratio 
o f L :P  o f 0.4:1. Palmitic and stearic acids when fed together tended to depress the 
absorption o f each other. In  mixtures o f these 2 saturated fatty acids, high levels of 
oleic acid were required for 50% absorption o f each of the saturated fatty acids. 
When linoleic acid was fed with oleic acid and a mixture o f the 2 saturated fatty acids, 
maximal absorption of the saturated fatty acids was obtained with lower levels of 
both of the unsaturated fatty acids. Oleic acid appears to play a direct role in fac ili
tating the absorption o f the saturated fatty acids. It is not known whether this effect 
is exerted in the lumen or in the mucosal cells of the intestine.

Both stearic and pa lm itic  acids w ere 
observed by Renner and H ill ( 1 )  to be 
virtua lly  unutihzed by the ch ick w hen  fed  
singly in  the diet. H ow ever, w hen  these 
saturated fa tty  acids w ere fed  in  a m ixture 
o f  fa tty  acids such as hydrolyzed lard or 
b ee f ta llow , both Renner and H ill ( 2 )  and 
You ng ( 3 ) ,  using gas chrom atograph ic 
analysis o f the d ietary and feca l fa tty  
acids, showed that there w as a sign ificant 
im provem ent in  the absorbability o f  stearic 
acid and particu larly  o f pa lm itic  acid.

It  is genera lly  recogn ized  that any g iven  
fa t  or fa tty  acid m ixtu re that contains a 
h igh  proportion  o f saturated fa tty  acids is 
less w e ll u tilized  by all species than the 
m ore unsaturated fats. E arly  workers at
tem pted to correlate the degree o f u tiliza
tion  w ith  m eltin g  po in t o f the fa t  (4 - 6 ) .  
H ow ever, Scribante and Favarger ( 7 )  and 
C allow ay et al. ( 8 )  showed that m eltin g  
po in t is not a good index  o f d igestib le 
coefficient, but rather that the relationship 
o f d igestib ility  to m e ltin g  point is co inc i
dental rather than causal.

Th e im portance o f the degree o f satura
tion  upon fa t u tiliza tion  by chicks w as re
ported by M arch  and B ie ly  ( 9 ) .  La ter

w ork by R enner and H ill (1 ,2 )  and Callo
w ay  et al. ( 8 )  ind icated  that the chain 
length  o f the saturated fa tty  acids and 
their arrangem ent w ith in  the trig lyceride 
m olecu le are im portan t factors in  deter
m in in g  the extent o f fa t  d igestib ility  in  the 
chick. In  addition, Renner and H ill ( 2 )  
and You ng ( 3 )  have dem onstrated that 
the absorbability o f m ixtures o f fa tty  acids 
by the ch ick was in fluenced by the pres
ence or absence o f an ester linkage to a 
g lyceride m oiety.

Renner2 showed that the absorbability o f  
pa lm itic  acid was im proved from  5%  w hen  
fed  as free  pa lm itic  acid up to 35%  w hen  
fed  as m onopalm itin  and up to 40%  w hen  
fed  as m ethyl pa lm itate; tr ipa lm itin  w as 
no better u tilized  than pa lm itic  acid by 
itself.

N o  glycerides w ere present in  the fa tty  
acid m ixtures used by Renner and H ill 
( 2 )  and You ng ( 3 ) ;  therefore, it  appears

Received for publication, July 24, 1963.
1 This investigation was supported in part by Pub

lic Health Service Research Grant AM-04569-MED 
and by a grant-in-aid from the Procter and Gamble 
Company, Cincinnati, Ohio.

2 Renner, R. 1960 Factors affecting absorbability 
of saturated fatty acids in the chicken. Ph.D. Thesis, 
Cornell University.
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that the im proved utilization  o f the stearic 
and pa lm itic  acid in  hydrolyzed lard and 
b ee f ta llow  m ay have been due to the 
presence o f the unsaturated fa tty  acids in  
the free  fa tty  acid m ixtures. Th e experi
ments reported in  this paper w ere con
ducted to determ ine the extent to w hich  
oleic and lino le ic  acid would in fluence the 
absorbability o f the saturated fa tty  acids, 
pa lm itic and stearic, w hen  these fa tty  
acids w ere fed  in  controlled ratios o f 
saturated to unsaturated fa tty  acids.

E X P E R IM E N TA L

T o  e lim inate the in fluence o f ester link 
ages or glycerides (2 ,3 )  on absorbability 
o f the fa tty  acids, on ly free  fa tty  acids 
w ere used as a source o f d ietary lipid. 
In  experim ents 1 and 2 hydrolyzed o live 
oil and hydrolyzed safflower oil (ta b le  1, 
samples C and D ) w ere used as the source 
o f o leic acid and lino le ic  acid, respectively. 
Hydrolysis was carried out by the proce
dure described by You ng et al. (1 0 ) .  Tech 
n ical grades o f pa lm itic acid and stearic 
acid (tab le  1, samples A  and D )  w ere used 
as sources o f the saturated fa tty  acids.

In  the third experim ent, pa lm itic, oleic 
and lino le ic  acids o f a purity o f 96%  or 
better (tab le  1 ) w ere used. In  every case 
the com position  o f the fa tty  acid prepara
tion  was determ ined by gas liqu id parti
tion chrom atography o f the m ethyl esters 
o f these fa tty  acids. These various sources 
o f fa tty  acids w ere used to prepare specifi
ca lly  form ulated  m ixtures o f fa tty  acids in  
w hich  the saturated and unsaturated fa tty  
acids w ere blended at defin ite ratios. The

exact ratio  o f the m ixtures w h ich  the ch ick 
consum ed was determ ined by analysis o f 
the lip id  m ateria l extracted from  the ex 
perim enta l diets. Th e fa tty  acids w ere 
substituted on a dry-weight basis fo r  glu 
cose in  the basal diets. Unless othew ise 
noted, the percentage o f total fa tty  acids 
substituted fo r  glucose was kept betw een  
20 and 23%  o f the diet.

Th e basal diets used in  these experi
m ents are shown in  table 2. D iet A  was 
used in  experim ents 1 and 2, and diet B 
in  experim ent 3. W ith  the substitution o f 
20%  soybean oil, w eigh t fo r  w eigh t, fo r  
glucose, both diets provide 13.2 kcal o f  
m etabolizable energy fo r  each gram  o f 
d ietary protein. S ince the ch ick regu 
lates its da ily food  consum ption to sat
is fy  its energy requ irem ent, it  is neces
sary to have protein  related to the energy 
content o f the diet to insure an adequate 
intake o f protein. Th ere fore , w hen  the 
various fa tty  acid m ixtures w ere used, this 
ratio  was always 13.2 M.E. kca l/g o f pro
tein  or less, since none o f the m ixtures 
exceeded the m etabolizable energy value o f 
soybean oil.

In  experim ents 1 and 2, one-day-old 
W h ite  P lym outh  Rock cockerels w ere fed  
diet A  con ta in ing 20%  soybean o il fo r  the 
first 14 days. The chicks w ere then al
lotted on a w eigh t basis in to equal lots o f 
8 chicks each. Duplicate lots o f chicks 
w ere fed  each experim ental d iet fo r  2 
weeks.

A  d ifferen t procedure was used in  ex 
perim ent 3. M ore than tw ice the num ber 
o f chicks needed w ere fed  basal d iet B

TABLE 1

Fatty acid com position  o f various sources o f fa tty  acids 1

Sample 16:0 2 16:1 18:0 18:1 18:2

A Palm itic  3 92.0 — 8.0 __ __
B Stearic 4 8.4 — 91.6 — —
C Oleic (hydro lyzed  olive o il ) 13.5 2.5 3.1 71.3 9.6
D Linoleic  (hydro lyzed

safflower o il ) 6.3 — 1.8 14.8 77.1
E Palm itic  5 99.57 — 0.43 — —
F Oleic 5 2.48 — 0.90 96.62 —
G Lino leic  5 — — — — 100.0

1 The composition of each new source of fatty acid was determined prior to use by gas-liquid 
partition chromtography at 185°C with a 2-meter x 4-mm inside diameter aluminum tubing packed 
with 16% diethylene glycol succinate supported on 60- to 80-mesh chromosorb W.

2 The first figure represents the number of carbon atoms; the second, the number of double bonds.
3 Neo-Fat 16, Armour Industrial Chemical Company, Chicago.
4 Neo-Fat 18, Armour Industrial Chemical Company, Chicago.
3 Fatty acids obtained from Applied Science Laboratories, Inc., State College, Pennsylvania.
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TABLE 2

E xperim en ta l basal diets

Ingredients Diet A Diet B

% %
Ground yellow corn 14.9 —

Soybean meal (50% protein) 7.0 —
Fishmeal (60% protein) 5,0 —
Dried whey 2.0 —

Corn distillers solubles 2.5 —

Dehydrated alfalfa meal 2.0 —

Isolated soybean protein 1 25.0 35.47 2
Cellulose 3 — 3.0
DL-Methionine — 0.8
Glycine — 0.3
Vitamin mix no. 1 4 1,1 —

Vitamin mix no. 2 5 — 1.0
Choline chloride (70% ) — 0.22
Mineral mix no. 1 6 2.0 —

Mineral mix no. 2 7 — 2.3
CaHP04'2H20 8 2.2 3.64
CaC03 9 1,0 1.63
Cr20 3 bread 1.0 1.0
Fatty acids or glucose, 

or both10 29.0 50.64

1 ADM C-l Assay protein, Archer-Daniels-Midland 
Company, Minneapolis.

2 Isolated soybean protein continuously extracted 
with methanol for 48 hours was used in diet B during 
the fourth week of the experiment when the chicks 
were fed the pure fatty acids.

3 Solka-Floc, Brown Company, New York.
4 Vitamin mix no. 1, Young et al. (11).
5 Vitamin mix no. 2. Similar to vitamin mix no. 1 

except that the niacin was increased to 5 mg and 
12.5 mg of ethoxyquin were added/100 g of diet. 
The choline chloride was removed and the mix was 
made to 1.0 g/100 g of diet by the addition of glucose.

6 Mineral mix no. 1. Young et al. (11).
7 Mineral mix no. 2. Supplies/100 g diet, in g: 

NaCl, 0.77; KH2P04, 0.2; KHCO3 , 0.791; MgS04, 0.371; 
CaCC>3, 0.098; in mg: MnS04-H20, 30.0; FeS04-7H20, 
30.0; CuS04-5H20, 3.0; ZnO, 6.0; Nal, 0.209; Na2Se03, 
0.022; NaMo04-2H20, 0.1.

8 Diet A contained commercial grade dicalcium 
phosphate. Diet B contained USP CaHP04-2H20.

9 Diet A contained limestone. Diet B contained AR 
CaCOs.

10 Cerelose, Corn Products Company, New York.

supplemented with 2% of safflower oil for 
2 weeks. At 14 days the chicks were 
weighed and those chicks not deviating in 
weight more than 3 g from the mean were 
allotted according to weight into equal 
groups of 4 chicks each. From the four
teenth to twentieth day inclusive, duplicate 
lots of chicks were fed diet B supplemented 
with fatty acid mixtures made to specific 
ratios of palmitic acid to oleic or linoleic 
acid, using the same fatty acid sources as 
described for experiments 1 and 2 ( table 1, 
samples A, B, C and D). From the twen
tieth to the twenty-eighth day the chicks 
were fed diets containing the same ratio 
of palmitic acid to oleic or linoleic acid 
provided by the pure fatty acids (table 1, 
samples E, F and G).

In all experiments excreta collections 
were made on each of 4 consecutive days 
during the fourth week. Each day’s collec
tion was frozen, and after final collection 
the total excreta from each lot were slur
ried in a Waring Blendor. A proportion of 
the slurry was frozen and stored at —20°C 
and the remainder was dried at 65 to 70°C 
in a forced-air oven. The frozen excreta 
were used for the determination of the 
individual fatty acids. Analyses were made 
on the diets and dried excreta for moisture, 
total lipid, and chromium. Chromic oxide 
was incorporated in each diet as an index 
substance, thus eliminating the need for 
quantitative collection of excreta. The 
methods used in collecting samples, and 
the analysis for total and individual fatty 
acids, moisture, and chromium, were de
scribed by Hill et al. (11), Renner and 
Hill (12) and Young et al. (10).

RESULTS AND DISCUSSION

Typical analyses of the various sources 
of the saturated and unsaturated fatty 
acids are shown in table 1. The ratios of 
dietary fatty acids resulting from various 
combinations are shown in tables 3, 4, and
5. The values are expressed as weight 
ratios of oleic or linoleic acid to the satu
rated fatty acid, when the latter is given 
a value of one.

The results from the first 2 experiments 
were in good agreement, and are therefore 
combined in tables 3 and 4, since the ex
perimental conditions were similar. The 
absorbability values of the total fatty acid 
mixtures, and of the palmitic and stearic 
acids, are summarized by experiments.

In experiments 1 and 2, the absorb
ability of oleic acid, whether fed alone or 
in a mixture of fatty acids, was found to 
average 94.6%, with a range of 90 to 
99%. The average absorbability of lino
leic acid was 97.5%, with a range of 94 
to 99% . The high absorbability values of 
these fatty acids were consistent in experi
ments 1 and 2 regardless of the amount or 
type of saturated fatty acids present in the 
mixture. Therefore, these values have not 
been included in tables 3 and 4.

The absorbability of palmitic acid when 
fed singly was found to average approxi
mately 25% , regardless of the level fed. 
This value was significantly higher than
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TABLE 3

Absorbability  o f  p a lm itic  acid  as in fluenced  by various ratios o f oleic  
and lin o le ic  acid  in  the diet

Ratio of unsaturated Absorbability value

Group
no.

Exp.
no.

Fatty acid 
in diet1

fatty acids to palmitic 
when palmitic = 1 Total fatty 

acids 16:0

Oleic Linoleic Exp. 1 Exp. 2 Exp. 1 Exp. 2

% % % % %
i i 5.2 P (6 .5 ) 2 0.026 34 35
2 2 7.7 P (9 .1 ) 0.025 38 27
3 2 14.7 P ( 16.6) 0.01 25 25
4 2 21.5 P 0.01 21 23

5 2 15.4 P 0.22 57 53
6 2 17.8 P 0.36 75 66
7 2 8.0 P (14.4 ) 0.57 76 62
8 2 13.0 P 0.81 87 79
9 1 10.0 P 1.24 87 80

10 2 10.1 P 1.34 92 85
11 2 6.8 P 2.56 93 89
12 1 5.9 P 2.92 90 84

13 2 12.1 P 0.1 0.50 59 39
14 2 15.0 P 0.11 0.61 69 52
15 2 15.6 P 0.29 0.29 72 60
16 1 7.1 P 0.35 1.35 89 81
17 1 6.6 P 0.36 1.79 94 87

1 P indicates palmitic acid: S, stearic acid.
2 Valuesi in parentheses are total amount of fatty acid mixture in diet including lipid material

in dietary ingredients. I f  no value shown, total is 21 to 23%.

TABLE 4

Absorbability  o f  p a lm itic  and stearic acids as in fluenced  by various ratios
o f  o le ic  and lin o le ic  acid  in  the <diet

Ratio of Absorbability value
unsaturated TotalGroup Exp. Fatty acid to saturated 16:0 18:0no.1 no.1 in diet 2 fatty acids 

when acids
saturated = 1 Exp. 1 Exp. 1 Exp. 1

% % % %

18 i 3.8 (6 .2 ) 2 — 14 — 14

19 i 12.0 P 1 
7.0 S j — 12 12 2

20 i 3.0 P ) 
5.2 S j (O )  2 1.4 67 52 18

21 i 3.3 P ) 
3.8 S j (O )  2.0 78 46 49

22 1 4.0 P ) (O  +  L )  1.9 78 77 17
4.0 S j (1 :4 .5 ) 4

23 1 3.5 P ) (O  +  L )  2.5 87 79 41
3.3 S j (1 :4 .9 ) 4

24 2 9.3 P | (O  +  L )  0.9 79 68 44
2.0 S j (1 :0 .23 ) 4

1 Continued from table 3, and refers to same experiments as table 3.
2 Fatty acids denoted: P = palmitic; S = stearic; O = oleic; L = linoleic acid.
3 See footnote 2, table 3.
4 Figure in parentheses represents ratio of oleic to linoleic acid in the unsaturated fatty acid 

portion.
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TABLE 5

Absorbability  value o f pure fa tty  acids when fed to ch icks consum ing a purified  diet

Group
no.

Fatty acid 
in diet1

Ratio of unsaturated 
fatty acids to palmitic 

when palmitic = 1

Absorbability value

Total
fatty
acids

16:0 18:1 18:2
Oleic Linoleic

% % % % %

i 14.5 P — — 5.5 2.4 — —
2 11.3 O — — 78.1 — 74.7 —
3 11.2 L — — 66.8 — — 66.2

4 17.2 P 0.26 — 28.1 15.0 75.5 __
5 15.1 P 0.43 — 40.6 25.6 74.5 —
6 12.8 P 0.69 — 57.5 35.8 85.9 —

7 17.7 P — 0.26 24.4 9.1 __ 82.9
8 15.4 P — 0.41 39.9 20.2 — 86.1
9 11.1 P — 0.95 49.2 20.5 — 78.2

1 P indicates palmitic acid; O, oleic acid; L, linoleic acid.

the zero to 10% absorbability observed by 
Renner and Hill (1 ) and Renner.3 The 
higher value observed in these experiments 
may be due in part to the use of a labora
tory that was fumigated just prior to the 
experiment, and to the use of a higher pro
tein diet than that used by Renner and Hill 
(1 ). Young et al. (10) observed that both 
these factors influenced absorbability of 
fatty acid mixtures high in saturated fatty 
acids.

Increasing the ratio of oleic acid to pal
mitic acid (groups 5 through 12, table 3) 
resulted in a stepwise increase in absorb
ability of the total fatty acid mixture. Gas 
chromatographic analysis of the dietary 
and fecal lipids showed that the increased 
absorbability of the mixture was due not 
only to the presence of the well utilized 
oleic acid, but also to a significant im
provement in the absorbability of the pal
mitic acid. Small additions of oleic acid 
caused a marked improvement in the ab
sorbability of palmitic acid. When suffi
cient oleic acid was present in the mixture, 
the absorbability of the palmitic acid was 
increased to 80% or more.

Chicks in groups 13 through 17 (table 
3) were fed fatty acid mixtures to deter
mine the effect of linoleic acid on the 
absorbability of palmitic acid. The hydro
lyzed safflower oil used as a source of 
linoleic acid also contained a small amount 
of oleic acid (table 1, sample D). Con
sequently, in groups 13, 14, 16 and 17 the 
final fatty acid mixtures contained a small

amount of oleic acid in addition to the 
linoleic acid (table 3). Group 15 was fed 
a mixture in which the oleic and linoleic 
acid were formulated to be equal. In addi
tion the sum of the oleic and linoleic acids 
in this group equaled the total amount 
of unsaturated fatty acid which was pre
dominantly linoleic acid in group 13.

There was a significant improvement 
in the absorbability of palmitic acid from 
those mixtures that contained 2 unsatu
rated fatty acids. However, based on the 
effect of oleic acid itself on absorbability 
of palmitic acid (groups 5 through 12), 
the magnitude of the improvement in 
groups 13, 14 and 15 appears to be directly 
proportional to what would be expected 
from the amount of oleic acid provided 
in these mixtures. Therefore in these 3 
groups the presence of linoleic acid in 
addition to the oleic acid did not appear 
to provide a further improvement in the 
absorbability of the palmitic acid.

Chicks in groups 16 and 17 were fed 
diets containing significantly higher ratios 
of linoleic to palmitic acid. Again the 
hydrolyzed safflower oil provided sufficient 
oleic acid to increase the absorption of the 
palmitic acid to 66% (compare with group
6). Therefore it appears that the large 
amount of linoleic acid increased the ab
sorbability of palmitic acid from 66% up 
to 81 or 87%.

The absorption of stearic acid when fed 
singly and in combination with other fatty

3 See footnote 2.
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acids is shown in table 4. These results 
were obtained in the same experiments as 
those shown in table 3, and therefore the 
2 tables are directly comparable. Stearic 
acid by itself was absorbed only to 14%. 
When a mixture of stearic acid and pal
mitic acid was fed, the absorption of both 
fatty acids was reduced to 2 and 12% , 
respectively.

The addition of oleic acid to a mixture 
of palmitic and stearic acid (groups 20 
and 21) improved the absorbability of both 
saturated fatty acids. However, the de
gree of improvement in the absorbability 
of palmitic acid when fed in the presence 
of stearic acid was not as great as that 
obtained when palmitic acid was fed as 
the only saturated fatty acid (groups 10, 11 
and 12, table 3). Increasing the amount 
of oleic acid in the mixture of palmitic 
and stearic acid improved the absorption 
of stearic acid but did not improve the 
absorption of palmitic acid beyond the 
initial increase.

In groups 22, 23 and 24 the unsaturated 
fatty acid fraction contained both oleic 
and linoleic acid in the ratios shown in 
table 4. Under conditions when the un
saturated fatty acid mixture was primarily 
linoleic acid, the absorption of the palmitic 
acid was significantly better than from 
those mixtures containing oleic acid as 
the only unsaturated fatty acid ( groups 20 
and 21). However, the absorption of 
stearic acid in groups 22 and 23 was not 
improved by the linoleic acid. Group 24 
shows the absorption of palmitic and 
stearic acid when palmitic acid makes up 
the greatest proportion of the saturated 
fatty acids and the unsaturated fatty acid 
portion is predominantly oleic acid. The 
absorbability of both saturated fatty acids 
is higher than that observed in group 
20 and almost equal that obtained in 
group 23.

Tbe results show that the absorbability 
of palmitic and stearic acid from any given 
mixture of fatty acids is influenced not 
only by the ratio of these saturated fatty 
acids to oleic or linoleic acid, or both, 
but also to the ratio of palmitic to stearic 
acid within the mixture.

In figure 1 the average 4-week chick 
weight and feed efficiency data for each 
treatment in experiments 1 and 2 have

been plotted against the absorbability 
value of the total fatty acid mixture. Those 
groups of chicks consuming diets contain
ing large amounts of the saturated fatty 
acids showed a marked depression in 
growth rate, and poor feed efficiency. The 
chicks consuming diets containing the 
fatty acid mixtures that had high absorb
ability values showed good growth. A 
linear relationship was observed between 
percentage absorbability of the fatty acid 
mixture and the efficiency of feed conver
sion. However, both growth and feed effi
ciency were found to be highly variable 
when the absorbability of the fatty acid 
mixture was less than 30 to 40%.

In experiment 3, fatty acids of high 
purity (table 1) were combined in specific 
ratios and fed to chicks in a purified diet. 
Analyses of experimental diet B (table 2) 
showed that it contained 0.07% total lipid. 
A preliminary experiment was conducted 
to determine whether chicks fed this puri
fied diet would show satisfactory absorp
tion of fatty acids. It was found that lard 
fatty acids had an absorbability value of 
73%. This was lower than the absorba
bility values of 81 to 88% observed for 
lard fatty acids fed in a diet similar to 
diet A, table 2 (10). It was therefore ex
pected that the absorbability values for 
either the pure fatty acids or the various 
ratios of palmitic to oleic and palmitic to 
linoleic acid would be low. However, the 
values found were lower than anticipated 
and lower than the values observed in ex
periments 1 and 2. It is not known whether 
the low values found in this experiment 
were due to the feeding of the pure fatty 
acids themselves or to the lack of some 
component in either the hydrolyzed oils or 
natural feed ingredients which is neces
sary for increased absorption of these 
fatty acids.

In experiment 3 (table 5) the palmitic 
acid when fed alone was virtually un
utilized by the chicks.

The absorbability of oleic acid was sig
nificantly lower than the value of 94% 
observed by Renner and Hill (1 ). The 
absorption of both the pure oleic acid and 
the linoleic acid fed in this experiment was 
lower than the absorption of these 2 fatty 
acids when supplied as hydrolyzed olive 
oil and safflower oil (experiments 1 and 2,
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Fig. 1 Chick growth and feed conversion related to percentage absorption of the fatty 
acid mixture (subscript numbers refer to group numbers in tables 3 and 4 ).

Although the absolute absorbability 
value for palmitic acid was low the rela
tive improvement with each additional 
increment of oleic acid was of about the 
same magnitude as that observed in the 
previous experiments. The addition of 
linoleic acid to palmitic acid also increased 
the absorbability of the palmitic acid. How
ever, this improvement was not as great 
as that obtained from oleic acid and was 
not improved beyond a maximum of 20% 
when with the highest level of linoleic 
acid. The absorbability of the linoleic acid 
itself was significantly better when fed in 
a mixture of palmitic acid than when fed 
alone.

DISCUSSION

Recent reports in the literature indicate 
that at least 2 phenomena may be involved 
in the mechanism of fatty acid absorption. 
The first is a transformation in the lumen 
of the fatty acid to a physical-chemical 
form which is more readily solubilized and 
made available for absorption.4 The sec
ond is the esterification of the fatty acid 
within the intestinal mucosa to form tri
glycerides which appear in the lymphatic 
chyle (13-20).

4 Hofmann, A. F., and B. Borgstrom 1962 Physico
chemical state of lipids in intestinal contents during 
their digestion and absorption. Federation Proc., 
21(1): 43 (symposia).
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H ofm an n  and Borgstrom 5 have proposed 
that p rior to absorption from  the lum en 
the m onoglycerides and fa tty  acids from  
the hydrolysis o f fa ts  fo rm  m ixed  m icelles 
w ith  the b ile acids. In  v itro  experim ents 
w ith  the m icelles o f b ile acids and m ono
olein  increased the solubilization  o f  pa l
m itic  and stearic acid. O leic acid also 
form s m icelles w ith  bile salts wh ich  w ill 
solubilize the saturated fa tty  acids. H ow 
ever, m icelles m ade up o f b ile salts and 
oleic acid are not as e ffective  as m icelles 
con ta in ing m onoolein .6

Num erous studies have been m ade on 
the m ucosal enzym e systems responsible 
fo r  the esterification  o f fa tty  acids to 
glycerides. H om ogenates o f rat in testinal 
m ucosa or m itochondria l preparation  from  
the in testinal m ucosa o f the rabbit have 
shown that the resynthesis o f trig lycerides 
in  the in testinal m ucosa is dependent on 
A T P , coenzym e A , reduced glutathione 
and m agnesium  ions (2 1 , 2 2 ). C lark and 
Hubscher (2 2 )  observed that a m itochon
dria preparation  requ ired either a-glycero- 
phosphate or m onoglyceride as an ac
ceptor.

Senior and Isselbacher (2 3 )  have shown 
the presence o f an enzym e m onoglyceride 
acylase wh ich  catalyzed the condensation 
o f pa lm ity l coenzym e A  and m onoglyceride 
to fo rm  a d ig lyceride in  rat m ucosa cells. 
Th e h ighest activ ity  w as noted in  the 
m icrosom al frac tion  o f the m ucosal cells. 
In  their experim ents the m itochondria 
frac tion  was less active. Th e reaction  did 
not require A T P ; therefore, the authors 
concluded that the A T P  requ irem ent ob
served by other investigators (2 1 , 2 2 ) w as 
probably needed in  the form ation  o f the 
fa tty  acyl CoA.

It is assumed that fa tty  acid absorption 
in  the ch ick is s im ilar to that o f other 
species. H ow ever, the presence o f the 
enzym e system in  the endoplasm ic re tic 
ulum or m itochondria  o f the mucosal cells 
as shown by in  v itro  studies does not 
assure the m ax im al absorption o f fa tty  
acids under all conditions. Th is  is particu 
la rly  true in  the chick, w here stearic and 
pa lm itic  acids are very  poorly u tilized 
w hen  fed  singly. In  addition to the e ffect

o f m icelle  fo rm ation  it  is possible that the 
im proved  absorption o f the 2 saturated 
fa tty  acids in  the presence o f o leic acid 
m ay be a pre feren tia l synthesis o f m ono
olein  in  the brush border o f the m ucosal 
cells and this m onoglyceride then acts as 
the acceptor o f the saturated fa tty  acids 
in  the fo rm ation  o f di- and trig lycerides. 
Th is  hypothesis is supported by the obser
vation  o f Clark and Hubscher (2 5 )  that 
m onoolein  in  their in  v itro  system incorpo
rated m ore (1 -C 14)  pa lm itate than did 
m onolaurate or m onopalm itin . H ow ever, 
Senior and Isselbacher (2 3 )  observed no 
d ifference betw een  either the a- or [3- iso
mers o f m onopalm itin  or m onoolein  in  
their ability to act as acceptors fo r  pal- 
m ity l-CoA  to fo rm  d ig lycerides in  their 
in  vitro  system. A  recen t study w ith  rats7 
showed that glycerol-m ono-linoleate or 
m onooleate increased the absorption o f 
cholesterol-4-C14 to a greater degree than 
did m onostearate.

Renner8 has shown that chicks fed  
pa lm itic  acid in  a m ixture w ith  trio le in  
showed a stepwise im provem ent in  ab
sorption o f the pa lm itic  acid up to 49%  
w hen  the pa lm itic  acid to trio le in  ratio 
was 1:3 . In  this case it appears that the 
pancreatic lipase hydrolyzes the trio le in  
to oleic acid and m onoolein  and that both 
the form ation  o f a m icelle  and the syn
thesis or absorption, or both, o f m onoolein  
as an acceptor are invo lved  in  the im 
proved absorption o f pa lm itic acid.

Th e  reason that lin o le ic  acid is not as 
e ffec tive  as o leic acid in  im p rov ing  the 
absorbability o f pa lm itic acid is not known. 
It  appears that the im provem ent in  absorb
ab ility o f the saturated fa tty  acid cannot 
be attributed sim ply to a decrease in  m e lt
in g  point due to the presence o f an unsatu
rated fa tty  acid. Th ere fo re  o leic acid must 
p lay a m ore direct role in  the absorption 
process, either in  the lum en or in  the 
m ucosa cells, to fac ilita te  the increased 
absorption o f pa lm itic  acid.

5 See footnote 4.
6 Hofmann, A. F., personal communication.
7 Pinter, K. G., O. N. Miller and J. G. Hamilton 

1963 Effect of monoglycerides on absorption of cho
lesterol and turnover rate of cholesterol esters. Fed 
eration Proc., 22: 376 (abstract).

8 See footnote 2.
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Periodic B-vitamin Supplementation of Growing 
Rats Fed a Vitamin-free Diet

W. J. STIELAU* 1 AND J. H. MEYER
D epartm ent o f  A n im a l Husbandry, U niversity  o f C a liforn ia , 
Davis, C a liforn ia

A B S TR A C T  The effects on rats fed a vitamin-free diet orally supplemented with 
a complete array of B-vitamins at various intervals of time were investigated. Feed 
intakes, weight gains and final body fat percentages declined as the interval between 
successive vitamin doses was increased. Reduced partial efficiencies of feed utilization 
with decreasing frequency of vitamin administration indicate a metabolic restriction 
in vitamin availability as the interval between doses is increased. With diets lack
ing thiamine, pyridoxine or both vitamins, the provision of the missing vitamin or 
vitamins at intervals of 4 days was not adequate to maintain feed intakes and weight 
gains of rats. Paired-feeding trials indicate that, apart from a metabolic restriction 
in vitamin availability, the periodic provision of B-vitamins to rats has a considerable 
depressant effect on feed intakes.

It  has long been known that rats fed  a 
flavin -defic ient diet supplem ented at w eek ly 
in terva ls w ith  single doses o f riboflavin  can 
grow  to adult size, although grow th  pro
ceeds at a slightly subnorm al rate (  1 ) .  For 
a num ber o f vitam ins is has been shown 
that oral supplem entation apart from  the 
diet results in  reduced growth rates o f rats 
as the in terva l between successive doses 
w ith  the v itam in  was increased (2 - 4 ) .  
S ince v itam in  in teractions are know n to 
occur ( 5 - 7 ) ,  the study o f ind ividua l v ita 
m ins under conditions o f period ic adm inis
tration  m ay be com plicated  by this factor. 
It is clear, that e lim ination  from  the diet 
o f a single v itam in  results in  an im balance 
between vitam ins, whereas the period ic ad
m in istration  o f the m issing v itam in  also 
causes a tem porary change in  the re lation 
ships between the vitam ins.

It  was, therefore, pertinent to determ ine 
whether a grow th  depression w ou ld still 
occur w hen a com plete array o f B-vitam ins 
was adm inistered to rats apart from  the 
diet and at various in terva ls o f time.

EXPERIMENTAL

M ale, w ean lin g Sprague-Dawley rats, ob
tained com m ercia lly ,2 w ere used in  all 
trials. Th e rats w ere housed in  cages w ith  
w ire bottoms and kept in  a room  m ain 
tained at 26 ±  1°C. Each rat had w ater 
availab le at all times.

Th e basic, v itam in -free ration  was com 
posed o f the fo llow in g  parts by w eigh t:

v itam in -free casein,3 25; m inera l m ixtu re,4 
4; sucrose, 65; and cottonseed oil, 5. T o  
obtain  a vitam in ized  ration, B -vitam ins5 
w ere added to this basic diet at the leve l 
used by M eyer and Hargus ( 8 ) .  A ll diets 
w ere stored in  a re frigerator.

Th e same B-vitam ins, in  the same pro
portions and includ ing choline, w ere m ade 
up in  distilled  w ater to such a concentra
tion that a known num ber o f drops pro
vided the same amounts o f v itam ins as 
present in  10 g o f the v itam in ized  diet. 
Th is solution was used fo r  the oral dosage 
o f the rats, by m eans o f a pipet. Th e  v ita 
m in  solution was m ade up fresh  in  sm all 
amounts at frequent in terva ls and kept 
in  a re frigerator. Am p le amounts o f v ita 
m ins A , D, E and K  w ere adm inistered to 
all rats at w eek ly intervals.

A t the end o f each experim ent carcass 
com position  o f each rat was determ ined 
according to the m ethod described by 
M eyer ( 9 ) .

E xp e rim e n t 1. A  total o f 60 rats was 
distributed in to 2 com parable groups o f 
30 anim als each. One o f these groups was

Received for publication July 1, 1963.
1 Present address: University of Natal, Pietermaritz

burg, Natal, South Africa.
2 Simonsen Laboratories, Inc., Gilroy, California.
3 Nutritional Biochemicals Corporation, Cleveland, 

Ohio.
4 Phillips and Hart, J. Biol. Chem., 109: 657, 1935.
5 One per cent of the vitamin mix was added to the 

ration. The vitamin mix contained the following vita
mins in milligrams per 100 g: thiamine, 30; ribo
flavin, 30; pyridoxine, 20; niacin, 200; Ca patothenate, 
200; folic acid, 3; biotin, 1; and vitamin B1 2 , 0.2. 
Sucrose was added to equal 100 g. Choline chloride 
was added at 0.1% of the ration.

330 J. N utrition, 81: ’63
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fed  ad lib itum , the other fo r  2 daily periods 
o f 4 hours each. W ith in  each group, 6 
treatments o f 5 rats each w ere form ed and 
designated treatm ents A  to F, respectively. 
W ith  treatm ent A  the com plete diet was 
fed  and fo r  all other treatm ents, the v ita 
m in-free diet. W ith  treatm ent B each rat 
was g iven  its dose o f B-vitam ins in  2 equal 
daily portions and w ith  treatm ent G, rats 
received  the same am ount o f B-vitam ins in  
single da ily adm inistrations. For treat
ments D to F, respective ly, the vitam ins 
were g iven  at 2-, 4- and 8-day intervals. 
For treatm ents B to F, inclusively , the total 
dosage w ith  B-vitam ins was the same.

W eek ly  feed  intakes and w eigh t gains 
w ere recorded fo r  each rat, and a fter 32 
days on trial, the experim ent was term i
nated.

E xp e rim e n t 2. Th is  was a repetition  o f 
experim ent 1 w ith  4 rats/treatm ent at 
each feed ing  level. Th e vitam in ized  ration  
was m ade up in  sm all amounts at frequent 
intervals to e lim inate possible losses o f 
vitam ins during storage.

E xp e rim e n t 3. S ix  com parable groups 
o f 5 rats each w ere a llocated to the treat
m ents given  in  table 5. W eek ly  w eights 
w ere recorded fo r  each rat, and fo r  treat
ments 1 to 4, w eek ly feed  intakes w ere 
determ ined. For treatm ents 5 and 6, feed  
intakes w ere measured tw ice daily.

T o  elim inate the factor o f variable feed  
intakes, 2 groups o f 5 rats each w ere pair- 
fed  the com plete diet in  the same amounts 
as consum ed by the respective pair-m ates 
on treatm ents 5 and 6. Pa irin g  was on an 
in itia l live  w eigh t basis, and a fter 3 weeks 
on tria l the experim ent was term inated.

RESULTS AND DISCUSSION

Th e results o f the first 2 experim ents are 
presented in  tables 2 and 3. Data fo r  treat

m ent A  o f experim en t 1 w ere excluded 
since v itam in  losses during storage o f  this 
diet w ere suspected.

In  both trials, the ad lib itum  feed in g  
regim en  resulted in  s ign ifican tly  greater 
feed  intakes ( P < 0 . 0 1 )  than obtained 
w hen  feed in g  tim e was lim ited  to 8 hours/ 
day. Feed intakes in  both trials w ere  s ig
n ifican tly  in fluenced ( P  <  0 .0 1 ) by the fr e 
quency w ith  w h ich  the v itam ins w ere 
given, intakes dec lin ing w ith  decreasing 
frequency o f v itam in  adm inistration. In  
experim en t 2, feed  intakes w ere  also de
pendent upon an in teraction  e ffect betw een  
the frequency o f v itam in  dosage and the 
feed in g  reg im en  (P  <  0 .0 1 ).

T h e  w e igh t gains by the rats in  both 
trials w ere s ign ifican tly in fluenced by the 
frequency o f oral B-vitam in supplem enta
tion  ( P  <  0 .0 1 ) and declined as the in ter
va l betw een  vitam in  doses w as increased. 
For experim ent 2, an in teraction  e ffect be
tween  vitam in  dosage and feed in g  reg im en  
also a ffected  the w e igh t gains ( P  < 0 .0 5 ).

Th e frequency o f v itam in  dosage in flu 
enced the fina l body fa t  percentages o f the 
rats at the 1 and 5%  levels o f s ign ificance 
in  trials 1 and 2, respectively. In  experi
m ent 1, ad lib itum  feed in g  yie lded  greater 
body fa t  percentages (P < 0 . 0 1 )  than ob
served w hen  feed in g  fo r  only 8 hours daily.

Both w e igh t gains and fina l body fa t 
percentages w ere re lated  to feed  intakes. 
Since feed  intakes decreased w ith  decreas
in g frequency o f v itam in  adm inistration, 
reduced w eigh t gains and body fa t percen t
ages m ay be expected under these cond i
tions. Th e  role o f B-vitam ins in  in flu encing 
feed  intakes thus appears to be o f consid
erable im portance.

Th e reduction  in  fe e d :g a in  ratios w ith  
increasing in terva ls betw een  successive 
doses o f B-vitam ins suggests a lim ita tion

TABLE 1

Feed intakes, w eight gains and fina l body fa t percentages o f  rats fed  a v ita m in -free  d iet 
ad lib itu m  or a v itam in ized  d iet in  equ iva len t am ount

Diet

Vitamin-free Vitaminized

Avg feed intake, g1 78.1±2.6 78.1 ±2 .6
Avg weight gain, g1 -6 .6  ±2 .3 — 7 .6± 1.5

Avg final body fat, % 1 4.6±0.5 4.2 ±0 .3

1 Mean +  se of mean.
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TABLE 2

Effect of frequency of oral B-vitamin administration on growing rats (exp. 1)

Treatment B-vitamin
provision

Avg feed 
intake1

Avg weight 
gain1

Avg final 
body fat1

Feed:gain 
ratio

9 9 %

Ad libitum feeding

A In the diet — — — —
B Twice daily 388 ±  5.7“ 160 ±  1.9“ 13.2± 0.5“ 2.42
C Once daily 338 ±  11.4b 140 ±  3.8“'» 9.3 ±1 .2 » 2.41
D Every 2 days 326 ±  12.6b 120± 5.9» 10.4±0.7» 2.73
E Every 4 days 331 ±  7.8» 126 ±  4.2» 10.7 ±0 .6 » 2.63
F Every 8 days 255 ±17 .6 ' 84 ±  7.4' 8 .9±  1.3» 3.02

Twice daily feeding
A In the diet — — —
B Twice daily 303 ±10 .4 “ 139 ±  3.2“ 9.7 ±0 .7 “ 2.17
C Once daily 260 ±  2.1»-' 117± 2.0“-» 8 .2±  0.1* 2.22
D Every 2 days 293 ±  13.6“-» 126 ±10 .0 “'» 8.8 ±0 .7 “ 2.32
E Every 4 days 246 ±  5.1c'd 109 ±  3.6»'“ 9.2 ±0 .6 “ 2.26
F Every 8 days 212 ±  7.4d 70 ±  11.l d 6.1 ±0 .7 » 3.04

1 Mean -+- s e .

a d Within feeding regimens 
do not differ statistically from

, means in the same column and having 
each other (P  <  0.05).

the same letter superscript

TABLE: 3

E f f e c t  o f  f r e q u e n c y  o f  o r a l  B - v i t a m in  s u p p le m e n t a t io n  o n  g r o w in g  ra ts  (e x p .  2 )

Treatment B-vitamin
provision

Avg feed 
intake1

Avg weight 
gain1

Avg final 
body fat1

Feed:gain 
ratio

9 9 %

Ad libitum feeding
A In the diet 428 ±35.4* 156 ±14.2* 12.1 ±2 .2 “ 2.71
B Twice daily 386 ±23.0“ 145 ±  6.1“ 10.3 ±1.9*-» 2.66
C Once daily 328 ±14.8» 108 ±  5.5» 9.0 ±1 .1 “-» 3.05
D Every 2 days 283 ±  16.2b'c 94 ±  9.8» 10.0 ±1.6*'» 3.02
E Every 4 days 239 ±  15.9c'd 66 ±12 .8 ' 6.5 ±1 .3 » 3.62
F Every 8 days 198 ±  6.9d 3 7 ±  4.7d 9.2±0 .8“'» 5.35

Twice daily feeding
A In the diet 265 ±  25.5*-» 108 ±  9.3»-' 9.1 ±1 .9 “'» 2.44
B Twice daily 303 ±18.0* 128 ±  7.2“-» 10.0± 1.5“ 2.38
C Once daily 314± 8.8“ 132 ±  2.9* 10.0± 1.4“ 2.38
D Every 2 days 244 ±  12.2» 91 ±  2.3' 9.8 ±0 .8 “'» 2.67
E Every 4 days 181 ±  8.5' 59 ±  4.3d 5 .9±  1.2» 3.05
F Every 8 days 170± 3.7' 35 ±  6.5' 6.6 ±1.0*'» 4.80

1 Mean +  se.
a—«Within feeding regimens, means in the same column and having the same superscripts are 

not statistically different from each other (P  <  0.05).

on the ava ilab ility  o f v itam ins fo r  m eta
bolic processes w hen  provided on ly at in 
tervals. H ow ever, such ratios have to be 
in terpreted w ith  caution since they neces
sarily increase as m aintenance feed  in 
takes are approached.

Since 2 feed ing  regim ens w ere invo lved  
in  these 2 trials, it  is possible to calcu late

the partia l effic iency o f  feed  u tiliza tion  fo r  
w eigh t ga in  fo r  the various treatments. Th is  
gives an effic iency o f feed  u tiliza tion  in de
pendent o f feed  in take re lative to m a in te
nance requirem ents. Partia l effic iencies are 
obtained as the ratios o f the d ifferences in  
w eigh t gains to d ifferences in  feed  intakes 
fo r  the same treatm ent on the 2 feed in g
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regimens. A ccord ing to K leiber (1 0 ) ,  a 
diet is deficien t in  a nutrient whose addi
tion increases the partia l efficiency o f the 
ration. Thus, reductions in  the partia l 
efficiency o f a diet can be used as an in d i
cation o f a nutrient defic iency e ffect on 
m etabolic processes. A lthough these values 
could not be calcu lated in  every case and 
varied fo r  the same treatm ent in  the 2 ex 
periments, a tendency existed fo r  partia l 
efficiencies to be reduced as the v itam in  
doses w ere spaced fu rther and fu rther 
apart. For treatm ent B, partia l efficiencies 
were 24.5 and 21.0%  in  experim ents 1 
and 2, respectively, but on ly 19.8 and 
11.6% , respectively, fo r  treatm ent E. A  
reduction in  the ava ilab ility  o f vitam ins 
fo r  m etabolic processes is, thus, indicated

but the m echan ism  in vo lved  w hereby such 
a reduction  is ach ieved rem ains obscure. 
Poor absorption o f la rge  doses o f v itam ins 
or ineffic ien t storage in  the body a fter ab
sorption m ay be in vo lved  (1 1 ) .  T h e  effects 
o f feed  intakes on w e igh t gains and body 
com position  o f rats under d ifferen t cond i
tions are presented in  tables 1 and 4. Th e 
data o f table 1 show that w ith  iden tica l 
feed  intakes o f a vitam in -free or a com 
plete diet, sim ilar w e igh t losses w ere  ex 
perienced by rats and that body fa t  per
centages w ere also sim ilar. Th e  rats fed  
the com plete diet w ere physica lly  m ore 
active than pair-m ates fed  the vitam in -free 
diet and this probably accentuated their 
w eigh t loss since increased activ ity  w ou ld 
serve to increase the m ain tenance requ ire

TABLE 4

Effects on rats o f adm inistering  B -vitam ins every 4 days o r in c lu d in g  them  in  the d iet 
under cond itions o f equalized feed intakes

Provision of B-vitamins

Oral, once/4 days Included in diet

Avg feed intake, g1 134.0 ±5 .6 134.0 ±5 .6
Avg weight gain, g1 29.7 ±2 .4 40.8 ±3 .8
Avg final body fat, % 5.3 ±0 .4 7.6 ±0 .7
Feed: gain ratio 4.51 3.28

i Mean ±  s e  of mean.

TABLE 5

E ffect o f B -v itam in  supplem entation  and o f th ia m ine , pyrid ox ine o r both  v itam in s  on  the ad lib itu m  
feed intakes and w eight gains o f  g row ing rats

Treatment B-vitamin
administration

Avg feed 
intake1

Avg weight 
gain1

Avg final 
body fat1

Feed: gain 
ratio

i Included in the diet
9

276±9.6a
9

114±2.7a
%

10.5+1.1» 2.41

2 Vitamin Bi-free diet; vitamin 
Bi given orally every 4 days 234±4.3b 86±4 .6b 8 .7±1 .0 »'b 2.71

3 Vitamin B6-free diet; vitamin 
Bo given orally every 4 days 212± 6.0b'° 75±5 .7b’° 8.2 ±0 .5 »'» 2.82

4 Vitamin Bi- and Bo-free diet; 
both vitamins given orally 
every 4 days 196 ±  7.6° 70 ± 5 .6 ' 6 .6±0 .4b'c 2.80

5 Vitamin-free diet; all B- 
vitamins given orally 
every 4 days 134± 5.6d 30±2 .4d 5.3 ±0 .4 ' 4.51

6 Vitamin-free diet; no B- 
vitamins given 78 ±2 .6 ' — 7 ±2 .7 ' 4 .6±0 .5 ' —

1 Mean ±  s e .

a—«w ithin columns, different superscripts differ from each other at the 1% level of significance.
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m ents o f these rats. Th e data suggest re
duced feed  intakes as the m ain  cause oi 
reduced w eigh t gains.

On the other hand, w hen  feed in g  a com 
plete diet in  the same am ount as a vitam in- 
free  diet supplem ented w ith  B-vitam ins 
every 4 days, rats on the fo rm er treatm ent 
gained sign ifican tly m ore w eigh t (P  <  
0 .0 1 ) and accum ulated m ore body fa t  
( P  <  0 .05 ) than pair-mates fed  the latter 
diet (tab le  4 ) .  In  this tria l an increase in  
feed  intakes invariab ly  fo llow ed  an oral 
v itam in  dose, con firm ing the in fluence o f 
v itam ins on feed  intakes. H ow ever, the 
fa c t that w ith  equal feed  intakes rats fed  
the com plete diet gained m ore w eigh t and 
body fa t than pair-m ates fed  a v itam in -free 
diet ora lly supplem ented w ith  B-vitam ins 
every 4 days, is evidence that a m etabolic 
deficiency o f vitam ins was experienced by 
the rats on the la tter treatm ent. It  m ay, 
thus be concluded that at least 2 factors, 
v iz., the e ffect o f the B-vitam ins both on 
feed  intakes and on satis fy ing m etabolic 
needs, p lay a role in  determ in ing w eigh t 
gains and fa tten in g  in  rats.

Th e ind ividua l and com bined effects o f 
th iam ine and pyridoxine under conditions 
o f period ic, oral adm inistration  w ere ex 
am ined in  experim ent 3 (tab le  5 ).  The 
results show that rats fed  diets deficien t in  
th iam ine, pyridoxine or both and given  the 
lack ing vitam in  or vitam ins at in terva ls 
o f 4 days exh ib it reductions in  feed  intakes 
and w eigh t gains as w e ll as body fa t  per
centages. Th e decreases in  feed  intakes 
and w eigh t gains, how ever, w ere s ign ifi
cantly less than observed w ith  rats fed  a 
v itam in -free diet ora lly  supplem ented w ith  
all B-vitam ins at the same in terva ls o f 
time. Th ere fore , apart from  th iam ine and

pyridoxine, s ingly or in  com bination , other 
vitam ins must be in vo lved  in  a ffec tin g  feed  
intakes and w eigh t gains o f rats.
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A B S T R A C T  Analyses of vegetable oils or fats from 17 different plant types showed 
as low as zero pg of a-tocopherol/g of castor bean and linseed oils and as high as 
1276 pg/g o f wheat germ oil. Contents of total tocopherol ranged from 2 pg/g of 
coconut oil to 1896 pg/g of wheat germ oil. In individual types, the tocopherol levels 
appeared to be influenced by source of plant, time of harvest, stability after harvest, 
refining procedure, and perhaps by commercial hydrogenation procedures. Estimates 
of man’s requirement for vitamin E as related to the dietary level o f polyunsaturated 
fatty acids suggest that among the common edible polyunsaturated oils (cottonseed, 
corn, safflower, and soybean), only cottonseed supplies sufficient vitamin E to counter
balance the effect of its polyunsaturated fatty acids.

Th e last fe w  years have w itnessed a 
w idespread and rem arkable popu larization  
o f  the idea that hypercholesterolem ia can 
and should be treated by increasing the 
d ietary in take o f polyunsaturated fa tty  
acids. The Council on Foods and N u trition  
o f the Am erican  M ed ica l Association  has 
genera lly supported this concept in  a re
cent guide fo r  physicians (1 ) .

A  general relationship betw een  polyun
saturated fa tty  acids and v itam in  E  was 
observed years ago. Recent reports are 
m ore specific, how ever, and direct atten
tion to the extent o f increase in  d ietary 
requ irem ent fo r  v itam in  E w ith  an in 
crease in  d ietary polyunsaturated fa tty  
acids in  m an  ( 2 ) ,  the m onkey ( 3 ) ,  the 
rat ( 4 ) ,  and the ch ick (5 , 6 ).

N o  reports have appeared recen tly to 
provide guides fo r  the content o f tocoph- 
erols, and specifically o f a-tocopherol —  
the most active analogue —  in  vegetab le 
oils consum ed in  appreciable quantities by 
the Am erican  public. Th e  m ost recent and 
com prehensive survey o f the v itam in  E 
content o f foods ( 7 )  was carried out prior 
to the advent o f the m ore accurate and de
fin itive  colum n chrom atograph ic (8, 9 ) and 
paper chrom atograph ic (1 0 , 1 1 ) analytical 
m ethods now  available. Th e  survey o f 
feedstuff's by Am es (1 2 )  included some 
results obtained by these la tter methods, 
but the num ber o f oils was lim ited  and 
the data w ere obtained on oils availab le in  
England.

W e  report here the content o f total and 
a-tocopherol observed in  vegetab le oils an
alyzed on occasion during the last 4 years. 
W e  have concentrated on the m ost com 
m on oils but have included values obtained 
on less com m on and even  ined ib le plant 
oils. W e  have also included some results 
which  suggest changes in  tocopherol con
tent and distribution during various proc
essing steps.

METHODS AND MATERIALS

Sources o f  m ateria ls. Fats and oils were 
obtained from  loca l grocery stores, from  
basic producers, and from  w holesale d is
tributors. Corn samples w ere obtained 
from  various parts o f the U nited States and 
also from  England.2

Prep a ra tion  o f  samples. In  m ost cases 
the samples were used as obtained. Fat 
was recovered from  m argarine by extrac
tion w ith  petroleum  ether.3 L ip ids w ere 
extracted from  corn  w ith  ethanol or ether 
as described by Q uaife and H arris (1 3 ) .  
Ethanol usually extracted slightly m ore 
lip id, but not m ore tocopherol, than ether.

S apon ifica tion . Sapon ification  o f a 
w eighed  sam ple o f fa t  or o il (m in im u m  o f 
1 g )  and recovery o f the nonsaponifiable 
m ateria l w ere carried out as described by

Received for publication July 5, 1963.
1 Communication no. 305, Research Laboratories, 

Distillation Products Industries.
2 Courtesy of Dr. I. M. Sharman, Cambridge, Eng

land.
2 Skellysolve F, Skelly Oil Company, bp 35 to 60°C.
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TABLE 1

Tocophero l con ten t o f  oils and fats fro m  various plants

Oil State Supplier Samples Total
tocopherols a-Tocopherol Others

present

ng/g M /g %

Castor bean refined A i 291 0 0 ?, 7  or /3, 8

Cocoa butter refined B 3 155
(136-175)

26
(16-31 )

17
(9 -2 2 )

7  or /3

Coconut refined C 3 1 1

(2 -1 6 )
5

( 2 - 6 )
45 7

refined D 1 24 16 67 75 V

Corn1 refined2 E 4 427
(295-636)

194
(147-236)

47
(37-51)

7 , S in 1

refined2 F 1 661 157 24 7

refined,
partially
hydro
genated2 G 1 378 177 47 7

refined,
partially
hydro
genated2 H 1 571 169 30 7

Cottonseed refined2 I 3 611
(564-618)

375
(338-434)

61
(55-67)

7

refined2 J 2 298
(259-336)

182
(172-192)

62
(57-66)

7

refined2 H 1 568 352 62 7

refined2 K 1 635 360 57 7

crude L 1 344 230 67 7

crude,
hydro
genated M 1 2 0 1 1 0 2 51 7

Grapeseed refined N 1 194 149 77 no other 
spot

Linseed unknown O 1 61 0 0 ?, 7  or ¡3

unknown P 1 428 0 0 ?, 7  or f t

Mustard seed refined Q 1 446 138 31 7 , trace 5

Olive refined R 2 46
(4 6 ^ 6 )

31
(30-32)

67
(65-70 )

7

unknown2 H 1 146 124 85 7

unknown2 S 1 1 1 0 78 71 7
Peanut refined2 T 3 215

(211-217)
130

(128-134)
61

(59-62 )
7

Rapeseed refined U 1 433 170 39 7
Rice bran crude U 1 444 264 59 7  or jS, 7]

Safflower
seed refined V 6 340

(323-363)
308

(284-334)
91

(87-92 )
7
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TABLE 1 ( C o n tin u e d )

T o c o p h e r o l  c o n t e n t  o f  o i ls  a n d  fa ts  f r o m  v a r io u s  p la n ts

ou State Supplier Samples Total
tocopherols a-Tocopherol Others

present

99/9 99/9 %
refined2 D 2 334 307 91 7

(288-381) (254-360) (88-94 )

refined2 W 1 248 226 91 7

refined X 1 492 426 87 7

refined,
partially
hydro
genated2 Y 2 232 188 80 7

(169-296) (136-241) (80-81)

crude W 1 453 411 91 7

crude,
solvent
extracted D 1 411 371 90 7 , trace 3

crude,
pre
pressed D 1 311 290 93 7

Soybean refined2 Z 3 797 175 21 7 , ô
(605-918) (110-242) (18-26 )

refined AA 1 871 136 16 7, ô
Sunflower

seed crude D 1 271 224 83 7

Tung best
grade U 1 810 243 30 7  or ß

Wheat germ crude BB 1 1897 1276 67 ß

unknown CC 1 1656 848 51 ß

1 See also values in table 3.
2 Table grade materials obtained from grocery store.

the A na ly tica l M ethods Com m ittee (1 0 ) ,  
except that the ether extract o f nonsaponi- 
fiable m ateria l was dried before evapora
tion by adding anhydrous N a 2S 04, instead 
o f a fter evaporation  by adding ethanol and 
benzene and re-evaporating. Th e  residues 
w ere dissolved in  petroleum  ether.4

A lthough w e have not observed destruc
tion  o f tocopherols by the leve l o f  iron  
(0 .0 0 0 5 % ) in  the N a 2S 0 4 which  w e use, 
the w arn ing  o f the A na ly tica l M ethods 
Com m ittee (1 0 )  should be heeded and 
each lot o f  N a 2S 0 4 should be tested fo r 
such an effect.

Chrom atography. Th e  preferred  m eth 
ods fo r  analysis o f tocopherols are based 
on colum n chrom atography on MgHPCh 
(8 , 9 ) ,  paper chrom atography (1 0 , 1 1 ), 
and gas-liquid chrom atography (1 4 ) .5,6

Th is last technique is re la tive ly  recent and 
has not been used extensively, but it ap
pears to require rig id  exclusion  o f sterols.

W e  have exam ined  both colum n and 
paper chrom atography. In  general, chro
m atography on paper is m ore sensitive and 
provides better separation o f the tocoph
erols and their unsaturated analogues, 
term ed “ tocotrienols” by Bunyan et al. (15 ). 
Chrom atography on M g H P 0 4 is less sub
ject to in terference from  other constituents 
o f the nonsaponifiable fraction , how ever, 
and is m ore rapid  fo r  routine determ ina
tions o f a-tocopherol.

4 See footnote 3.
5 K. K. Carroll 1962 Gas-liquid chromatography 

of fat-soluble vitamins. 36th Fall Meeting, American 
Oil Chemists’ Society, p. 43 (abstract).

6 P. P. Nair, and D. A. Turner 1962 The applica
tion of gas chromatography to the determination of 
vitamins E and K. 36th Fall Meeting, American Oil 
Chemists’ Society, p. 34 (abstract).
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Since our prim ary ob jective has been to 
determ ine the b io log ica lly  active tocoph- 
erols, w e have used the la tter procedure 
fo r  the results reported herein. Th e only 
tocopherols, other than a-tocopherol, w ith  
sign ificant b io log ica l activ ity are 13-, L-, and 
{¿-tocopherols (s e e  ( 1 5 ) ) ;  and these occur 
to on ly a lim ited  extent.

Th e MgHPCh adsorbent must be checked 
fo r  suitability as described by Bro-Rasmus- 
sen and H jarde ( 8 ) .  Th e  tocopherols are 
eluted by successive fractions o f 250 m l 
each o f 2, 4, and 6%  diethyl ether in  
petroleum  ether.7 These fractions then con
tain, respectively, the a- (p lu s  { 1- and { 2- 
i f  p resen t), the 3- and y- (p lu s e-, i f  pres
e n t ) and the 5- (p lu s  »1-, i f  p resen t). Both 
solvents should be purified  by redistillation  
from  KOH  pellets, adding alum inum  fo r 
the d iethyl ether and zinc fo r  the petro
leum  ether.

R eso lu tion  by M gH P O i. As part o f our 
evaluation  o f these analytical procedures, 
w e have rou tinely exam ined  the eluates 
from  the colum ns by paper chrom atog
raphy (1 0 ) .  Except fo r  the occasional 
m aterials conta in ing the {-tocopherols, this 
procedure is not necessary fo r  routine de
term inations o f a-tocopherol. It  is neces
sary, however, fo r  determ ination  o f total 
tocopherols i f  any o f the solvent fractions 
contains m ore than one tocopherol. Th e 
various tocopherols show d ifferen t degrees 
o f  reaction  w ith  co lorim etric reagents, and 
an  overa ll fa c to r cannot be applied. In  
such cases, the tocopherols must be eluted 
from  the paper and analyzed ind ividua lly  
to determ ine the re lative am ount o f each.

C o lo rim e tr ic  m easurem ent. Th e  eluates 
from  the colum n are evaporated under 
n itrogen  to a volum e o f  25 ml. Appropriate 
aliquots are diluted w ith  petroleum  ether 8 
to g ive a total volum e o f 4 m l, and a 4-ml 
portion o f ethanol is then added. Further 
additions o f 1 m l o f 0.5%  2,2 '-bipyridine 
in  ethanol (w / v )  and 1 m l o f 0.2%  FeC l3 
in  ethanol (w / v )  are fo llow ed  by m easure
m ent o f color in tensity in  an E ve lyn  co lor
im eter a fter 2 m inutes fo r  all tocopherols 
except S-tocopherol, w h ich  is m easured 
a fter 10 minutes.

Am ounts o f tocopherol are calculated 
w ith  factors determ ined w ith  pure to
copherols.

RESULTS AND DISCUSSION

Tab le 1 lists the results obtained on 
60 samples o f fa ts and oils from  17 d iffe r
ent plants. To ta l tocopherols range from  
2 to 24 ng/g in  coconut oil to 1656 to 
1897 ug/g in  w heat germ  oil. Leve ls  o f 
a-tocopherol vary, from  little  or none in  
coconut oil, cocoa butter, castor bean oil, 
and linseed oil, up to 848 to 1276 ug/g 
in  w heat germ  oil. Th e percen tage o f 
a-tocopherol in  total tocopherols varies 
from  0%  in  castor bean and linseed oils 
to about 90%  in  safflower seed oil.

Th e percentage o f a-tocopherol in  total 
tocopherols is re la tive ly  constant fo r  each 
plant except corn. Th e content o f a-tocoph- 
erol and o f total tocopherols in  samples 
from  a single supplier shows rem arkable 
consistency in  some cases (e .g ., peanut 
o i l ) ,  but appreciable varia tion  in  others 
(e .g ., corn oil from  supplier E ) .  Sam ples 
o f a g iven  o il (e .g ., co ttonseed ) from  sev
eral suppliers usually show appreciable 
variation  in  tocopherol contents, perhaps 
due at least partia lly to d ifferences in  re
fin ing procedures.

It  is genera lly accepted (1 0 , 1 6 ) that 
hydrogenation does not destroy tocoph
erols. Such is the case in  the laboratory 
w ith  tocopherols dissolved in  a solvent, 
but W ard  (1 7 )  has reported appreciable 
losses o f tocopherols in  oils under the con
ditions used during com m ercia l hydro
genation  and its attendant processes. A l
though w e have no paired samples o f an 
oil before and a fter hydrogenation, the 
tocopherol content o f hydrogenated cotton
seed o il and o f partia lly  hydrogenated sa f
flow er o il (ob ta in ed  from  m arga rin e ) is 
certain ly at the low er lim its o f  the range 
fo r  unhydrogenated oils. Th e results w ith  
partia lly hydrogenated corn oil ( from  m ar
ga r in e ) neither support nor re fu te a loss 
o f tocopherol during com m ercia l hydro
genation.

In  our calcu lations o f total tocopherols 
w e have assumed that the tocopherol in  the
3- plus y-tocopherol spot by paper chro
m atography (1 0 )  has been y-tocopherol in  
all cases except w heat germ  oil, in  w hich  
it was assumed to be all 3-tocopherol. Th is  
assumption is supported fo r  m ost o f  the 
oils by other reports ( see table 2 fo r  re fer-

7 See footnote 3.
8 See footnote 3.
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TABLE 2

L itera tu re  values fo r  tocophero l con ten t o f  various vegetable oils

Oil State Total
tocopherols a-Tocopherol Reference

Coconut refined
H9/9

0
v-s/a

0
%

(1 7 )
refined, hydrogenated — 15 — (1 8 )
crude 28 21 75 (1 9 )
unknown 83 36 43 (7 )

Corn (m aize) refined 870 70 8 (7 )
crude 1167 47 4 (2 0 )
crude (original seed) 1157 58 5 (2 1 )
crude (172 days) 5647 2089 37 (2 1 )
crude (180 days) 2760 386 14 (2 1 )
crude (205 days) 1567 157 10 (2 1 )
unknown 910 100 11 (2 2 )
unknown 860 52 6 (2 3 )

Cottonseed refined 900 560 62 (7 )
refined — 530 — (2 4 )
crude 810 470 58 (1 7 )
unknown — 325 1 — (8 )
unknown 888 320 1 36 (9 )
unknown 810 470 58 (2 2 )
unknown 700 518 74 (2 3 )

Linseed crude — 0 0 (2 5 )
Mustard seed unknown 525 84 1 16 (9 )

unknown 320 86 27 (2 2 )
Olive refined 72 72 100 (2 6 )

unknown 69 — — (7 )
unknown 144 117 81 (2 7 )
unknown — 220 — (2 8 )

Peanut (groundnut) refined 220 110 50 (7 )
refined 203 97 48 (1 7 )
crude 343 127 37 (1 9 )
unknown 195 70 36 (2 2 )
unknown — 125 2 — (2 8 )

Rapeseed unknown — 225 1 — (8 )
unknown 691 225 1 32 (9 )
unknown 560 151 27 (2 2 )

Rice (germ ) crude 1828 1042 57 (2 7 )
Rice (w hole) crude — — 47 (2 9 )
Safflower seed refined — 816 — (1 8 )
Soybean refined 1400 100 7 (7 )

refined 856 64 8 (1 7 )
unknown — 110 1 — (8 )
unknown 835 109 1 13 (9 )
unknown 1180 165 14 (2 2 )
unknown 830 124 15 (2 3 )
unknown 780 78 10 (2 7 )
unknown 1200 156 13 (3 0 )

Sunflower seed unknown 510 510 100 (2 3 )
unknown 597 454 76 (2 7 )
unknown 400 360 90 (3 0 )

Wheat germ refined 2300 2093 > 91 (9 )
crude 2667 1520 57 (2 0 )
crude 2900 1566 54 (3 1 )
crude 2800 1652 59 (3 2 )
crude 2853 3 1455 s 51 (3 3 )
unknown — 2100 1 — (8 )
unknown 2550 1428 56 (2 2 )
unknown 2620 1677 64 (2 3 )
unknown — — 49 (2 7 )
unknown 2600 1456 56 (3 0 )

1 Includes any zeta-tocopherol present. It is not known whether each pair of values reported by these 
authors (8 ,9 ) actually represents duplicate analyses of a single sample.

2 Average for 2 samples.
3 Average for 3 samples.
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en ces ), but little  or no p rior data are ava il
able fo r  cocoa butter or fo r  grapeseed, 
castor bean, linseed, and tung oils. B-To- 
copherol is a m a jor constituent o f tocoph- 
erols in  soybean o il (2 0 %  )  and castor 
bean o il (6 1 %  )  and was observed in  trace 
am ounts in  m ustard seed oil and in  one 
sam ple each o f  corn  o il and safflower seed 
oil.

Paper chrom atogram s o f the 6%  eluates 
from  rice bran oil and from  one sam ple o f 
coconut o il showed w hat w as probably g- 
tocopherol, since Bro-Rasmussen and 
H jarde ( 9 )  have shown that e-tocopherol 
is eluted in  the 4%  fraction . W e  have not 
observed either <h- or U-tocopherols in  any 
o f the samples reported above.

Th e a-tocopherol fractions from  castor 
bean o il and from  the samples o f linseed 
o il contained unidentified  reducing m ate
r i a l s )  w h ich  m oved w ith  a-tocopherol in  
the first d im ension o f paper chrom atog
raphy but w h ich  fa iled  to m ove in  the 
second dim ension. Th e nature o f this fra c 
tion is unknow n; but calcu lated as a-to- 
copherol, it was equ iva len t to 115 ag/g in  
castor bean oil and 19 and 26 ag/g in  the 
linseed oils.

Tab le  2 sum m arizes the data w hich  
other workers have obtained from  some o f

these oils by using the above or closely 
related ana lytical procedures. Results ob
tained by a spectrophotom etric m ethod 
(1 9 , 2 8 ) are also included, as are those 
obtained by Harris et al. ( 7 )  w ith  o lder 
techniques.

Our values fo r  total tocopherols w ere 
distinctly low er than those obtained by 
other workers fo r  cottonseed, corn, rape- 
seed, safflower seed, sun flower seed, and 
w heat germ  oils, but w ere about the same 
fo r  the other oils. Our values fo r  a-tocoph
erol varied  from  appreciably h igher leve ls 
(e .g ., corn o i l )  to appreciably low er leve ls  
(e .g ., w heat germ  o il ) .  N o  com parisons 
are possible fo r  the d ifferen t rice fractions, 
fo r  cocoa butter, or fo r  castor bean, grape- 
seed, or tung oils. U nexpectedly, the values 
reported earlier by H arris et al. ( 7 )  w ere 
not inord inately  h igh, although they w ere 
usually at the upper lim it o f the other 
values reported here.

W e  have m entioned above several o f  the 
factors wh ich  m ay in fluence the tocopherol 
content o f oils. A n  obvious variab le  is the 
age o f the o il and the stability o f the to
copherols therein. W e  have not attem pted 
to control this any m ore than w ou ld  the 
average consumer. Tab le  3 illustrates w ith  
one plant, com , some variations that de-

TABLE 3
Tocophero l con ten t o f  various corn  samples

Type of com Source Lipid Total tocopherols a-Tocopherol

% A9/9
lip id

m g / 454 g 
c o rn

ß9/9
lip id

m g / 454 g 
c o rn

Vo o f  to ta l  
to co p h 

e ro ls

Seed grain Ohio-lot A 4.25 1421 27.4 296 5.7 21
Seed grain Wisconsin 3.85 2499 43.6 549 9.6 22
Seed grain Illinois 4.50 1487 30.3 440 9.0 30
Seed grain Michigan 4.26 1356 26.2 334 6.5 25
Seed grain Ohio-lot B 3.96 1792 32.3 398 7.2 22
Seed grain 
Seed grain,

Ohio-lot C 4.36 1474 29.2 367 7.3 25

moldy Ohio-lot C 3.18 806 11.6 407 5.9 50
Seed grain 
Soft seed

England 1 8.40 1286 49.1 279 10.7 22

on cob England 1 3.17 2269 32.7 281 4.1 12
Seed grain 
Seed grain,

Arizona 3.75 1708 29.1 476 8.1 28

ground, 
stored 
3 months2 Arizona 3.82 1158 20.1 421 7.3 36

Seed grain,
ground, 
stored 
6 months2 Arizona 3.74 552 9.4 311 5.3 56

1 Obtained through the courtesy of Dr. I. M. Sharman, Cambridge, England.
2 Stored in cloth bag at room temperature (20-29°C).
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pend on the h istory o f the plant prior to 
processing.

Th e content o f a- and total tocopherols 
varied  over a tw ofo ld  range am ong the 
samples from  d ifferen t sources. T h e  sam 
ples from  England suggested a dependence 
o f content on tim e o f harvest, con firm ing 
the strik ing changes noted by Green (2 1 )  
during the m aturation  o f m aize and other 
plants. S ign ificant losses o f tocopherols 
occurred in  grain  w h ich  becam e m oldy or 
which  was ground and stored fo r  6 months. 
In  both cases, the non-a-tocopherols de
clined much m ore rap id ly than a-tocoph- 
erol, suggesting an antioxidant protection 
o f a-tocopherol by the other tocopherols.

Th e data on corn oils in  tables 1 and 3 
indicate appreciable losses o f tocopherols 
during refin ing, although an enrichm ent 
m ay take place in  the re la tive  am ount o f 
a-tocopherol. On the other hand, corn ap
pears to be a better source o f a-tocopherol 
in  anim al feeds than has been thought 
hitherto. Th e  values in  table 3 show that 
the percentage o f a-tocopherol and the con
tent o f total tocopherols are each about 
tw ice previous estim ates (1 2 ) .  T h e  com 
bination  o f these 2 factors gives an a-to
copherol content fo r  corn  approxim ately 
4 tim es the content reported in  the older 
literature.

One exp lanation  fo r  this d ifference m ay 
be the observation  o f H ivon  and Quacken- 
bush (3 4 )  that corn contains unidentified 
m aterials wh ich  inh ib it the analysis o f to
copherols w ith  2,2 '-bipyridine and FeCT 
reagents. R em oval o f these substances 
prior to analysis o f crude com  lip ids gave 
an apparent total tocopherol content o f 
500 to 2830 ug/g oil. Th is  range encom 
passes the range o f our values.

Th e sign ificance o f these observations in  
relation  to increased intakes o f polyunsat
urated fa tty  acids by m an  and other an i
m als cannot yet be evaluated defin itively. 
In  a current assessment o f v itam in  E  nu
trition  in  m an, Harris and Em bree (3 5 )  
exam ine availab le in form ation  on tocoph
erol T a tty  acid relationships and on the 
content o f these m aterials in  the average 
diet in  the U n ited  States. Th ey  estim ate 
that the requ irem ent o f m an is 0.6 m g  o f 
d-a-tocopherol/g o f polyunsaturated fa tty  
acid.

Th e question can then be raised con
cern ing the possible e ffect on v itam in  E 
nutrition  o f a substantial increase  in  d ie
tary polyunsaturated fa tty  acid v ia  an in 
creased consum ption o f vegetab le oil. V ita 
m in  E  occurs naturally as d-a-tocopherol, 
and, fo r  m ost com m on vegetab le oils, in 
creased consum ption o f  a-tocopherol auto
m atica lly  accom panies increased consum p
tion  o f polyunsaturated fa tty  acids. Our 
average values fo r  refined, unhydrogenated 
oils show that cottonseed, corn, safflower, 
and soybean oils contain  0.31, 0.19, 0.31, 
and 0.16 m g, respectively, o f  d-a-tocopherol 
/g o f oil. Since these oils contain  approxi
m ately  50, 56, 72, and 6 0 % , respectively, 
o f  polyunsaturated fa tty  acids (3 6 ) ,  they 
supply about 0.65, 0.36, 0.45, and 0.28 m g, 
respectively, o f  d-a-tocopherol/g o f polyun
saturated fa tty  acid. O n ly in  cottonseed 
o il is protection  inherent (n ea r  the esti
m ated requ irem ent o f 0.6 m g  d-a-tocoph
erol/g o f polyunsaturated fa tty  a c id ).

Th e  over-all balance o f a-tocopherol and 
polyunsaturated acids in  a d iet w ill ob
viously be determ ined by all d ietary com 
ponents. I f  re fined vegetab le oils such as 
corn, safflower, and soybean conta in  in su f
fic ien t vitam in  E to counterbalance the 
e ffect o f their polyunsaturated fa tty  acids, 
the deficit must be supplied either by other 
d ietary com ponents or by body reserves. 
Th e  possibility cannot be ignored  that an 
appreciable increase in  consum ption o f 
such oils, w hether as supplem ental or 
rep lacem ent fa t, could result in  gradual 
dep letion  and eventual defic iency o f v i
tam in  E.
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Amino Acids in Dog Blood and Gut Contents 
after Feeding Zein* 1
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A B S T R A C T  Two hours after feeding zein the animals were anesthetized and the 
abdomen opened. Blood was drawn simultaneously from the carotid artery and 
mesenteric, portal and jugular veins. Contents were removed from the portion of 
jejunum drained by the intubated mesenteric vein. Amino acid concentrations in
creased above fasting values but generally the increases were greatest in the mesenteric 
vein. Molar ratios o f amino acids in zein were different from both gut contents and 
blood plasma. Lysine and tryptophan, which are virtually absent from zein, were
present in gut contents and there was no 
amino acids in mesenteric blood.

Ingested labeled protein  is m ixed  w ith  
several times its mass o f endogenous pro
tein  in  the lum en o f the sm all in testine 
( 1 ) .  Th is explains an earlie r observation 
that the m olar ratios o f am ino acids in  
the gut lum en  are not greatly  altered by 
the type o f test m eal ingested (2 ) .  Feed
in g  lean  b ee f results in  an increase in  
total blood plasm a am ino acids, especia lly 
in  m esenteric and portal ve in  blood, but 
the m olar ratios are not w hat m igh t be 
expected from  the am ino acid com position 
o f lean  b ee f ( 3 ) .

Th e w ork  reported below  was designed 
to provide m ore in form ation  w ith  respect 
to the role o f the d igestive tract in  the 
hom eostasis o f blood plasm a am ino acids 
as revea led  by sim ultaneous sam pling o f 
blood and gut contents.

METHODS

Five dogs (15 - to 20-kg body w e igh t ) 
w ere fed  the standard an im al house dog 
fo od 3 fo r  2 weeks or longer before being 
used fo r  experim ent. A fte r  an 18-hour 
fast, blood w as drawn from  the saphenous 
vein. Im m ed iate ly  therea fter the anim als, 
w ith  some coaxing, w ere fed  45 g o f zein  
(ison itrogenous w ith  200 g  o f lean b ee f 
fed  in  previous experim ents ( 3 ) )  m ade 
into a paste w ith  water. Th ey  drank w ater 
at w ill. Th e dogs w ere anesthetized w ith  
pentobarbital sodium 1.5 hours a fter feed 
in g and the abdom en opened. Polyethylene 
tubing was threaded through a tributary 
in to the portal ve in  and the tip o f the 
tube placed as close as possible to the liver.

depression of concentration of these two

A  m esenteric vein , dra in ing a portion  o f 
the je ju num  about 50 cm  caudad from  the 
ligam ent o f T re itz, was intubated. T w o  
hours a fter feed ing , blood was drawn 
sim ultaneously from  the carotid artery 
and jugu lar, portal and m esenteric veins. 
A ll blood samples w ere heparin ized  and 
centrifuged. Th e contents o f that portion 
o f the je ju num  drained by the intubated 
m esenteric ve in  w ere collected by w ash
in g  out the lum en 3 tim es w ith  distilled 
water. Contents and w ashings w ere com 
bined and qu ickly lyophilized.

Blood p lasm a and gut contents were 
analyzed fo r  am ino acids ( 4 ) .  T o ta l N  
was determ ined by m icro-K jeldah l, and 
N P N  by nesslerization  (5 ) .

RESULTS

Th e results o f am ino acid analyses are 
assem bled in  table 1. Gut contents were 
recovered  as a slurry, m ak ing volum e 
m easurem ent m eaningless, and therefore 
am ino acid concentrartion  w as related to 
the total N P N  in the contents. To ta l 
m icrom oles o f am ino acid are sim ply 
the sum o f the m eans in  each colum n in 
table I.

W ith  the exception  o f lysine, the average 
concentration  o f each am ino acid is 
greater in  m esenteric ve in  blood than in  
portal ve in  blood. Som e o f the d ifferences

Received for publication July 11, 1963.
1 Aided by a grant from the Public Health Service.
2 Present address: N. G. Kamava Isolation Hospital, 

Bangalore 8, India.
3 “Play-Pup,” manufactured by Nutrition Associates, 
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are sm all and only one o f them  is s ign ifi
cant (ty ros in e ; P  =  0 .0 3 ). A m in o  acid 
concentrations in  postprandial bloods from  
the carotid artery and the m esenteric and 
jugu lar veins are genera lly sim ilar.

A m in o  acid concentrations are low er in  
peripheral venous blood a fter an 18-hour 
fast (saph en ou s ) than 2 hours a fter feed 
in g ( ju g u la r ).  Th e bloods cam e from  the 
same an im al but the fastin g  sam ple was 
taken w ithout anesthesia and from  a d if
feren t peripheral vein . In  the conscious, 
untrained dog it  is m ore convenient to 
draw  blood from  the saphenous ve in  than 
from  the jugu lar. A lthough  fastin g  values 
are all low er, only the fo llow in g  d iffe r
ences are s ign ifican t: leucine (P  =  0 .0 1 ); 
phenyla lan ine (P  =  0 .0 5 ); alanine (P  =  
0 .0 3 ); g lu tam ic acid ( P  =  0 .0 1 ); proline 
(P  =  0 .02 ).

Com parisons o f the am ino acid m ixtures 
in  blood plasm a, gut contents and ingested 
protein  are fa c ilita ted  by the use o f m olar 
ratios as g iven  in  table 2. In  these experi
m ents isoleucine fluctuated less than any 
o f the other indispensable am ino acids and 
all m olar ratios are based on isoleucine 
concentration  as unity.

COMMENT

These results provide fu rth er evidence 
that, in  a single feed ing , the am ino acid

com position  o f ingested  protein  does not 
greatly  a ffect the am ino acid m ixtu re ex 
isting in  the je ju n u m  during digestion. 
As ind icated  in  table 2, the m olar ratios 
o f am ino acids in  zein , the ingested pro
tein, are genera lly d ifferen t from  those 
observed in  gut contents. Th ere  is better 
agreem ent between the am ino acid m ix 
tures found in  gut contents and the m es
enteric vein . Leucine and aspartic acid 
are exceptions that are partia lly  exp la ined 
by the w ork  o f N eam e and W isem an  ( 6 ) .  
T h ey  dem onstrated that glu tam ic and 
aspartic acids, as they pass through the 
mucosa, participate in  transam ination  re 
actions w hich  result in  a reduction o f the 
concentrations o f these am ino acids and 
an increase in  alanine in  m esenteric blood. 
Z e in  is v irtua lly  devoid  o f tryptophan and 
lysine. I f  the am ino acid com position  o f 
ingested protein  w ere im m ed ia te ly  crucial 
in  determ in ing the am ino acid com position  
o f the blood flow in g  from  the sm all in tes
tine, deficiencies o f this sort should be re 
flected in  m esenteric blood. It is ev iden t 
from  these and other data from  this labora
tory that the am ino acid pattern  in  blood 
plasm a is not subject to great varia tion , 
w ith in  2 hours o f feed ing , regardless o f the 
type o f protein  ingested.

Several factors m ay be in vo lved  in  de
term in ing the concentration  o f am ino

TABLE 2

M ola r ratios o f  am ino acids in  blood, gu t con tents  and test m ea l p ro te in  (z e in ) (iso leuc ine  =  1.00)

Amino acid
Fasting 2 Hours after feeding zein Test

meal
protein,1

zein
Saphenous

vein
Jugular

vein
Carotid
artery

Mesenteric
vein

Portal
vein

Gut
contents

Arginine 0.73 0.65 0.38 0.65 0.67 1.13 0.17
Histidine 0.84 1.04 0.68 0.61 0.75 0.69 0.14
Isoleucine 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Leucine 1.65 3.10 2.94 3.84 3.80 2.45 3.30
Lysine 1.95 1.97 1.41 1.28 1.98 1.18 0.01
Methionine 0.60 0.61 0.48 0.57 0.59 0.31 0.25
Phenylalanine 0.88 1.10 0.92 1.12 0.82 1.06 0.70
Threonine 4.20 4.60 2.28 3.72 3.42 1.03 0.41
Tryptophan 0.16 0.36 0.35 0.15 0.15 0.09 0.01
Valine 2.59 2.62 2.03 2.83 2.40 1.44 0.40
Alanine 7.18 8.07 5.50 9.12 8.07 2.30 0.22
Aspartic acid 0.27 0.25 0.14 0.21 0.20 0.69 0.45
Glutamic acid 0.73 1.29 0.63 1.43 0.97 1.49 3.47
Glycine 3.09 3.54 2.38 2.68 2.37 1.27 0.10
Proline 1.67 2.67 2.00 3.54 3.00 1.06 1.56
Serine 2.59 2.82 1.96 2.53 2.28 1.41 1.32
Tyrosine 0.67 0.76 0.72 0.95 0.45 1.04 0.50

1 Computed from data in Amino Acid Handbook, eds., R. J. Block and K. W. Weiss. 1956. Charles C Thomas, 
Springfield, Illinois.
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acids in  m esenteric ve in  blood. Th e m es
enteric artery delivers its m ixture o f am ino 
acids to the sm all in testine which, to m eet 
its own anabolic dem ands, m ay rem ove 
some am ino acids from  the cap illary c ir
cu lation  before the blood enters the m es
enteric vein . Th ere  is doubtless, also, a 
catabolic supply o f am ino acids w h ich  
could enter the cap illary blood. Th e m ix 
ture o f free  am ino acids present in  the 
lum en o f the gut and availab le fo r  absorp
tion is determ ined by the adm ixture o f 
exogenous (fo od ) proteins and endogenous 
proteins derived from  digestive secretions 
and sloughed m ucosa (1 , 2, 7 ).  Presum 
ably am ino acids pass through the m ucosal 
cells in  the process o f absorption and 
therefore it seems probable that some o f 
them  are incorporated d irectely in to cellu 
la r proteins w ithout en tering the vascular 
system. Th e concentrations o f absorbed 
am ino acids that fin a lly  en ter the m es
enteric ve in  m igh t d iffe r appreciably from  
those in  the gut lum en, ow in g  to the am ino 
acid m etabolism  o f the absorptive cells 
themselves.

Th e  am ino acid concentration  in  portal 
ve in  blood is a resultant o f the m ix in g  o f 
venous blood from  the sm all gut and other 
abdom inal v iscera  and it could change 
w ith  a change in  protein  m etabolism  o f 
any o f the organs concerned. I f  the pan
creas, fo r  exam ple, w ere actively synthesiz
in g  enzym es to replace those that had been 
discharged in  pancreatic ju ice, the am ino 
acid m ixture in  the pancreatico-duodenal 
ve in  could be d ifferen t from  the m ixture in 
fastin g  or the post-absorptive state.

Longenecker and Hause ( 8 )  fed  casein, 
ge latin  and w heat gluten to dogs and sam 
pled heart blood at hourly intervals. 
P lasm a am ino acids increased as early as 
1 hour a fter feed ing , but there was no con
sistent correlation  betw een  the am ino acid 
pattern o f p lasm a and that o f the protein  
ingested. On realim entation  o f the fastin g 
rat, the sm all gut repletes its protein  stores 
m ost rapid ly, w ith  the liv e r  a close second 
(9 , 10 ). I f  this happens in  the dog early 
in  the postprandial period, Longenecker 
and Hause m ay have been dealing w ith  
plasm a am ino acid changes due prim arily  
to the protein  m etabolism  o f the gut and 
liver. It seems unjustified to assume, as 
they did, that indispensable am ino acids,

in  acute experim ents, are rem oved from  
plasm a in  proportion  to the dog’s lon g 
term  requirem ents, wh ich  are probably 
not yet firm ly  established.

Th e m olar ratios shown in  table 2 show 
very  little  resem blance betw een  zein, the 
ingested protein , and either the gut con
tents or m esenteric blood. Th e m ost strik
in g  differences, as expected, are in  the 
ratios o f lysine and tryptophan, but a rg i
n ine, h istid ine, threonine and va lin e also 
show la rge differences.

The present w ork  confirm s the idea  that 
the m ix in g  o f exogenous and endogenous 
proteins in  the gut serves as a hom eostatic 
m echan ism  to preven t la rge changes in  
m olar ratios o f the free  am ino acids in  
gut contents (1 , 2 ) .  U nder these condi
tions a single feed in g  o f any protein , re 
gardless o f its am ino acid com position, 
should not be expected to cause an appreci
able change in  the m ixtu re o f am ino acids 
availab le fo r  absorption. I f  an in com 
plete protein  w ere fed  as part o f the ration  
fo r  some tim e, it is obvious that an ind is
pensable am ino acid deficiency w ou ld de
velop  and the norm al hom eostasis would 
fa il.

G uggenheim  et al. (1 1 )  reported that 
lysine and m eth ion ine concentration  in  
portal blood o f the rat a fter feed in g  did 
not correlate closely w ith  the concentra
tion o f the am ino acids in  test m eal pro
teins. Feed ing starch caused just as great 
an increase in  lysine as observed a fter 
feed in g  w heat gluten or zein. Z e in  and 
starch are devoid  o f lysine but the amount 
o f endogenous protein  in the lum en o f the 
gut during d igestion  could provide this 
increase in  lysine (1 ) .

D ietary zein  fed  fo r  1 to 4 weeks to 
chicks resulted in  a lowered  plasm a lysine 
concentration  (1 2 ) .  T ryptophan  w as not 
a ffected and threonine and leucine w ere 
increased. In  protein-depleted rats an 
am ino acid im balance ( lo w  in  h is tid in e ) 
caused a decrease in  plasm a h istid ine in  
2 days (1 3 ) .  There was a sim ultaneous 
increase in  lysine, threonine and phenyl
alanine. Rats m ain tained w ith  6%  fib rin  
or protein -free diets fo r  a fe w  days w ere 
fed  a diet y ie ld in g  an im balance o f am ino 
acids and the in take o f food  began  to 
dim inish w ith in  a few  hours (1 4 ) .
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The fa c t that rats m ay reduce their 
intake o f a diet deficien t in  an indispen
sable am ino acid or y ie ld ing an im bal
anced am ino acid m ixture w ith in  hours 
a fter it  is o ffered  to them  (1 5 ) ,  suggests 
that certain  signals m ay reach the satiety 
center in  the hypothalam us even  before 
m uch o f the diet has been absorbed and 
before the am ino acid com position  o f 
plasm a has been appreciably changed. 
E lectrica l activ ity  in  a fferen t m esenteric 
nerves is increased by irr iga tin g  a loop 
o f je ju n um  w ith  glucose or am ino acid 
solutions (1 6 ) ,  suggesting the presence o f 
chem oreceptors in  the m ucosa which  m ay 
p lay a ro le in  the regu lation  o f food  intake 
before a change in  chem ical com position  
o f the blood in itia tes regu latory changes 
in  the central nervous system.
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A B S T R A C T  Female Wistar strain rats were fed purified diets containing orotic 
acid, and the influence of diet on orotic acid induced fatty liver was studied. Starved 
animals receiving daily 100 to 200 mg orotic acid or other pyrimidines or purines for 
1 to 3 days did not develop fatty livers. Animals fed ad libitum the purified diet and 
tube-fed separately 100 mg orotic acid daily for 3 days did not develop fatty livers. 
Animals force-fed for 3 days an adequate amount of purified diet containing 1% orotic 
acid but not those force-fed one-half amount o f diet containing 2% orotic acid de
veloped fatty livers. Animals force-fed for 3 days an orotic acid-containing diet in 
which casein was replaced by casein hydrolyzate or purified amino acids failed to 
develop fatty livers. Animals fed ad libitum for 7 days an orotic acid-containing diet, 
in which casein, lactalbumin or soybean (protein or its hydrolyzate) was used, de
veloped marked fatty livers in all animals except those fed the casein hydrolyzate diet 
where only mild fatty livers developed. These results indicate the importance of the 
nature and quantity of the diet in the induction of fatty liver by orotic acid.

Orotic acid (6-carboxy-2,4-dihydroxypy- 
rimidine), a normal component of milk, is 
an intermediate in pyrimidine nucleotide 
synthesis in microorganisms and in higher 
animals. It has been reported that rats fed 
purified diets containing orotic acid de
velop fatty livers with a periportal distribu
tion of the lipid (1, 2). The addition of 
adenine to these diets prevents or reverses 
the fatty liver (2 ). The hepatic lipid accu
mulation is more severe in female than in 
male rats (3 ). During the study on the 
sex difference, it was observed that the 
quantity and composition of the diet had a 
striking influence upon the rate and de
gree of development of the fatty liver. 
These effects have been studied in some 
detail and form the subject of this com
munication.

METHODS

Female rats of the Wistar strain* 1 2 3 weigh
ing from 165 to 220 g were used. The 
animals were maintained with a commer
cial chow 4 and were fasted overnight be
fore beginning the special diets. All ani
mals had free access to water. In all 
experiments, several groups of rats of the 
same age and weight were used. The ani
mals were housed in individual wire cages 
in an air conditioned room maintained at 
25.5°C.

The basal diet was similar to that used 
in an earlier study (3 ) and was composed 
of 16% protein or amino acids, 5% corn
oil,5 4% salts (4 ), 5% vitamin-sucrose 
mixture (5 ), and 70% sucrose. In most 
experiments vitamin free casein6 was the 
source of protein, but in some, lactalbu
min7 or soybean8 was used. In addition, 
casein hydrolyzate9 supplemented with 
0.2% DL-tryptophan, lactalbumin hydrol
yzate,10 soybean hydrolyzate,11 or purified 
amino acids were substituted for protein in 
some experiments. The essential and non- 
essential amino acid mixture was that de
scribed in an earlier report (6 ). In one
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experiment the complete amino acid diet 
used previously (6 ) was substituted for 
the basal diet. Orotic acid was added to 
the experimental groups at a level of 1% 
in place of a corresponding amount of 
sucrose.

In the force-feeding experiments rats 
were tube-fed according to the method of 
Shay and Gruenstein (7 ) using plastic 
tubes. The basal ration was force-fed to 
the control rats throughout and to all ex
perimental animals for 2 days prior to 
beginning the experimental orotic acid- 
containing diets. Each ration was blended 
with distilled water so that one milliliter 
of diet mixture contained 0.7 g of diet. 
The diet mixtures were tube-fed 3 times 
daily at 8 a m , 1 p m , and 5 p m  for 3 days 
and each animal received an average daily 
feeding of 0.6 g of ration/10 g of initial 
body weight.

In 2 force-feeding experiments of 3 days 
duration, a radioactive amino acid was 
injected intraperitoneally into rats 3 hours 
before killing. In one experiment, 0.037 
mg (1.66 uc) of L-leucine monohydrochlo
ride biologically labeled with C14, prepared 
as an aqueous solution, was administered. 
In another experiment, 0.077 mg (1.66 uc) 
of DL-phenylalanine-3-C14 hydrochloride 
was administered. Aliquots of aqueous 
liver homogenate were precipitated with 
10% trichloroacetic acid (TC A ) and were 
subsequently washed 4 times with 5% 
TCA and once each with 95% ethanol, 
ethanol-ethyl ether mixture (3 :1 ), and 
ethyl ether. Ten milligrams of the corre
sponding nonradioactive amino acid were 
added to the third TCA wash. The dried 
protein powder was plated on Whatman 
no. 540 filter paper and counted in win
dowless flow counter. The quantity of pro
tein in the counted sample was weighed.

In one experiment radioactive 6-C14-oro- 
tic acid was added to the casein and casein 
hydrolyzate diets (1 uc in 5 ml diet). These 
diet mixtures were tube-fed to 2 groups of 
animals that were killed after 1, 3 and 5 
hours and total radioactivity of liver, blood, 
and gastrointestinal tract was measured.

In the ad libitum experiments the rats 
had free access to the dry diet mixture for 
3 to 7 days. Diet was available until the 
morning the animals were killed. Rats 
were weighed at the beginning and at the

termination of each experiment. The liver 
was removed rapidly and weighed, and a 
tared aliquot of approximately 1 g was 
frozen for subsequent lipid analysis. Liver 
total lipids were extracted according to the 
method of Folch et al. (8 ) and were de
termined gravimetrically after evaporation 
of the solvent under a stream of N 2 to 
constant weight. Protein was determined 
by the biuret method, according to 
Layne (9 ).

RESULTS

Acute toxicity studies. In previous work, 
orotic acid was administered to animals as 
a dietary component and not by itself in 
the absence of food. Since it is important 
to determine whether orotic acid as such 
has any toxic effect, a series of experi
ments were performed to test this. The 
effects of orotic acid upon the liver of the 
starved rat are indicated in table 1. The 
orotic acid was force-fed as an aqueous 
suspension, instead of being administered 
parenterally, because of its high insolu
bility in water. In addition we studied the 
influence of other pyrimidine and purine 
compounds given intraperitoneally or by 
tube feeding to starved rats (table 1). 
Fatty livers did not develop in animals 
receiving orotic acid, uridine, cytidine, cy
tosine, uracil, xanthine, or guanine. These 
results indicate that orotic acid by itself 
under these conditions does not induce a 
fatty liver and suggests the existence of a 
more complex interaction between the diet 
and the pyrimidine in the pathogenesis of 
the fatty liver.

In the next group of experiments, we 
investigated whether orotic acid would in
duce a fatty liver in fed rats when admin
istered separately by stomach tube. Table 2 
summarizes the results of these experi
ments. Rats fed ad libitum the basal 16% 
casein purified diet containing 1% orotic 
acid developed fatty liver in 3 days. On the 
other hand, when rats were fed ad libitum 
the same diet without orotic acid but re
ceived orotic acid separately 3 times daily 
by stomach tube, they did not develop fatty 
liver. Similarly when rats were fed ad libi
tum a high carbohydrate, high protein or 
high fat diet with orotic acid tube-fed 
separately, they did not develop fatty 
livers. These results indicate that orotic
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TABLE 1
A c u t e  t o x i c i t y  s tu d ie s  o n  s ta rv e d  ra ts

Agent
Route of 

Dose adminis
tration1

Duration No. of rats Liver
weight Liver lipid

m g/d ay days 9 / 1 0 0  g
body w t % m g / 100 g 

body zut

Orotic acid 100 FF i 7 2.93±0.092 5.9 ±  0.22 170 ± 1 2 2
Orotic acid 100 FF 3 7 3.13 ±  0.11 4.6 ±0.1 144 ± 6
Uridine 100 FF 1 5 2.92 ±  0.10 5.9 ±0 .3 170 ±  8
Uridine 100 ip 1 10 2.99 ±0.06 5.6 ±0 .2 170 ± 9
Uridine 200 ip 1 5 3.05±0.07 5.1 ±  0.1 155 ±  6
Cytidine 200 ip 1 4 2.55 ±  0.09 6.3 ±0 .3 162 ± 1 2
Cytosine 200 ip 1 4 2.51 ±0.05 6.8 ±0 .7 170± 13
Uracil 200 ip 1 3 2.91 ±0.09 7.0 ±0 .6 202 ± 9
Xanthine 200 ip 1 3 2.76± 0.25 5.8±0.6 160± 18
Guanine 200 ip 1 4 2.53 ±0.05 6.0 ±0 .2 152 ± 8
Control 0 ip 1 5 3.05 ±0.04 4.9 ±0 .3 150 ± 7

1 FF = force-fed; ip = intraperitoneal.
2 Mean value ±  s e  of mean.

TABLE 2
L iv e r  l ip id  o f  ra ts  f e d  d ie ts  a d l ib i t u m  f o r  3 d ays

Diet Orotic acid, 
100 mg/day No. of

Type1 Amount
consumed Ad Force- 

libitum fed
rats weight .L-iver lipid

g/day 9 / 1 0 0 g 
body w t % m g / 100 g 

body zvt

Casein, 16% 11.5 + 6 5.71 ±  0.322 11.3±0.92 640 ± 4 0 2
Casein, 16% 12.1 + 14 4.66±0.133 5.9±0.53 277±31a
High carbohydrate 8.1 + 7 4.54±0.324 5.4±0.53 251 ± 4 0 3
High protein 7.6 + 7 4.43 ±  0.253 3.3±0 .13 147 ±  83
High fat 5.1 + 7 3.39±0.213 8.6±0 .95 296 ± 4 1 3

1 High carbohydrate diet (91% sucrose, 5% vitamin-sucrose mixture, 4% salts).
High protein diet (91% casein, 5% vitamin-sucrose mixture, 4% salts).
High fat diet (91% corn oil, 5% vitamin-sucrose mixture, 4% salts).

2 Mean value ±  s e  of mean.
3P <  0.01 (highly significant). All groups compared with group on 16% casein and orotic acid ad libitum.
4 P between 0.01 and 0.05 (probably significant).
5 P >  0.05 (not significant).

acid must be given together with the basal 
purified diet to induce fatty liver.

Next an experiment was performed to 
observe the influence of the quantity of 
purified diet consumed on the fatty liver 
induction. Rats were force-fed for 3 days 
2 different amounts of the 16% basal 
casein diet containing orotic acid. The 
daily orotic acid intake was kept constant. 
Table 3 summarizes these results. Rats 
fed 10.6 g diet/day developed fatty livers, 
whereas rats fed one-half amounts of diet 
(5.3 g diet/day) did not.

To study the influence of the level of 
dietary casein on orotic acid-induced fatty 
liver, rats were force-fed for 3 days diets 
containing from zero to 32% casein with 
and without orotic acid. Sucrose was sub

stituted for the casein to keep the diets 
isocaloric. It is apparent from table 4 that 
casein (4 to 32% ) in the diet is necessary 
for the induction of fatty liver due to orotic 
acid. Rats fed the diets containing orotic 
acid but devoid of casein with either high 
carbohydrate or high fat failed to develop 
fatty livers. It is noteworthy that increased 
amounts of lipid appeared in the livers of 
the 2 control groups fed low protein (8% 
and especially 4% casein) without orotic 
acid, results observed previously in rats 
force-fed low protein diets for 3 days (10).

After learning that casein was essential 
in the diet for the induction of fatty liver 
due to orotic acid, it became pertinent to 
determine whether amino acids would have 
the same effect if substituted for casein.
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TABLE 3
L iv e r  l ip id  o f  ra ts  f o r c e - f e d  d ie t  c o n t a in in g  1 %  o r o t i c  a c id  f o r  3 d ays

Daily intake
No. of 
rats

Liver
weightDiet

Diet Orotic
acid

Liver lipid

9 m g 9 / 1 0 0  g 
body w t %

m g / 100 g 
body w t

Casein, 16% 10.6 106 3 4.19 ±0.23* 10.2 ±  1.81 433 ±  321
Casein, 16% 5.3 106 8 3.49 ±  0.122 4 .5±0 .32 157 ± 6 3

1 Mean value +  s e  of mean.
2 P between 0.01 and 0.05 (probably significant). 
3P <  0.01 (highly significant).

TABLE 4
L iv e r  l ip id  o f  ra ts  f o r c e - f e d  d ie ts  c o n t a in in g  z e r o  t o  3 2 %  c a s e in  a n d  1 %  o r o t i c  a c id  f o r  3  days

Diet1
Orotic
acid,
110

mg/day

No. of 
rats

Liver
weight Liver lipid

9 / 1 0 0  g 
body w t %

m g / 100 g 
body zut

Casein, 32% — 4 3.87 ±  0.252 7.4 ±  1.22 294 ±  602
+ 10 4.87±0.153 10.5 ±  1.05 527 ± 6 9 “

Casein, 16% _ 16 3.63±0.10 8.0±0.5 293 ±21
+ 21 4.79 ±  0.113 12.8 ±0 .3 3 626 ± 5 6 3

Casein, 8% — 4 3.82 ±  0.16 9.7 ±  1.0 376 ±5 0
+ 8 4.98 ±  0.153 13.3 ±  l . l 4 658 ±  603

Casein, 4% — 3 3.60±0.16 11.9 ±  1.0 429 ±  49
+ 8 5.02±0.143 12.3 ±1 .3 5 620 ±  684

No casein, high carbohydrate + 4 3.82 ±0.08 6.6±0.8 253 ±  34

No casein, high fat + 5 3.44 ±0.19 5.5 ±0 .2 190± 10

1 All diets were isocaloric.
No casein — high carbohydrate diet contained no casein, no fat, vitamin-sucrose mixture, salts 

and high sucrose plus dextrin.
No casein — high fat diet contained no casein, no carbohydrate, vitamin-sucrose mixture, salts 

and high com oil.
2 Mean value ±  s e  of mean.
3 p <  0.01 (highly significant).
4 p between 0.01 and 0.05 (probably significant).
5 p >  0.05 (not significant).

In most of these experiments casein hy- 
drolyzate plus added tryptophan or purified 
amino acids were used in place of casein. 
In one experiment a different amino acid 
diet (6 ) was used. Rats were force-fed for 
3 days these diets with or without orotic 
acid. The results of these experiments are 
presented in table 5. In contrast with the 
rats force-fed casein plus orotic acid, the 
animals fed casein hydrolyzate or amino 
acids plus orotic acid did not develop fatty 
livers. Rats force-fed the amino acid diet 
plus orotic acid had a small increase in 
total liver lipid over those on the amino 
acid diet without orotic acid. However,

these liver lipid levels were low in compari
son with those of the other groups.

In an attempt to learn what might be 
responsible for the different response of 
the rat when fed orotic acid with casein or 
with casein hydrolyzate, 2 experiments 
were performed. In the first experiment, 
the absorption of orotic acid from the gas
trointestinal tract was measured when it 
was fed with the intact protein and with 
the protein hydrolyzate. Radioactive 6-C14- 
orotic acid, 1 uc in 5 ml diet (casein or 
casein hydrolyzate) was tube-fed to 2 
groups of rats. Control animals received 
1 ac in 5 ml distilled water. Two rats of
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TABLE 5
L iv e r  l ip id  o f  ra ts  f o r c e - f e d  d ie ts  c o n t a in in g  1 %  o r o t i c  a c id  f o r  3 days

Diet1
Orotic
acid,
110

mg/day

No. of 
rats

Liver
weight Liver lipid

Casein 16

9/100 g 
body w t

3.63±0.102

%

8.0 ±  0.52

m g / 100 g 
body w t

293 ± 2 1 2
+ 21 4.79±0.113 12.8 ±0 .3 3 626 ±  563

Casein hydrolyzate acid — 4 4.00 ±0.26 7.9 ±1 .0 321 ±6 2
+ 9 4.57 ±  0.204 6.8 ±0 .8 4 312±464

Amino acids _ 5 3.49 ±0.10 7.0 ±  0.9 236 ±3 5
+ 3 3.86± 0.164 4 .6±  0.35 179± 174

Amino acid diet _ 5 3.16 ±  0.05 4 .6±  0.3 144 ±1 2
+ 4 4.10±0.023 4 .9±  0.44 202 ±  33

1 Casein diet (16% “Vitamin Free” Casein, Nutritional Biochemicals Corp., Cleveland, Ohio). 
Casein hydrolyzate-acid diet (15.8% “Vitamin Free” Casein Hydrolysate (Acid), Nutritional

Biochemicals Corp., +0.2% DL-tryptophan).
Amino acids (10.5% essential amino acids and 8.1% non-essential amino acids (6 )).
Amino acid diet (purified diet used in other studies (6 )).

2 Mean value ±  se of mean.
3 P <  0.01 (highly significant).
4 P >  0.05 (not significant).
5 P between 0.01 and 0.05 (probably significant).

each group were then killed after 1, 3 and 
5 hours and total radioactivity of liver, 
blood and gastrointestinal tract (esopha
gus to anus with contents) was measured. 
Since the radioactivity in the blood and 
liver of animals of each group were similar 
at each time interval, the results have been 
combined and are expressed as the mean 
for all 3 time intervals. The total radio
activity in the blood, liver and gastroin
testinal tract of the 3 groups are respec
tively as follows: casein, 970, 6,970 and 
50,200; casein hydrolyzate, 790, 5,460 and 
41,800; and water, 2,210, 15,420 and 
44,500. The values in each group are 
the mean of 6 animals and are ex
pressed as counts per minute per organ 
or per 100 ml blood. The results indicate 
only minor differences, the largest ones be
ing a decrease of 21 and 19% for liver and 
blood, respectively, in rats fed the casein 
hydrolyzate diet in comparison with those 
fed the casein diet. Since the radioactivity 
remaining in the gastrointestinal tract was 
lower (17% ) in rats fed the casein hydrol
yzate diet than in rats fed the casein diet, 
the overall absorption from the gastroin
testinal tract was probably as great or 
greater in rats fed the casein hydrolyzate 
diet than in those fed the casein diet. 
These results suggest that orotic acid ab
sorption is similar with both diets.

In the second experiment, an attempt 
was made to compensate for the more 
rapid absorption of amino acids from the 
gastrointestinal tract when the amino acids 
are given free, as in casein hydrolyzate, 
rather than as protein. Two groups of ani
mals were force-fed the casein hydrolyzate 
diet for 3 days; one group was fed the diet 
containing 1% orotic acid, and the second 
group was tube-fed orotic acid alone 2 
hours before each feeding of casein hydrol
yzate diet. The daily orotic acid intake 
was 119 mg for the first group and 100 mg 
for the second group. For comparison, ani
mals of 2 additional groups were force-fed 
the casein diet with or without the added 
orotic acid. The results summarized in 
table 6 indicate that the earlier administra
tion of orotic had no influence on the de
gree of fatty liver due to casein hydrolyzate 
plus orotic acid. Animals force-fed the ca
sein diet containing orotic acid developed 
a marked degree of fatty change of the 
liver which was greater than similarly 
treated animals described in table 3. The 
difference is probably related to the higher 
diet and orotic acid intake (12% ) in the 
present over that in the former experi
ment. The results of the preceding 2 ex
periments suggest that gastrointestinal ab
sorption of orotic acid or of amino acids in 
animals fed the casein hydrolyzate diet is
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TABLE 6
L iv e r  l ip id  o f  ra ts  f o r c e - f e d  c a s e in  h y d r o ly z a te  d ie t  o r  c a s e in  d ie t  a n d  o r o t i c  a c id  f o r  3  d a y s

Diet Orotic
acid

No. of Liver 
rats weight Liver lipid

m g/d ay 9 /100 g 
body w t % m g / 100 g 

body w t

Casein hydrolyzate 119 4 5.13±0.15I 8.5 ±  1.21 433 ± 5 7 '
Casein hydrolyzate 1002 3 5.98 ±0.38 7.5 ±1 .0 454 ±8 5
Casein 119 4 5.40±0.10 16.2 ±1 .9 878 ±103
Casein 0 4 4.08 ±  0.11 9.4 ±1 .0 383 ±1 8

1 Mean value +  se of mean.
2 Orotic acid was tube-fed 2 hours before each diet feeding.

TABLE 7
L iv e r  l ip id  o f  ra ts  f e d  a d  l ib i t u m d ie ts  c o n t a in in g  1 % o r o t i c  a c id  f o r 1 w e e k

Diet Orotic
acid

No. of 
rats

Liver
weight Liver lipid

m g/d ay 9 / 1 0 0  g 
body w t % m g / 100 g 

body w t

Casein 0 7 4.35 ±  0.122 6.3 ±  0.52 273 ± 1 6 2
126 7 5.43 ±  0.283 18.7 ±  0.83 1054 ± 7 6 3

Casein hydrolyzate 0 4 4.26 ±0.08 7.6± 0.1 321 ±2 2
131 5 5.12 ±  0.193 10.8 ±2 .34 551±1114

Soybean 0 4 3.81 ±0.23 4 .6±  0.1 174 ±1 3
133 5 5.04 ±  0.375 17.4 ±  5.4s 915 ±  2103

Soybean hydrolyzate 0 4 3.55 ±0.17 5.1 ±0 .4 180 ±1 4
115 4 4.61 ±  0.255 14.9 ±3 .5 5 709± 184“

Lactalbumin 0 8 3.95± 0.13 6.9 ±0 .7 271 ±2 2
123 9 5.53 ±  0.293 20.1 ±2 .43 1125 ±  1653

Lactalbumin hydrolyzate 0 4 3.81 ±  0.11 5.9 ±  0.2 212 ±  47
120 4 5.06 ±  0.425 20.1 ±4 .9 5 1076 ±3235

1 Casein (16% “Vitamin Free” Casein, Nutritional Biochemicals Corp., Cleveland, Ohio).
Casein Hydrolyzate (15.8% “Vitamin Free” Casein Hydrolyzate (Acid), Nutritional Biochemicals

Corp., + 0.2% DL-tryptophan).
Soybean (16% Promine, Central Soya Co., Inc., Chicago, Illinois).
Soybean Hydrolyzate (16% Soy Hydrolyzate (Enzymatic), Nutritional Biochemicals Corp.). 
Lactalbumin (16% Lactalbumin, Nutritional Biochemicals Corp.).
Lactalbumin Hydrolyzate (16% Lactalbumin Hydrolyzate (Enzymatic), Nutritional Biochemicals 

Corp.).
2 Mean value +  s e  of mean.
3 P <  0.01 (highly significant).
4 P >  0.05 (not significant).
5 P between 0.01 and 0.05 (probably significant).

TABLE 8
L iv e r  p r o t e in  a n d  in c o r p o r a t i o n  o f  r a d io a c t iv e  a m in o  a c id s  i n t o  l i v e r  p r o t e in  o f  ra ts  fe d  

c a s e in  d ie t  w i t h  o r  w i t h o u t  o r o t i c  a c id  f o r  3 days

Radioactive 
amino acid

Orotic
acid

No. of 
rats

Liver

Protein Specific
activity1

Total
radioactivity

m g / 100 g c o u n t / m in / c o u n t/ m in  x 1 0 ~ 3/
body w t m g  p ro te in 100 g body w t

L-Leucine — 3 936 ±  312 21.1 ±  0.82 19.8 ±  1.42
+ 2 1021 ±5 2 16.9 ±  0.9 17.2 ±  0

DL-Phenylalanine — 3 853 ±5 0 22.1 ±  2.1 18.8 ±  1.7
+ 3 1005 ±5 2 22.2 ±0 .4 22.2 ±0.1

1 Specific activity (radioactivity per mg protein).
2 Mean ±  s e  o f  mean.
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probably not responsible for the differences 
in response of the rat liver to orotic acid 
when the pyrimidine is given either with 
casein or with casein hydrolyzate.

To determine whether the results with 
orotic acid with casein hydrolyzate are due 
to some delay in the response of the ani
mal rather than to a qualitative change, 
rats were fed ad libitum casein hydrolyzate 
or casein diets with or without orotic acid 
for 7 days instead of 3 days. Also, in the 
same experiment, other types of proteins 
were used in place of casein to determine 
the specificity of casein in facilitating the 
induction of the orotic acid fatty liver. 
Rats fed the casein-orotic acid diet had a 
marked increase in liver lipid while rats 
fed the casein hydrolyzate-orotic acid diet 
had only a small increase in liver lipid 
(table 7). Rats fed soybean or lactalbu- 
min and also their hydrolyzates plus orotic 
acid developed marked increases in liver 
lipid. These results indicate that orotic 
acid with other proteins, as well as with 
casein in the diet, is capable of inducing a 
marked fatty liver. However, although 
orotic acid with other protein hydrolyzates 
induces a severe fatty liver, similar to that 
with the intact protein, orotic acid with 
casein hydrolyzate induces only a small in
crease in liver lipid.

The protein content of the livers of the 
animals force-fed the basal casein or the 
orotic acid casein diet was determined in 
several experiments (table 8). The liver 
protein content of animals fed the experi
mental diet was slightly greater than that 
in the animals fed the control diet. Pro
tein synthesis in the liver, as measured by 
radioactive amino acid incorporation into 
liver protein, was also studied (table 8). 
The results, expressed as specific activity 
or as radioactivity per total liver protein 
per 100 g body weight, indicate little or no 
difference between the control and experi
mental animals.

DISCUSSION

The major observations of this study are 
summarized in table 9. The results indi
cate that orotic acid per se does not induce 
a fatty liver but must be administered in 
the diet to do so. Furthermore, the nature 
and quantity of the diet profoundly alters 
the response of the rat to the feeding of

TABLE 9

Sum m ary o f m a jo r observations

Orotic acid 
administered 
to or w ith :

Induction of 
fatty liver

Starved _
Fed rats
Rats rece iv ing orotic acid

+

and diet separately —

10.6 g o f diet +
5.3 g o f  diet
Casein diet 
Casein hydrolyzate or

+

am ino acid diet -

orotic acid. These results suggest that the 
fatty liver occurring in animals fed orotic 
acid is not due to a direct hepatotoxic ac
tion of the pyrimidine but rather to some 
more subtle metabolic imbalance induced 
by this compound.

The nature of the metabolic derange
ment is still obscure. The fatty liver in
duced by orotic acid resembles to some de
gree that induced by the administration of 
ethionine (11). In both, the lipid accumu
lating is largely triglyceride (neutral lipids) 
(12, 13) with a periportal lobular distribu
tion (1, 2, 11) and the concentration of 
plasma lipids is markedly decreased (12, 
14-17). The immediate cause for the ac
cumulation of triglyceride in the liver with 
ethionine and several other agents appears 
to be a block in the transfer of hepatic tri
glyceride to the plasma (15). The same 
basic disturbance appears to be responsible 
for the accumulation of triglyceride in the 
liver of the rat fed orotic acid (17).

Assuming this as a working hypothesis, 
the question arises as to the nature of the 
underlying biochemical derangement re
sponsible for this block in the lipid trans
fer. In the case of ethionine, Shull (18) 
has reported a rapid and marked decrease 
in the level of liver adenosine triphosphate 
(A TP ) following acute ethionine adminis
tration. Earlier studies ( 19, 20) have dem
onstrated that acute ethionine administra
tion inhibits liver protein synthesis. Farber 
et al. (21) have speculated that the patho
genetic mechanism for the block in lipid 
transfer in ethionine induced fatty liver 
may be due to the inhibition of hepatic pro
tein synthesis which is a consequence of 
hepatic ATP deficiency. This concept is 
supported by observations that the admin
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istration of ATP or of adenine counteracts 
the decrease in hepatic ATP concentration 
(18), the inhibition of hepatic protein syn
thesis (22), as well as the induction of 
fatty liver by ethionine (21).

The results of experiments with orotic 
acid indicate that the mechanism by which 
orotic acid acts is basically quite different 
than that of ethionine. First, Shull12 meas
ured liver ATP levels in some of our experi
mental animals that were fed the basal 
casein diet containing orotic acid for 3 to 
21 days and no change was noted in the 
content of the liver ATP in comparison 
with livers of animals fed the control diet. 
This is of special interest in that Hand- 
schumacher et al. (2 ) reported that the 
addition of adenine to the orotic acid-ca
sein diet prevents the fatty liver. Second, 
this study indicates that rats fed orotic acid 
in the diet showed no inhibition of hepatic 
protein synthesis. Hankin (23) has re
ported that liver protein actually increases 
as the fatty liver develops. These indicate 
clearly that a different mechanism prob
ably is involved in accounting for the block 
in lipid transfer from the liver in rats 
treated with ethionine than that in rats fed 
orotic acid.

The results of this study stress the im
portance of nutritional or metabolic imbal
ance in the pathogenesis of orotic acid 
fatty liver. This is supported by some simi
larities of our present results and those ob
served with amino acid deficiencies. In 
earlier acute essential amino acid defi
ciency studies (6, 24-26) we found that 
the quantity and the composition of the 
purified diet were important in the induc
tion of a periportal fatty liver. In one of 
these studies (26 ) we observed that rats 
force-fed for 3 days a threonine-free diet 
developed fatty livers, but did not do so 
when fed a protein-free diet for the same 
period of time. The pathologic changes ob
served with certain essential amino acid 
deficiencies were therefore interpreted as 
arising due to a nutritional imbalance 
created by a number of dietary factors. 
These observations are similar to those in 
our present study where the quantity and 
composition (including protein content) of 
the purified diet were found to be of great 
importance in the induction of orotic acid 
fatty liver. It is conceivable that orotic

acid fed in elevated quantities creates an 
imbalance only when other dietary compo
nents are present in the diet and that this 
imbalance is, in some as yet unexplained 
way, responsible for the fatty liver.
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A B S TR A C T  The in fluence o f  dietary protein and cholesterol on plasm a and liver 
lip ids and on their com ponent fa tty  acid com position was studied in  grow ing chicks. 
Increased d ietary protein  decreased plasm a and a-lipoprotein lip id  levels and increased 
liver cholesterol. Cholesterol supplem entation elevated plasma and liver lip ids but 
decreased a-lipoprotein lipids. In  general, feed in g a low-protein or a cholesterol- 
supplemented diet resulted in  sim ilar fa tty  acid changes. Both treatments resulted in  
sign ificantly increased oleic and decreased arachidonic acid levels in  the plasm a 
cholesterol esters, glycerides and phospholipids. The oleic acid level o f the liv er lip ids 
was also h igher in  chicks fed  the low-protein or cholesterol-supplemented diets. The 
d ietary treatments tended to decrease lino le ic  acid levels particu larly in  the cholesterol 
ester fraction. The cholesterol ester fraction  showed the most consistent changes.

The hypocholesterolemic effect of un
saturated dietary fat and fatty acids ( 1 ) 
has stimulated interest in the study of fatty 
acid metabolism. The advent of suitable 
procedures for routine fatty acid analyses 
(2, 3) has enabled more precise studies of 
the fatty acid composition of tissue lipids 
and the influence of dietary factors there
on.

Luddy et al. (3 ) showed that the choles
terol esters, glycerides and phospholipids 
of human atheroma contained greater 
amounts of oleic acid and less di- and tetra- 
enoic acids than did comparable fractions 
from normal human sera. More recently, 
Schrade et al. (4 ) have observed higher 
levels of palmitoleic and oleic acids accom
panied by decreased linoleic and arachi
donic acid levels in the serum lipids of 
hyperlipemic individuals as compared with 
normals. Böttcher and Woodford (5 ) ob
served little difference in the fatty acid 
composition of serum lipids between 
atherosclerotic patients and normal sub
jects; a decreased linoleic acid level could, 
however, be established for the athero
sclerotic subjects.

In animal studies, Fisher et al. (6 ) and 
Fisher and Feigenbaum (7 ) demonstrated 
decreased di- and tetraenoic acid levels in 
lipids from plaques of chicken aortas as 
compared with the clear areas of these 
tissues. Blomstrand and Christensen (8 )

extended these observations by showing 
that aortic cholesterol esters of cholesterol- 
fed cockerels contain relatively more oleic 
acid than do esters from aortas of control 
animals not fed cholesterol. Leveille et al.
(9 ) have presented data indicating that in 
the hypercholesterolemic chick the level of 
oleic acid is increased, whereas the linoleic 
and arachidonic acid levels are decreased 
in the plasma and liver lipids. The most 
marked changes were observed in the cho
lesterol esters with lesser changes in the 
glycerides and phospholipids.

The data reported herein were obtained 
in an effort to determine the influence of 
endogenous (produced by a low-protein 
diet) and exogenous (resulting from cho
lesterol feeding) hypercholesterolemia on 
the fatty acid composition of plasma and 
liver cholesterol esters, glycerides and 
phospholipids.

E X P E R IM E N TA L

Male Hy-line White Leghorn chicks were 
fed a commercial diet for one week and 
were then distributed to the various experi
mental groups on the basis of body weight. 
Eight chicks were distributed in such a 
manner as to have almost identical mean 
weights for all groups. The chicks were

Received for publication May 31, 1963.
1 The principles of laboratory animal care as 

promulgated by the National Society for Medical Re
search were observed.
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housed in heated cages having raised wire 
floors. Food and water were supplied ad 
libitum. Body weight and food consump
tion were determined weekly.

The composition of the basal diet was 
as follows: (in  g/100 g of diet) Sesame 
oil meal (46.8% protein, N X  6.25), 25.64; 
corn oil, 5.00; salt mix,2 4.00; vitamin 
mix2, 0.40; choline chloride, 0.20; L-lysine- 
HC1 (99% purity), 0.87; glucose to 100. 
Additional sesame oil meal was added to 
the diet of the high-protein groups to sup
ply 25% protein. Cholesterol, when fed, 
was added at a level of 0.3 and 2.0% to 
the low-protein and high-protein diet, re
spectively. These levels of cholesterol 
used were selected to produce a similar 
degree of hypercholesterolemia at each of 
the protein levels used (6 ). All additions 
to the basal diet were made at the expense 
of glucose.

At the end of the 4-week experimental 
period, blood was drawn by cardiac punc
ture using a heparinized syringe. The ani
mals were killed and the liver excised. 
The livers and plasma were frozen and 
stored at — 20 °C until analyzed.

Plasma cholesterol, lipid phosphorus 
and glycerides were determined as de
scribed previously (10). [3-Lipoproteins 
were precipitated (11) and cholesterol 
and lipid phosphorus content of the super
natant containing the a-lipoprotein was 
determined as for plasma (10). Liver 
lipids were extracted with chloroform: 
methanol (2:1, v/v); after determining 
total liver fat gravimetrically, the lipid was 
dissolved in chloroform and appropriate 
aliquots were taken for cholesterol and 
lipid phosphorus analyses using the same 
methods as those for plasma (10).

Plasma and liver lipid extracts were kept 
under an atmosphere of Ck-free nitrogen 
to prevent oxidation. Appropriate aliquots 
were subjected to silicic acid chromatog
raphy for separation of cholesterol esters, 
glycerides and phospholipids (12). The 
various fractions were saponified with 
0.5 n  alcoholic KOH for 40 minutes after 
evaporation of the solvents under a stream 
of 02-free nitrogen. After acidification 
with 1 n  HC1, the saponified samples were 
extracted twice with ethyl ether. The 
combined ether extracts were washed with 
water and dried over anhydrous Na2S04.

The fatty acids were then esterified with 
methanol-boron trifluoride according to the 
procedure of Metcalfe and Schmitz (13). 
The methyl esters were purified by sub
limation (14 ) and were then separated by 
gas chromatography using a 0.3-cm OD, 
244-cm column packed with 20% DEGS 
(specially prepared diethylene glycol suc
cinate (15) coated on 100 to 140 mesh 
Gas Chrom P.3 The columns were oper
ated at 200°C with a helium flow so regu
lated that the elution time of methyl pal- 
mitate was 11 mintues. A hydrogen flame 
detector was used. Peaks were identified 
by comparing relative retention times to 
known standards4 which were determined 
daily. Peak areas were quantified by tri
angulation. Results are presented for 6 
major fatty acid components only; others 
were observed, but generally in small and 
variable amounts. In most cases the 6 
acids considered accounted for at least 
95% of the total. The values presented 
in the results section are expressed as a 
percentage of the sum of the 6 fatty acids 
considered. The results obtained were sta
tistically evaluated by means of the anal
ysis of variance.

RESULTS

The results obtained are presented in 
tables 1 and 2; in tables 1 and 3 are shown 
the probabilities of the differences ob
served being statistically significant.

Dietary protein significantly improved 
weight gain, decreased plasma and a-lipo
protein lipids, and increased liver choles
terol (table 1). Cholesterol supplementa
tion increased plasma lipids and liver fat 
and cholesterol, but depressed a-lipoprotein 
cholesterol and lipid phosphorus levels.

The determined fatty acid values are 
presented in table 2 and the probability 
values for the significance of observed 
differences are shown in table 3. In gen
eral, the differences between chicks fed a 
low- or high-protein level and between 
chicks fed a cholesterol-supplemented or 
cholesterol free diet are similar. Feeding a 
low-protein or a cholesterol-supplemented 
diet resulted in decreased arachidonic acid

2 For composition, see Leveille et al. (10).
3 Applied Science Laboratory, State College, Penn

sylvania.
4 Obtained from The Hormel Institute, Austin, 

Minnesota.
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( C20:4) levels in all plasma fractions. 
Chicks fed the low-protein diet also had 
lower arachidonic acid levels in the liver 
glycerides and phospholipids.

Both low-protein and cholesterol feeding 
also significantly increased the oleic acid 
( Ci8 :1 ) content of all plasma and liver 
lipid fractions with the exception of the 
plasma glycerides. The level of oleic acid 
was higher in the plasma glycerides of 
chicks fed either a low-protein or choles
terol-supplemented diet (table 2 ); how
ever, the differences were not statistically 
significant (table 3). The changes in the 
linoleic ( C18 :2) acid level resulting from 
the 2 dietary treatments were not con
sistent. The low-protein diet decreased the 
linoleic acid level in the plasma and liver 
cholestrol esters and the liver glycerides; 
in both the plasma and liver phospholipids 
the level of linoleic acid was higher in 
chicks fed the low-protein diet. Cholesterol 
supplementation decreased plasma choles
terol ester linoleic acid and increased the 
level of this acid in plasma phospholipids 
and liver cholesterol esters and glycerides. 
Cholesterol feeding also decreased the pal
mitic ( Cie : 0 ) acid content of all 3 liver 
lipid fractions.

DISCUSSION

The effects of cholesterol supplementa
tion and dietary protein level on plasma 
and liver lipids are in accord with pub
lished reports (TO, 16). In general, the 
changes induced in fatty acid composition 
by feeding either a low-protein or a cho
lesterol-supplemented diet are consistent 
and in the same direction. This becomes 
of significance when one considers that 
both of these dietaries have been shown 
to be hypercholesterolemic and athero
genic in the growing chick (16. 17).

The most consistent fatty acid changes 
observed were the increased oleic acid 
and decreased arachidonic acid levels 
noted in chicks fed a low-protein diet or 
cholesterol, particularly the former. The 
changes in linoleic acid were more vari
able. The most marked changes were ob
served in the cholesterol ester fraction. 
This is of particular interest when con
sidered in light of the apparent relation
ship between plasma cholesterol ester
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TABLE 2

Fatty  acid  com pos ition  o f p lasm a and live r lipids in  ch icks fed  
differen t levels o f  p ro te in  and cholestero l

Dietary variables1

Fatty acid2 12% Protein 25% Protein

No
cholesterol

0.3%
cholesterol

No
cholesterol

2.0%
cholesterol

% to ta l fa tty  acids % to ta l fa tty  ac id s
Plasma

Cholesterol esters
16:0 20.6 ±2 .6 3 11.3±3.8 15.5 ±2 .9 12.4 ± 2.8
16:1 8.6 ±  2.2 5.1 ±1 .4 5.4 ±1 .2 7.4 ± 2.0
18:0 10.2 ±  1.4 7 .5± 1.8 10.8 ±1 .6 8 .6± 1.5
18:1 28.0 ±2 .2 48.3 ±  4.7 16.9 ±  4.2 33.6 ± 2.9
18:2 28.4 ±5 .6 25.9 ±4 .9 38.2±4.8 31.4 ± 2.9
20:4 4.2 ±1 .3 1.9 ±  1.1 13.2±3.5 6.7 ± 1.9

Glycerides
16:0 21.8±3.0 21.4 ±  3.2 21.6±3.2 18.5 ± 1.8
16:1 8.3±2.9 7.2±2.1 6.8 ±3 .4 3.3 ± 0.8
18:0 11.2± 3.1 8.8 ±2 .3 12.5 ±  3.8 9.2 ± 1.0
18:1 28.7 ±1 .7 34.6 ±4 .5 25.1 ±1 .5 26.9 ± 1.2
18:2 26.6 ±7 .8 25.6 ±4 .3 29.4 ±6 .2 37.9 ± 2.8
20:4 3 .6±  1.3 1.6 ±  1.0 5.0 ±1 .5 4.2 ± 1.7

Phospholipids
16:0 20.1 ±1 .2 19.5 ±  1.3 17.9 ±1.1 17.6± 1.4
16:1 2.8 ±0 .7 3.5±0.9 3 .6±  1.0 3.6 ± 0.9
18:0 23.4± 1.1 25.2 ±1 .4 28.1 ±1 .8 26.5 ± 1.0
18:1 14.6 ±1 .2 16.1 ±1 .5 9.3±0.9 10.5 ± 0.8
18:2 20.3 ±2 .8 24.8 ±1 .8 14.5 ±  1.1 20.9 ± 2.0
20:4 18.9±3.6 11.1 ±2 .3 26.6 ±2 .5 21.0 ± 2.5

Liver
Cholesterol esters

16:0 26.4 ±5.1 9.4 ±3 .2 28.6± 1.7 13.1 ± 7.3
16:1 14.5±5.5 8.6±2.1 22.8 ±3 .7 9.5 ± 5.3
18:0 16.2 ±3 .4 5.5 ±1 .1 13.1 ±1 .9 6.7 ± 3.8
18:1 29.4±6.1 60.4 ±6 .2 23.3 ±2 .5 45.6 ±13.2
18:2 12.3±4.7 15.6±3.6 13.6 ±  1.4 22.2 ± 6.5
20:4 1.1 ±  2.9 0 .6±  1.1 tr4 2.9 ± 2.4

Glycerides
16:0 27.3 ±4 .0 23.8 ±2 .8 28.5 ±2 .9 24.7 ± 1.8
16:1 8.7 ±1 .0 8.2±0.8 5.1 ±1.1 3.1 ± 3.1
18:0 12.1 ±1 .9 11.1 ±2 .3 15.6 ±  2.7 13.1 ± 3.2
18:1 37.8 ±2 .6 42.3 ±2.1 20.0 ±2.1 25.2 ± 1.7
18:2 12.0± 2.3 13.3 ±  2.5 21.9 ±  3.8 26.4 ± 3.2
20:4 2 .0±  1.2 1.2 ±0 .9 8.8 ±  1.7 7.5 ± 2.6

Phospholipids
16:0 15.4 ±1 .4 13.5 ±1.1 15.6 ±  0.9 14.8 ± 2.0
16:1 2.6 ±3 .4 3.7 ±  1.0 0 .7±  1.3 1.2 ± 1.3
18:0 27.3 ±3 .4 26.6 ±1 .9 28.4 ±2 .3 25.3 ± 3.0
18:1 14.1 ±3 .9 16.2 ±2.1 7.7 ±  1.3 10.7 ± 1.5
18:2 21.9 ±  5.0 24.2 ±2 .3 19.0 ±1.1 21.0 ± 2.5
20:4 18.6 ±  4.9 15.9 ±  3.0 28.6 ±3 .6 27.0± 3.5

1 Values are reported as a percentage of the 6 acids shown.
2 First number refers to carbon chain length; number after colon refers to number of double bonds.
3 Mean of 8 determinations +  s d .

4 Trace, amount insufficient for accurate determination.
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TABLE 3

Sign ificance o f in teraction , p ro te in  and cholestero l levels as sources o f va ria tion  
in  fa tty  acid com pos ition  o f  p lasm a and live r lip ids1

Fatty acid2
Source of variation

Interaction Protein
level Cholesterol

Plasma
Cholesterol esters

16:0 P <  0.01 ns ns
16:1 P <  0.01 ns ns
18:0 ns ns P <  0.01
18:1 ns P <  0.01 P <  0.01
18:2 ns P <  0.01 P <  0.05
20:4 P <  0.05 P <  0.01 P <  0.01

Glycerides
16:0 ns ns ns
16:1 ns P <  0.01 P <  0.05
18:0 ns ns P <  0.01
18:1 P <  0.05 ns ns
18:2 P <  0.05 ns ns
20:4 ns P <  0.01 P <  0.01

Phospholipids
16:0 ns P <  0.01 ns
16:1 ns ns ns
18:0 P <  0.01 ns ns
18:1 ns P <  0.01 P <  0.01
18:2 ns P <  0.01 P <  0.01
20:4 ns P <  0.01 P <  0.01

Liver
Cholesterol esters

16:0 ns ns P <  0.01
16:1 P <  0.05 ns ns
18:0 P <  0.05 ns ns
18:1 ns P <  0.01 P <  0.01
18:2 ns P <  0.05 P <  0.01
20:4 P <  0.05 ns ns

Glycerides
16:0 ns ns P <  0.01
16:1 ns P <  0.01 ns
18:0 ns P <  0.01 ns
18:1 ns P <  0.01 P <  0.01
18:2 ns P <  0.01 P <  0.05
20:4 ns P <  0.01 ns

Phospholipids
16:0 ns ns P <  0.05
16:1 ns P <  0.01 ns
18:0 ns ns ns
18:1 ns P <  0.01 P <  0.01
18:2 ns P <  0.01 ns
20:4 ns P <  0.01 ns

1 Based on analysis of variance.
2 First number refers to carbon chain length; number after colon refers to number of double bonds.

arachidonic acid level and susceptibility to 
atherosclerosis (18).

The dietary fat used in the present diets 
(corn oil) had a high linoleic acid content; 
it should therefore be kept in mind that

differences in food intake and, conse
quently, fat intake may have influenced 
the results obtained. However, the changes 
noted cannot be totally attributed to dif
ferences in fat intake, since the food con
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sumption at each protein level was not 
influenced by cholesterol supplementation.

Previous reports have shown plasma 
or serum and tissue alterations of oleic- 
linoleic and arachidonic acid levels in ani
mals and humans known to have athero
sclerosis or some derangement of lipid 
metabolism (19-21). The data herein 
reported are generally in accord with 
these reports. The reports cited and the 
present data could be interpreted to indi
cate that altered oleic-linoleic-arachidonic 
acid levels are an indication of abnormal 
lipid metabolism.
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A B S T R A C T  Observations of some effects of an amino acid imbalance on food 
intake and food selection of rats in different physiological states are described. The 
imbalance was created by adding a mixture o f amino acids lacking histidine to a 
purified diet containing 6% o f beef fibrin. Food intake was depressed when the diet 
in which there was an imbalance o f amino acids was substituted for one containing 
balanced protein; and rats given a choice between the “ imbalanced” diet and a protein- 
free diet showed a decided preference for the latter over the former. This preference 
became evident more quickly with nondepleted and with starved rats than had previ
ously been observed with protein-depleted rats. Neither protein-depleted nor non
depleted rats showed a specific preference for either of 2 balanced diets which differed 
in nutritive value, but both groups showed a clear preference for a more balanced
diet over an imbalanced diet when the 
L-histidine-HCl.

Dietary amino acid pattern can affect 
food selection (1 ) and food intake (2, 3). 
Protein-depleted rats given a choice be
tween a protein-free diet and a diet in 
which there is an imbalance of amino 
acids select the latter for 2 to 3 days, pre
sumably until they are repleted; then they 
reject it and select mainly the protein-free 
diet (1 ). Although the initial preference 
for the diet in which there is an imbalance 
of amino acids can be related to its ade
quacy for repletion compared with the 
protein-free diet, the subsequent prefer
ence for a diet which cannot support 
growth must have some other basis.

The change in diet preference and the 
depression in food intake of rats ingesting 
a diet in which there is an imbalance of 
amino acids are associated with changes 
in the plasma amino acid pattern of the 
rats (2, 3). As a working hypothesis, it 
has been suggested that some homeostatic 
mechanism which is sensitive to the al
tered plasma or tissue amino acid pattern 
may depress food intake and lead to a 
preference for the protein-free diet which 
produces a more balanced plasma and 
tissue amino acid pattern despite its in
ability to prevent loss in weight. The fact 
that plasma amino acid pattern is not so

diets differed by only 0.05 to 0.1% of

severely altered by a dietary imbalance of 
amino acids during the repletion period 
when the imbalanced diet is preferred 
would be in accord with this hypothesis.

Experiments reported in this paper were 
carried out to determine how other physio
logical conditions that can alter plasma 
amino acid concentrations, such as starva
tion or full feeding, influenced selection 
of a diet in which there was an imbalance 
of amino acids. The ability of the rat to 
discriminate between 2 diets, one in which 
there was an imbalance of amino acids 
and another in which the imbalance was 
corrected by adding only 0.1% or less of 
the missing amino acid, was also ex
amined.

EXPERIMENTAL

Male rats of the Holtzman strain, 
weighing 110 to 120 g, were used in all 
experiments. The rats were housed in
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individual suspended cages with screen 
bottoms. They were fed as described be
low; water was offered ad libitum.

In the experiments on diet selection, 
identical food containers from which there 
was little spillage were placed at random 
in the cages; the containers were changed 
twice a week during the experiments. In 
all experiments, food intakes were meas
ured and recorded daily, and the animals 
were weighed twice a week. Groups of 6 
rats each were used unless it is otherwise 
indicated.

Protein-depleted, rats. Hats were de
pleted of protein by feeding them a pro
tein-free diet for 6 days. Animals that 
lost 15 to 20 g, the average loss for such 
animals, were selected for the experi
ments.

Starved rats. Rats were starved by 
giving them only water for 3 days; those 
that lost 30 to 35 g, the average loss for 
such animals, were chosen for the experi
ments.

Diets. The basal diet was that de
scribed by Kumta et al. (4 ). This con
tained: fibrin, 6; salt mixture (5 ), 5; corn 
oil, 5; vitamin supplement (5 ), 0.25; cho
line chloride, 0.15 and “dextrin” (moist 
corn starch heated at 121° in an autoclave 
for 3 hours, then dried and ground) as

the carbohydrate to make 100%. Fat- 
soluble vitamins were added to the com 
oil to provide the following concentrations 
per 100 g of the diet: vitamin A, 400 IU; 
vitamin D, 40 IU; and vitamin E, 10 mg. 
The protein-free diet was of the same 
composition as the basal diet, except that 
dextrin replaced fibrin. Additions of amino 
acids were compensated for by adjusting 
the percentage of dextrin. All diets were 
stored in a refrigerator.

An amino acid imbalance was created 
by adding to the basal diet a mixture of 
amino acids lacking histidine ( “imbal
anced” diet). The amino acid mixture 
provided in per cent of the diet: DL-methio- 
nine, 0.4; DL-phenylalanine, 0.6; L-leucine, 
0.6; DL-isoleucine, 0.4; DL-valine, 0.4; 
L-lysine-HCl, 0.6; L-arginine, 0.2; DL-thre- 
onine, 0.4; and DL-tryptophan, 0.2. The 
“corrected” diet was made by adding to the 
imbalanced diet 0.1% of L-histidine-HCl. 
In some experiments, as will be indicated, 
a corrected diet with only 0.05% of L-histi- 
dineHCl was used; this percentage is 
sufficient to prevent the imbalance (6 ).

RESULTS

Values for food intake of nondepleted 
rats fed ad libitum the “imbalanced,” the

Fig. 1 Average daily food intake.
A Nondepleted rats fed basal, “ imbalanced”  or “ corrected”  diet. A fter 2 weeks the diets of 

the groups initially fed the “ imbalanced”  and the “ corrected”  diets were exchanged as indicated 
by the arrow.

B Rats previously starved for 3 days then fed basal or “ imbalanced” diet.
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basal or the “corrected” diet are plotted 
in figure 1A. The food intake of the “im
balanced” group was depressed on the 
first day; after 2 weeks the food consump
tion of this group was about 50% of those 
of the other 2 groups. At the end of 2 
weeks when the group receiving the basal 
diet was given the “imbalanced” diet, the 
food intake of this group promptly de
creased. When the group receiving the 
“imbalanced” diet was given the “cor
rected” diet, the food intake of this group 
promptly increased.

Figure IB shows the depression in food 
intake produced by feeding the “imbal
anced” diet to starved rats; the food con
sumption of the group fed the basal diet 
ad libitum for 2 weeks increased progres
sively until the sixth day and remained 
more or less constant thereafter. During 
the first 2 days the food consumption of 
the group fed the “imbalanced” diet, was

2 4 6 8 10 12 14
DAYS

only a little less than that of the basal 
group but subsequently was only about 
60% of that of the basal group.

Selection between imbalanced and pro
tein free diets. The feeding behavior of 
nondepleted rats offered a choice between 
the basal, the “imbalanced” or the “cor
rected” diet and a protein-free diet, both 
offered ad libitum for 2 weeks, is shown in 
figure 2A. The groups offered the basal 
or the “corrected” diet ate these diets al
most exclusively throughout the experi
ment and rejected the protein-free diet. 
The group given a choice between the 
“imbalanced” and the protein-free diet, ate 
both diets but after the fourth day the 
intake of the “imbalanced” diet decreased 
progressively. By the seventh day, 2 rats 
rejected the “imbalanced” diet completely 
and ate only the protein-free diet, and at 
the end of the experiment 3 rats were eat
ing only this diet.

2 B

Fig. 2 Food intake and weight 
change of nondepleted rats fed vari
ous diets concurrently with protein- 
free diet.

A  Intake of specific diet, above; 
intake of protein-free diet, below.

B Change in body weight of rats 
fed “ imbalanced” diet with or with
out protein-free diet.
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The changes in weight of nondepleted 
rats offered the “imbalanced” diet alone, 
ad libitum, or simultaneously with the pro
tein-free diet, are shown in figure 2B. 
Owing to their preference for the protein- 
free diet, those offered a choice gained 
only one-half as much as those offered no 
choice.

The feeding behavior of starved rats 
was similar to that of nondepleted rats and 
differed from that reported previously for 
protein-depleted animals (1 ). Figure 3A 
shows that starved rats selected some of 
the protein-free diet on the first day when 
this diet was offered simultaneously with 
the balanced or the “imbalanced” diet; at 
the end of the 2-week period, 2 rats were 
rejecting the imbalanced diet completely 
and the others were eating only a small 
amount of it. The rats, offered the basal 
diet and the protein-free diet simultane
ously, ate only the basal diet after the 
first day.

The effect of selection of the protein- 
free diet over the “imbalanced” diet on 
the body weight of starved rats is shown 
in figure 3B. Owing to their preference 
for the protein-free diet, the starved rats 
given a choice between the 2 diets gained 
only one-half as much as those offered no 
choice.

Selection between imbalanced and bal
anced diets. The feeding behavior of 
protein-depleted rats offered a choice be
tween the “imbalanced” diet and the basal 
diet is shown in figure 4A. Some prefer
ence for the basal diet was evident on the 
first 2 days, and after the third day they 
ate almost exclusively the basal diet. Simi
lar results were obtained with nondepleted 
rats when the same choice was given (fig. 
4B), but rejection of the imbalanced diet 
appeared to occur more rapidly for by the 
second day the basal diet made up 91% of 
the food consumed.

In an effort to obtain information about 
the ability of the rat to discriminate be-

2 4 6 8 10 12 14
DAYS

3 B

Fig. 3 Food intake and weight 
change of starved rats fed basal or 
“ imbalanced”  diet concurrently with 
protein-free diet.

A  Intake of specific diet, above; 
intake of protein-free diet below.

B Change in body weight o f rats 
fed “ imbalanced”  diet with or with
out protein-free diet.
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| | B A S A L  D IET

IMBALANCED DIET

4 A 4 B

Fig. 4 Food intake of rats fed “ imbalanced” and basal diets concurrently. Total food 
intake, above; percentage of total food from each diet, below.

A  Protein-depleted rats.
B Nondepleted rats.

tween 2 balanced diets differing in nutri
tive value, the above experiment was re
peated using the “corrected” diet in place 
of the “imbalanced” diet. Both diets 
offered were balanced diets, with the “cor
rected” presumably of about the same 
palatability as the “imbalanced” diet but 
having a higher nutritive value. The be
havior of the rats in this experiment 
(table 1) was not uniform; 4 of 6 pro
tein-depleted rats selected and ate only the 
“corrected” diet for the 14 days, but the

other 2 selected the basal diet. The non
depleted rats behaved similarly; 3 selected 
the “corrected” diet and the other 3, the 
basal diet. After 2 weeks the “corrected” 
diet was replaced by the “imbalanced” 
diet, then the animals that had previously 
selected the “corrected” diet changed their 
preference within 2 or 3 days and began 
eating the basal diet.

In the experiments so far described, 
differences in taste and texture between 
the basal and amino acid supplemented

TABLE 1
Food intake o f prote in -depleted  and nondepleted rats offered the basal and the “ co rrected”

diets concurren tly  fo r  2 weeks

Food consumption

Rat no. Protein-depleted rats Nondepleted rats

Basal Corrected Basal Corrected

g/2 w k g/2 w k g/2 w k g/2 w k

i 2.1 177.6 200.6 3.1
2 3.7 213.5 195.5 8.5
3 3.0 214.7 3.9 210.5
4 239.0 3.6 2.1 198.7
5 212.2 4.5 1.0 212.8
6 1.5 203.2 205.6 2.7
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□ CORRECTED DIET 

IMBALANCED DIET

Fig. 5 Food intake o f rats fed “ imbalanced”  and “ corrected” diets concurrently. Total 
food intake, above; percentage of total food from each diet, below.

A Protein-depleted rats. ( “Corrected”  diet indicates “ imbalanced”  diet +  0.1% L-histi- 
dine-HCl.)

B Nondepleted rats. ( “Corrected”  diet indicates “ imbalanced”  diet +  0.05%  L-histi- 
dine-HCl.)

diets offered to the rats probably made it 
easy for them to identify a particular diet 
prior to selection. In an effort to estab
lish the capacity of the rat to select be
tween 2 diets that were similar in taste 
and texture, one balanced and the other 
“imbalanced,” the following experiments 
were done. A group of 10 protein-depleted 
rats was offered a choice between the 
“imbalanced” diet and the “corrected” diet 
containing 0.1% of histidine-HC1; both 
diets were offered ad libitum for 2 weeks, 
and the food containers were changed 
twice a week to prevent the rats from 
identifying them. As shown in figure 5A, 
during the first day the animals ate 53% 
of their total food in the form of the 
“corrected” diet; by the second day the 
percentage had increased to 78%, and 
thereafter the rats successfully selected 
mainly the “corrected” diet. By the seventh 
day, 5 of the 10 rats completely rejected 
the “imbalanced” diet without eating a 
measurable amount of it; by the tenth day 
9 out of the 10 rats in the group did so.

The same experiment was performed 
with nondepleted rats, but in this case the 
“corrected” diet contained only 0.05% of 
histidine-HC1, just sufficient to prevent 
the imbalance (6 ). During the first 2 days 
the rats did not select the “corrected” diet 
as they consumed 76 and 57%, respec
tively, of their daily intake in the form of 
“imbalanced” diet; but by the third day, 
they began to discriminate between the 2 
diets quite well (fig. 5B). By the third 
day 2 rats completely rejected the “im
balanced” diet; and by the seventh day, 
9 of the 10 rats did so, and by the end 
of the experiment all were rejecting it.

DISCUSSION

Physiological state and diet selection. 
The results obtained with nondepleted rats 
differ only in the time of the effect from 
those obtained previously with protein- 
depleted rats (1, 2). The food intake of 
nondepleted rats fed the “imbalanced” diet 
ad libitum decreased on the first day to 
about 50% of that of the group fed the
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basal diet, whereas only after the third 
day did the food intake of protein-depleted 
rats on the same regimen decrease sharply. 
Also, nondepleted rats offered a choice 
between the “imbalanced” diet and the 
protein-free diet ate a considerable amount 
of the protein-free diet on the first day, 
whereas protein-depleted rats offered a 
similar choice ate very little of the protein- 
free diet until after the third day.

Differences in palatability among the 
diets would not appear to account for 
these effects because, although the protein- 
free diet was selected over the “imbal
anced” diet, the “corrected” diet (which 
closely resembles the “imbalanced” diet in 
composition and texture and presumably 
in palatability) was selected over both the 
protein-free and the “imbalanced” diets. 
Also, the preference for the protein-free 
diet over the “imbalanced” diet cannot be 
attributed to any superiority in the nutri
tive value of the protein-free diet because 
it does not support growth, whereas the 
“imbalanced” diet does.

The altered feeding behavior of protein- 
depleted and nondepleted rats is associ
ated with a change in the plasma free 
amino acid pattern of the animals (2 ). 
Concentrations of all indispensable amino 
acids in plasma except that of histidine 
(which decreases) increase more rapidly 
in nondepleted rats than in protein-de
pleted rats, and the ratios of these to his
tidine increase even more rapidly. Homeo
static mechanisms that tend to prevent 
the pattern of plasma amino acids from 
becoming still more unbalanced may be 
activated when these ratios reach certain 
critical values. This would apparently 
occur on the first day in nondepleted rats, 
but only on the third day in protein- 
depleted rats. Selection of a protein-free 
diet over an “imbalanced” diet at this time 
could be related to the ability of the pro
tein-free diet to produce a more balanced 
plasma amino acid pattern even though 
it does not support growth. The observa
tion that rats consume more of a protein- 
free diet than of a diet completely lacking 
one amino acid (7 ) could also be a result 
of such a mechanism, as could the obser
vation that food intake is depressed when 
the “imbalanced” diet is offered alone.

The feeding behavior of starved rats 
offered the “imbalanced” diet concur
rently with a protein-free diet resembles 
more closely the behavior of nondepleted 
than of protein-depleted rats. This sug
gests that the critical point at which food 
intake is depressed is reached more rapidly 
in starved and nondepleted than in pro
tein-depleted rats and may account for 
the observation of Kumta and Harper (8 ) 
that protein-depleted rats fasted for 12 
hours or more before being fed the “imbal
anced” diet show a depression in food in
take much earlier than do protein-depleted 
rats not starved for this period (1 ).

Selection between imbalanced and bal
anced diets. Failure of rats to discrimi
nate between the “corrected” and the 
basal diets despite the better nutritive 
value of the “corrected” diet suggests that 
discrimination against the “imbalanced” 
diet when it was offered with the basal 
diet was not a consequence of the lower 
nutritive value of the “imbalanced” diet 
but of some specific physiological effects 
it produced. The basal and the “corrected” 
diets both produce balanced plasma amino 
acid patterns, which may explain why 
there is no specific selection of one of 
these diets over the other. Replacement 
of the “corrected” by the “imbalanced” diet 
results in altered blood amino acid pattern 
and preference for the basal diet.

The last experiments described show 
that both protein-depleted and nondepleted 
rats have an amazing ability to discrimi
nate between 2 diets differing only by 
0.1 or 0.05% of histidine HC1. It was 
apparently more difficult for them to dis
criminate when the difference in histidine 
content was smaller. As the lower amount 
will correct the imbalance, the difficulty is 
apparently in the ability of the rat to iden
tify the “corrected” diet with the lower 
histidine content. Franke and Potter (9 ) 
reported that rats discriminated against 
diets that were toxic due to a selenium 
content of only 30 ppm; and Monty and 
Click (10 ) reported that rats given a 
choice between 2 diets differing only by 
800 ppm of molybdenum rejected the one 
containing the toxic amount of molyb
denum after a short period even though 
the diets were very similar in palatability.
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These observations indicating that the 
rat has a remarkable ability to select the 
more beneficial of 2 diets are not in ac
cord with the observations of some workers 
(11-13) who used different diets, nor are 
they in accord with the observation that 
the rat will select a protein-free diet in 
preference to an imbalanced diet (1 ). 
The lack of accord is not unexpected if 
the following relationships are considered: 
1) When adverse effects are not produced 
rapidly by any of the diets offered, self
selection appears to be regulated only by 
unexplained individual preferences of the 
rat and to be unrelated to differences in 
nutritive value among the diets. Such 
behavior was observed when the basal and 
corrected diets were offered simultane
ously (table 1) and resembles that cited 
above (11-13). 2) When the animal is 
depleted of some nutrient, selection of a 
diet that contains the missing nutrient 
might be expected if ingestion of the diet 
quickly results in a feeling of well-being. 
This appears to be the case in experiments 
in which the imbalanced diet was selected 
instead of the protein-free diet by the pro
tein-depleted rat, and is in accord with 
results reported by Scott and Quint (14), 
Young (15 ) and Harris et al. (16). 3) 
When some adverse or toxic effect is 
rapidly produced by any of the diets 
offered, rejection of the diet might be 
expected. This type of behavior was ob
served in nondepleted animals, in which 
the imbalanced diet, which was not 
toxic per se, but which produced marked 
changes in the blood amino acid pattern, 
was rejected. The observations on the 
rejection of diets containing a toxic level 
of selenium or molybdenum also fit this 
pattern.

These conclusions support the hypoth
esis that nutritional choice is brought 
about more by learning, according to 
Harris et al. (16) and Yudkin (17), than 
by some inner drive or instinct, as was 
suggested by Richter (18). For the rat 
to identify the imbalanced diet and, after 
a learning period, reject it without con
suming a readily measurable amount, it 
must be assumed that during the learning 
period some sensory response to the diet 
can be associated with a physiologic dis
turbance, possibly owing to or reflected in

the altered pattern of blood amino acids. 
Once the association is definitively estab
lished, the rat can avoid the imbalanced 
diet, or select the corrected diet independ
ently of its physiologic effect. This would 
be in accord with the postulation of Le 
Magnen (19 ) that the first step in develop
ing a special appetite for, or refusal of, 
a diet would be sensory recognition; the 
second, association of this characteristic 
with the physiological effects of the diet; 
and finally, the acceptance or the rejection 
of all diets having that sensory charac
teristic.
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A B S T R A C T  The enzyme, methylene tetrahydrofolic dehydrogenase, which mediates 
the reduction o f one-carbon fragments from the formate to the formaldehyde level in 
the metabolic pathway leading to thymine methyl biogenesis, is reduced in activity in 
vitamin Bi2-deficient chick livers. The addition of vitamin or coenzyme Bt2 in vitro 
under aerobic conditions stimulates the deficient enzyme preparations with a Km of 
2.9 X 10-10 m . A test of the physiological significance of this stimulation has been 
made. Control and vitamin Bi2-deficient chickens were injected with tracer amounts of 
formate-C14 and formaldehyde-C14. W ith either tracer the specific activity of the 
purines and o f thymine was diminished in the bone marrow of the deficient chicks, but 
the percentage decrease in the specific activity of thymine was greater than the per
centage decrease in the purines. No difference was observed between the 2 tracers. It is 
concluded that a form o f vitamin B i2 plays a significant role in DNA synthesis, prob
ably in the biogenesis of the thymine methyl.

Previous reports from this laboratory 
have shown that vitamin Bi2 stimulates the 
conversion of formate into thymine methyl 
in Lactobacillus leichmannii and in chick 
bone marrow suspensions (1 -3 ). On the 
other hand the uptake of labeled formalde
hyde, glycine, serine and methionine 
methyl into thymine methyl is not affected 
by vitamin Bi2 in these systems. Noronha 
and Screenivasan (4 ) report that the addi
tion of vitamin Bi2 to rat diets suppresses 
the conversion of formate into the purines 
of liver acid-soluble nucleotides, and the 
experiments of Arnstein (5,6) demonstrate 
that vitamin Bi2 administered to rats in
creases the conversion of formate to cho
line methyl groups, serine and methionine 
and decreases the formate uptake into liver 
RNA purines. It has been suggested as a 
result of these observations that one of the 
functions of vitamin Bi2 may be in the re
duction of one-carbon compounds between 
the formate and formaldehyde levels of oxi
dation. This reaction is mediated by the 
enzyme hydroxymethyl tetrahydrofolic de
hydrogenase (7 ), more properly called 
methylene tetrahydrofolic dehydrogenase 
(8 ).

The experiments to be described in this 
report were designed to determine whether 
vitamin Bt2 deficiency has any effect on the 
level of activity of methylene tetrahydro
folic dehydrogenase in chick livers, and if 
so, if  the addition of vitamin B,2 in vitro 
increases the activity in the deficient tissue.

Finally, a check of the physiological sig
nificance of the relation of vitamin Bi2 to 
this enzyme has been made. A brief report 
of part of these observations has been 
made.3,4,5

EXPERIMENTAL

One-day-old White Leghorn chicks were 
fed the vitamin Bi2-deficient basal diet de
scribed by Spivey Fox et al. (9 ). Control 
chickens were given weekly injections of 
vitamin Bi2 at a dosage of 3 ng/chick for 
the first week and 9 ag/chick thereafter. 
After 4 to 8 weeks the chickens were killed 
and their livers removed and made into 
acetone powders.

Methylene tetrahydrofolic dehydrogen
ase was obtained by purification from the 
acetone powders by the procedure de
scribed by Huennekens et al. (10 ) and 
Hatefi et al. (11) through the step in which 
the enzyme is eluted from the calcium 
phosphate gel. This eluate was assayed for 
methylene tetrahydrofolic dehydrogenase 
to obtain the data given in tables 1 and 2. * 1 2 3 4 5
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TABLE 1

E ffect o f v ita m in  B 12 in  v ivo  on  ch ick  liver  
m ethylene te trahydrofo lic dehydrogenase1*2

Exp. no.
Enzyme activity3

Control Vitamin B12- 
deficient

u n its / m g
p ro te in

u n its / m g
p ro te in

1 56 32
2 275 223
3 1230 233
4 1080 414
5 251 160

1 The contents of the cuvettes were: 0.2 ml enzyme 
preparation; 150 /¿moles phosphate buffer, pH 7.5; 
0.48 /¿moles TPNH; and 0.68 /¿moles of anhydroleuco- 
vorin (N 5,N10-methenyl tetrahydrofolic acid). TPNH 
was omitted from the blank. Final volume, 3 ml; 
temperature, 25°C.

2 In each experiment the enzyme preparations were 
made from one control and one deficient chick liver 
under as nearly identical conditions as possible. 
Different birds were used in each experiment.

3 The units of enzyme activity equal the change in 
optical density at 340 m/i X 1000/minute.

TABLE 2

V ita m in  B 12 con ten t and m ethylene tetrahydrofo lic  
dehydrogenase activ ity  in  ch ick  livers1*2

Liver
no.

Dietary
supplement

Vitamin B12 
content

Enzyme
activity

1 None

m u g/ m g
p ro te in

0.62

u n its / m g
p ro te in

233
2 None 3.5S 414
3 Vitamin B i2 5.22 1080
4 Vitamin B i2 7.45 1230

1 The conditions of the assay are the same as those 
described in table 1.

2 The results were obtained on individual chicks.

For the studies of the effects of vitamin Bi» 
and coenzyme Bi2 in vitro the enzyme was 
further purified by the addition of cold 
saturated ammonium sulfate, pH 8.0, to 
the eluate to make a 55% saturated solu
tion. The precipitate was taken up in 0.1 m  
phosphate buffer, pH 7.5, and used as the 
enzyme.

For the preparation of the enzyme from 
bone marrow the marrow was homogen
ized with 10 volumes of 0.1 m  phosphate 
buffer, pH 6.5, in an all-glass homogenizer. 
The homogenate was shaken with activated 
charcoal6 for 2 minutes. This step ap
peared to remove endogenous nucleotides 
and to permit greater precision in the assay 
on this relatively crude material. The ac
tivated charcoal was separated by centrifu
gation and the supernatant solution diluted 
with 10 volumes of 0.1 m  phosphate buffer, 
pH 7.5; 0.2 ml of this solution was used as 
the enzyme source. Twelve chicks from 
each group were used in these experi
ments.

Methylene tetrahydrofolic dehydrogen
ase was assayed spectrophotometrically. 
The content of the cells is given in table 3 
for the assays on bone marrow and in table 
1 for the assays on liver preparations. In 
both instances the blank consisted of the 
reaction mixture less TPNH. Since our 
enzyme preparations contained large 
amounts of cyclohydrolase, it was not pos
sible to use the usual blank of omission of 
anhydroleucovorin (N 5, N ‘°-methenyl tetra
hydrofolic acid). The action of cyclohy
drolase on anhydroleucovorin leads to 
the formation of N 10-formyl-tetrahydrofolic 
acid and the net effect of this reaction 
would also be a reduction in optical density 
at 340 mu. The non-enzymatic degradation 
of the anhydroleucovorin to N 10-formyl- 
tetrahydrofolic acid and its oxidation prod
ucts in the presence of the phosphate 
buffer is also taken into account and cor
rected for by the inclusion of the substrate 
in the blank. The unit of enzyme activity 
used is defined in table 1.

The anhydroleucovorin was made by 
mixing equal volumes of 0.3 M hydro-

6 Norit, Pfanstiehl Laboratories, Waukegan, Illinois.

TABLE 3
E ffe c t o f  v ita m in  B 12 in  v ivo  on  ch ick  hone m arrow  m ethylene te trahydrofo lic dehydrogenase1

Without anhydroleucovorin With anhydroleucovorin

Vitamin B12- Vitamin B 12- Vitamin B12- Vitamin B12-
injected deficient injected deficient

1 0 . 0 0 9 . 5 82.1 ±6 .7 2 57.8 ±  2.52

1 The contents of the cuvettes were: 2 mg wet weight of bone marrow, 2 ¿¿moles KCN, 150 /¿moles 
of phosphate buffer, pH 7.5, 0.55 ¿¿moles of TPNH and 0.1 /¿moles of anhydroleucovorin (N 5,N10- 
methenyl tetrahydrofolic acid). TPNH was omitted from the blank. In certain cuvettes anhydro
leucovorin was omitted. The results are reported as decrease in optical density at 340 m/i x 1000 in 
10 minutes. Final volume was 3 ml, the reaction was run at room temperature. The figures given 
are the average of determinations made on 12 chicks in each group.

2 se of mean.
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chloric acid containing 1 mg/ml ascorbic 
acid and a 5.0 X 10-3 M solution of N 5- 
formyl-tetrahydrofolic acid7 in an evacu
ated tube and allowing it to stand 3 to 4 
hours. The amount of N 5, N 10 *-methenyl 
tetrahydrofolic acid formed was estimated 
from its absorption at 365 mu (12).

Vitamin Bi2 and coenzyme B,2 were in 
crystalline form.8 * The vitamin Bi2 content 
of the enzyme preparations was deter
mined by a standard microbiological assay 
using L. leichmannii (13).

To determine the physiological signifi
cance of the vitamin Bi2 effects upon meth
ylene tetrahydrofolic dehydrogenase, 3- to
4-month-old White Leghorn chicks ob
tained in the manner described earlier 
were injected intraperitoneally with tracer 
amounts of formate-C14 or formaldehyde- 
C14. After 4 hours the chicks were killed 
and the bone marrow from both femurs 
removed and stirred into 5 ml of 0.4 N  per
chloric acid at 0°C. The extraction and 
precipitation of the nucleic acids and their 
hydrolysis to the purine and pyrimidine 
bases and the separation of the bases was 
carried out as described by Mukherjee and 
Heidelberger (14) with the following modi
fication. After separation of the bases on 
paper the spots were eluted from the paper 
with alcoholic ammonia (73:24:3 ethanol : 
water :NH<OH) and the absorption at 250 
mu, 260 mu and at the wavelength of maxi
mal absorption for each base was read on 
a Zeiss spectrophotometer. The readings 
were made against a blank consisting of 
the eluate from a spot of the same size as 
the sample cut from the paper at the level 
of the sample. The identity and purity of 
the bases was determined by their Rf values 
on the paper chromatography and by the 
ratio of absorption at 280/260 mu and at 
250/260 mu- The concentration of the 
bases present was calculated from their 
molar absorbancy indices at the wave
length of maximal absorption as measured 
by standards dissolved in the eluate de
scribed and in agreement with previously 
observed values (15). An aliquot of each 
sample was then evaporated in a planchet 
for counting in a windowless flow counter.

RESULTS

Under our conditions of assay, bone 
marrow from vitamin Bi2-injected chicks

exhibited significantly higher methylene 
tetrahydrofolic dehydrogenase activity than 
did bone marrow from vitamin Bi2-deficient 
chicks (table 3). Similar results were ob
tained with the partially purified liver prep
arations as indicated in table 1. In each of 
the 5 experiments, livers from vitamin Bi2- 
deficient chicks exhibited less enzyme ac
tivity than did livers from vitamin Bi2-in- 
jected chicks. In one experiment 4 chick 
livers, 2 from the control group and 2 from 
the deficient group, were compared for 
vitamin Bi2 content and for methylene tet- 
rahydro folic dehydrogenase activity ( table 
2). Enzyme activity appeared to be corre
lated with vitamin BJ2 content. The vita
min Bi2-deficient chicks used in these ex
periments were fed the deficient diet for 4 
weeks.

To test the in vitro effect of vitamin Bi2 
on methylene tetrahydrofolic dehydrogen
ase a further purification was made by pre
cipitation of the enzyme in 55% saturated 
ammonium sulfate, pH 8.0. Enzyme prep
arations from livers of control chicks 
showed little or no response to vitamin Bi2. 
Since these preparations contained endog
enous vitamin Bi2 which could mask a 
vitamin Bi2 requirement, a means of re
moving the vitamin Bl2 was investigated. 
Acid precipitation in ammonium sulfate 
according to the method of Ochoa and co
workers (16 ) failed to reduce the amount 
of vitamin Bi2/mg protein.

When livers from chicks that had been 
fed the deficient diet for the full 8 weeks 
were used as the source of material for the 
enzyme purification, it was not necessary 
to attempt any resolution of the enzyme to 
obtain an in vitro stimulation of the en
zyme by vitamin Bt2 or by coenzyme B[2. 
The enzyme preparation itself, when car
ried through the precipitation in basic am
monium sulfate, contained less than 1.0 
mug vitamin Bi2/mg protein. Since ap
proximately 0.4 mg protein in 3 ml was 
used as the enzyme in the assays, the 
amount of endogenous vitamin Bi2 present 
in the enzyme during the assays was of 
the order of 1 X 10“10 m  or less. Such en

7 Obtained commercially from Lederle Laboratories 
Division, American Cyanamid Company, Pearl River, 
New York.

8 Vitamin B12 was obtained commercially from Nu
tritional Biochemicals Corporation, Cleveland, Ohio.
Coenzyme B12 was generously provided by Dr. Karl
Folkers of Merck and Company, Rahway, New Jersey.
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zyme preparations exhibited little or no ac
tivity without the addition of exogenous 
vitamin Bi2 or coenzyme Bi2 (fig. 1). The 
K,„ for the stimulation of the enzyme by 
both vitamin B« and coenzyme B12 was
2.9 X ICC"10 m . The stimulation by the vita
min in addition to the coenzyme is in con
trast to the results in our earlier experi
ments.9 In retrospect it appears that the 
importance of the sequence of addition of 
the vitamin Bi2 to the assay (as reported in 
fig. 1), which had not been observed at 
that time, was the cause of the original 
lack of stimulation.

Because of the report by Peel (17) of 
the indirect effect of vitamin BJ2 and some 
of its derivatives in the enzyme system 
studied by Rabinowitz (18), it was decided

to test the effect of vitamin Bi2 in an an
aerobic assay for methylene tetrahydrofolic 
dehydrogenase. No stimulation of the en
zyme by either the vitamin or the coenzyme 
form was observed when the assays were 
run under nitrogen.

This lack of stimulation of the enzyme 
under anaerobic conditions and the lack of 
specificity between the vitamin and the 
coenzyme form of vitamin Bi2 made it im
perative to test the physiological signifi
cance of these in vitro observations. When 
formate-C14 or formaldehyde-C14 was in
jected into control and vitamin Bi2-deficient 
chicks, the specific activity of both purines 
and of thymine was diminished in the de
ficient tissues (table 4). The percentage

9 See footnote 4.

B|2 d e f i c i e n t  c h i c k  l i v e r

Fig. 1 The response of partially purified, vitamin Bi2-deficient chick liver preparations o f methyl
ene tetrahydrofolic dehydrogenase to additions of vitamin Bi2 or coenzyme B i2 in vitro. Assay condi
tions as described in table 1. Both the vitamin and the coenzyme must be added to the enzyme 
preparation before the substrate to obtain stimulation.



3 7 6 ROGENE F. HENDERSON AND JAMES S. DINNING

TABLE 4

E f f e c t  o f  d ie ta r y  v i t a m in  B 1 2  o n  u p ta k e  o f  o n e -c a r b o n  u n it s  in t o  n u c le ic  a c id s
in  c h i c k  b o n e m a r r o w 1

Tracer Dietary Specific activity Thymine specific activity 
Purine specific activity 

ratiosupplement Thymine Adenine Guanine

Formate-C14 0

co u n t/ m in /  c o u n t f  m in / c o u n t/ m in i  
Inmole t im ó le  tim ó le

667 1957 1770 0.36± 0.042

Formate-C14 vitamin B i2 1 0 1 3 2437 2339 0.41 ±  0.022

% decrease in
deficient tissue 3 4 % 20% 24% 12%

F ormaldehyde-C14 0 740 1843 1740 0.42± 0.022

Formaldehyde-C14 vitamin B 12 1131 2244 1823 0.56 ±  0.022

% decrease in
deficient tissue 35% 18% 5% 25%

1 Each figure is the average of the results obtained from 6 control or 6 deficient chickens for the 
formate data and from 3 control or 3 deficient chickens for the formaldehyde data. The chicks were 
injected with 10 ¡ic/100 g body weight formate-C14 (3.4 mc/mmole) or 6.7 /ic/100 g body weight 
formaldehyde-C14 (4.1 mc/mmole). To minimize any variation that may have occurred in the amount 
of tracer injected and absorbed in the individual birds, the final results for each chick were cal
culated in terms of the ratio of the thymine specific activity to the purine specific activity and the 
average of the ratios for each group is given here. The degree of the deficiency in the chickns, as 
determined by a microbial assay (15), indicated an average of 57 mfi gm vitamin Bi2/g kidney in 
the deficient birds as compared with 1540 m^ g vitamin Bi2/g kidney in the controls.

2 se of mean.

decrease in the specific activity of thymine 
was greater than that in the purines. The 
number of chickens used in the experiment 
was small and the final results, calculated 
in terms of the ratio of thymine specific 
activity to purine specific activity, indicate 
a statistically significant difference be
tween the control and the deficient data 
only in the case of the formaldehyde tracer 
(P  =  0.01) and not for the formate tracer. 
However, the results with both tracers are 
similar in degree and direction. There is 
no greater inhibition of formate over for
maldehyde uptake into thymine as would 
be expected if vitamin Bi2 were a cofactor 
for methylene tetrahydrofolic dehydro
genase.

DISCUSSION

Figure 2 presents current concepts of the 
metabolic transformations of one-carbon 
compounds. This formulation was taken 
from reports in the literature (7, 19). De
spite the data presented here and in ear
lier reports from our laboratory (1-3, 20) 
and other laboratories (4 -6 ) which indi
cate that vitamin Bu operates between the 
formate and formaldehyde levels of oxida
tion, a dietary deficiency of vitamin Bn in

chickens does not affect differentially the 
uptake of formate and formaldehyde into 
either thymine or purines. The deficiency 
does diminish the use of these precursors 
for thymine biogenesis to a greater extent 
than for purine biogenesis. This can be in
terpreted in 2 ways. Either vitamin B12 

plays a significant role in thymine methyl 
biogenesis at a step beyond the formalde
hyde level of oxidation or DNA synthesis 
has been impaired because of an inability 
to form deoxyribose as has been observed 
in microorganisms (21,22) and this has 
indirectly led to a decreased formation of 
thymine. The report of Bolinder and 
Reichard (25) in which vitamin Bi2-defi- 
cient chick embryos showed no decrease in 
uptake of cytidine into RNA or DNA-deoxy- 
cytidine, but did show a decreased uptake 
of cytidine and deoxyuridine into DNA thy
midine, strongly supports the interpreta
tion of the present data in terms of a role 
of vitamin Bi2 in thymine methyl bio
genesis. Regardless of the exact site of ac
tion, these results clearly demonstrate a 
role of vitamin Bi» in DNA biosynthesis, a 
function compatible with the hematopoietic 
role of the vitamin.
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ATP ADP

H C 0 0 " + F H 4 ^ ■PURINE C 2

N ' ° - F O R M Y L  F H 1

N 8 .N '° - M E T H E N Y L  F H *  ( ANHYDROLEUCOVORIN)

HCHO + F H 4 
SERINE + F H 4

METHYLENE TETRAHYDROFOLIC DEHYDROGENASE

’ C H 3 (THYMINE. METHIONINE)

N a,N '°-M E T H Y L E N E  F H 1 _  (ACTIVE HYDROXY METHYL)
Fig. 2 Current concepts o f metabolism of one-carbon compounds. (F H 4 is tetrahydrofolic acid.)
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A B S T R A C T  When the food intake of rats was restricted, lysine supplementation 
of a wheat gluten diet was equally effective in supporting growth whether it was 
incorporated into the diet or given by gavage 6 hours after feeding. When food intake 
was unrestricted, incorporation of lysine into the diet proved to be the more effective 
mode o f administration. I f  the second lim iting amino acid, threonine, was also sup
plied, with consequent more rapid growth, incorporation of lysine into the diet became 
more effective even i f  feeding was restricted. The growth response to threonine sup
plementation of a wheat gluten-lysine diet was found to be independent o f the time 
of supplementation.

Berg and Rose (1 ), using a tryptophan 
deficient diet, were the first to show that 
amino acid supplementation of a diet lack
ing an amino acid may be relatively in
effective if the amino acid is not admin
istered approximately simultaneously with 
the diet. Since that time the results with 
tryptophan have been confirmed and the 
same principle has been found to apply to 
diets deficient in lysine and methionine 
(2 ). It has been generally accepted that 
this principle applies to all incomplete 
amino acid mixtures or proteins, i.e., sup
plementation with any amino acid is rela
tively ineffective unless the supplement is 
ingested at approximately the same time 
as the deficient amino acid mixture or 
protein. Furthermore, it has been assumed 
that this is so because the animal’s body 
is unable to store excess amino acids but 
catabolizes them immediately. More re
cently, Yang et al. (3 ) reported that lysine, 
when administered by intubation as much 
as 16 hours after feeding a wheat flour- 
based diet, was equally as effective in in
creasing growth rate and food efficiency as 
when it was incorporated into the diet. 
These experiments, however, were carried 
out under conditions of restricted food 
intake.

Reported herein are the results of studies 
designed to determine the relative effec
tiveness of supplementation of diets defi

cient in lysine or threonine by incorpora
tion of the limiting amino acid into the 
diet, or by administering it apart from the 
bulk of the diet by gavage under conditions 
of restricted and unrestricted food intake.

EXPERIM ENTAL AND RESULTS

Male weanling rats of the Holtzman 
strain weighing 60 to 70 g were housed 
individually in wire-bottom cages in quar
ters maintained at constant temperature 
and humidity. Ten animals were used on 
each dietary regimen and all were allowed 
free access to water.

The protein of the diets was supplied 
by wheat gluten of which lysine and threo
nine are the first and second limiting 
amino acids, respectively. The basal diet 
contained 1.6% nitrogen and had the fol
lowing percentage composition: wheat glu
ten,* 1 17; salt mixture, (4 ) 4; cellulose,2 5; 
corn oil,3 8; glucose, 66 and a complete 
vitamin addendum.4

Received for publication June 14, 1963.
1 Vicrum, Huron Milling Company, Huron, Michi- 

gan.
2 Cellu Flour, Chicago Dietetic Supply House, Chi

cago.
3 Mazola, Corn Products Company, Argo, Illinois.
4 Micronutrients/100 g of food: (in milligrams)

thiamine-HCl, 1.0; riboflavin, 2.0; pyridoxine-HCl, 1.0; 
Ca pantothenate, 10.0; niacinamide, 10.0; inositol, 5.0; 
choline, 100.0; p-aminobenzoic acid, 30.0; biotin, 0.05; 
folic acid, 0.2; a-tocopherol, 14.2; menadione, 14.2; 
vitamin B12 triturate (0.1% triturate with mannitol), 
10.0. In units: ergocalciferol, 300; vitamin A palmi- 
tate, 1600.
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Th e experim ental diets are shown in  
table 1. A ll additions w ere  m ade at the 
expense o f glucose. In  the first experi
m ents, rats o f groups 1 to 3 w ere a llow ed 
free  access to diets A  (w h ea t g lu ten ), B 
(w h ea t gluten +  0.3%  L -lys ine 'H C 1), and 
E (w h e a t  gluten +  0 .6%  lysine +  0.45%  
DL-threonine), respectively. Food consum p
tion was measured daily fo r  anim als re
ce iv in g  diets B and E. Groups 4 and 5 
w ere a llow ed to consum e diets A  and C

TABLE 1

Composition of experimental diets

Diet

A Basal
B Basal +  0.3% L-lysine-HCl
C Basal +  0.6% L-lysine-HCl
D Basal +  0.45% DL-threonine
E Basal +  0.6% L-lysine-HC1 +  

0.45% DL-threonine

TABLE 2
Effect of feeding rats lysine- and threonine-deficient diets with the amino acid supplements either 

mixed in the diet or administered apart from  the diet

Group
no. Dietary treatment 28-Day 

wt gain Body length Wt of 
fat body

Fat
body

i Diet A, (wheat gluten) ad libitum
9

31.6 ±  1.51

cm

15.90 ±  0.17

mg

501 ±36

%
body wt 

0.58

2 Diet B, (wheat gluten +  0.3% 
L-lysine-HCl) ad libitum 85.6 ±6.2 18.66±0.14 1359 ±52 0.90

3 Diet E, (wheat gluten +  0.6% 
L-lysine ■ HC1 +  0.45 % 
DL-threonine) ad libitum 146.5 ±5.4 20.13 ±  0.15 1918± 108 0.91

4 Diet A, (wheat gluten) ad libitum 
+  L-lysine-HCl by gavage 65.7 ±  3.7 17.67 ±  0.24 899 ±35 0.72

5 Diet C, (wheat gluten +  0.6% 
L-lysine-HCl) ad libitum +  
DL-threonine by gavage 138.4 ±7.2 20.01 ±  0.18 1722 ±123 0.85

6 Diet A, (wheat gluten), 10 g/day 13.6 ±  1.5

7 Diet B, (wheat gluten +  0.3% 
L-lysine-HCl), 10 g/day 48.9 ±  1.9 17.8 ±0.08 870 ±35 0.76

8 Diet E, (wheat gluten +  0.6% 
L-lysine ■ HC1 +  0.45 % 
DL-threonine), 10 g/day 67.8 ±  1.7 18.3 ±0.09 710±57 0.59

9 Diet A, (wheat gluten), 10 g/day +  
30 mg L-lysine-HCl by gavage 44.5 ±  1.8 17.4 ±0.10 790 ±52 0.72

10 Diet C, (wheat gluten +  0.6% 
L-lysine-HCl), 10 g/day +
45 mg DL-threonine by gavage 68.0 ±1.9 17.9 ±0.10 820 ±45 0.62

11 Diet E, (wheat gluten +  0.6% 
L-lysine • HC1 +  0.45 % 
DL-threonine ) ad libitum 126.3 ±3.5 19.2 ±0.19 1440 ±100 0.75

12 Diet D, (wheat gluten +  0.45% 
DL-threonine ) ad libitum +  
L-lysine-HCl by gavage 79.2±3.9 18.0 ±0.21 1010±72 0.70

13 Diet E, (wheat gluten +  0.6% 
L-lysine • HC1 +  0.45 % 
DL-threonine), 10 g/day 65.0 ±  1.8 17.1 ±0.17 870 ±39 0.67

14 Diet D, (wheat gluten +  0.45% 
DL-threonine), 10 g/day+
60 mg L-lysine-HCl by gavage 47.7 ±  1.8 16.7 ±0.11 660 ±25 0.59

1 SE.
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(w h e a t glu ten  +  0.6%  ly s in e -H C l) ad 
lib itum  and in  addition  each was g iven  
by stom ach tube in  a single dose 6 hours 
a fter feed ing , the quantity o f L-lysine-HCl 
or DL-threonine calcu lated to have been 
consum ed on the previous day by the an i
m als rece iv in g  diets B and E, respectively.

Th e rats com prising groups 6 to 10 w ere 
each restricted to 10 g o f food  daily as 
fo llow s: group 6, diet A ; group 7, diet B; 
group 8, diet E ; group 9, d iet A  +  30 m g 
L-lysine-H C l by stomach tube 6 hours a fter 
feed in g ; and group 10, diet C +  45 m g 
DL-threonine by stom ach tube 6 hours after 
feed ing.

Th e anim als w ere w eighed  at 5-day in 
tervals and w ere k illed  a fter 28 days, w hen  
body length  w as measured and the epi- 
d idym al fa t  bodies w ere w eighed. Th e  re 
sults shown in  table 2 are the averages o f 
at least 2 experim ental groups.

Th e listed  averages o f body w eigh t 
gains, body lengths and w eights o f epi- 
d idym al fa t  bodies o f rats o f group 7 are 
not sign ifican tly  d ifferen t from  the corre
sponding values fo r  anim als o f group 9. 
Th is observation corroborates that o f Yan g 
et al. ( 3 )  that the tim e o f supplem entation 
o f a w heat protein  based diet w ith  its first 
lim itin g  am ino acid, lysine, is not critical 
w hen the diet is restricted. Th e averages 
o f body w eigh t gains, body lengths and 
w eights o f fa t  bodies o f anim als o f group 
4, how ever, are all s ign ifican tly  less than 
the corresponding values fo r  anim als o f 
group 2 ( P < 0 . 0 1 ) .  Th is  result dem on
strates c learly that fo r  m ax im al growth 
w hen  food  is unrestricted the tim e o f sup
p lem entation  is critical. U nexpected ly, the 
grow th  response due to the second lim itin g  
am ino acid, threonine, w as independent o f 
the tim e o f supplem entation w hether feed 
in g was restricted or ad lib itum . (T h e  
listed averages o f the values fo r  groups 3 
and 5 and fo r  groups 8 and 10 are not 
sign ifican tly d iffe ren t.)

It  has been dem onstrated that total body 
fa t  is proportional to the w eigh t o f the 
ep id idym al fa t  body ( 5 ) .  The w eigh ts o f 
these organs and the body length  m easure
ments ind icate that the observed d iffe r
ences in  w e igh t w ere not due solely to 
differences in  am ount o f fa t  deposited.

T o  test the possibility that tim e o f lysine 
supplem entation m igh t be critica l even

w ith  restricted food  intake i f  the protein  
w ere o f a h igher quality and the anim als, 
therefore, grow ing m ore rap id ly, the fo l
low in g  experim ent was perform ed. Th e 
anim als o f group 11 w ere a llow ed unre
stricted access to diet E. Th e  food  con
sumed was m easured daily. Group 12 was 
allow ed to consum e diet D (basa l +  0.45%  
DL-threonine) ad lib itum  and in  addition  
each an im al was g iven  by stom ach tube 
in  a single dose the quantity o f L-lysine- 
H C l calcu lated to have been consum ed on 
the previous day by the anim als rece iv in g 
diet E. Th e  rats in  group 13 and 14 w ere 
each restricted to 10 g o f diet E and D, 
respectively. In  addition, group 14 re 
ceived  by stomach tube 6 hours a fter fe ed 
in g  60 m g o f L-lysine-HCl. Th e  28-day 
average w eigh t gains o f rats o f duplicate 
experim ents are also recorded in  table 2. 
Th e listed averages o f body w eigh t gains, 
body lengths and w eights o f fa t  bodies o f 
anim als o f group 13 are all s ign ifican tly  
greater than the corresponding values fo r 
anim als o f group 14 ( P  <  0 .0 2 ), and they 
show that rats even  w ith  a restricted food  
in take w ill u tilize lys ine m ore effic ien tly 
w hen  it  is incorporated in to the diet than 
w hen given  by stomach tube in  a single 
da ily dose i f  the quality o f the protein  is 
su ffic iently high.

DISCUSSION

It has been adequately dem onstrated 
that the lysine requ irem ent fo r  m a in te
nance is m uch low er than that fo r  grow th 
(6 , 7 ). Th is fa c t m ay help  to exp la in  w hy 
tim e o f adm inistration  o f lysine to rats in 
gesting a lysine-deficient diet, deficien t also 
in  a second am ino acid, is not critical, 
w hen  food  is restricted and w hy, w hen  the 
second lim itin g  am ino acid is also supplied 
w ith  consequent m ore rap id  growth it be
com es so.

Th e results obtained in  the present study 
w ith  threonine supplem entation m ake un
tenable the hypothesis that fo r  efficien t 
u tilization  all essential am ino acids must 
be adm inistered approxim ately sim ulta
neously. These results also raise the ques
tion  o f the storage o f  threonine in  the 
an im al body. It  is a m atter o f in terest 
w hether threonine is unique in  this respect 
or w hether one or m ore o f  those am ino 
acids ye t untested —  histid ine, leucine,
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phenyla lan ine and va lin e —  m ay also be 
w ell u tilized by the ra t w hen  fed  at a d if
feren t tim e than the rem ainder o f the diet. 
Th e report by Spolter and H arper ( 8 )  that 
in jected  isoleucine is m uch less e ffective  
than in jected  lysine in  supporting growth 
o f rats suggests that delayed supplem enta
tion  w ith  isoleucine w ou ld  be re lative ly  
ineffective.
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Action of Vitamin A  on Liver Homogenate Oxidation of 
Tricarboxylic Acid Cycle Intermediates'

H. F. DeLUCA, M. R. MANATT,* 1 2 N. MADSEN a n d  E. B. OLSON
Department of Biochemistry, University of Wisconsin, Madison, Wisconsin

ABSTRACT Vitamin A deficiency in young male albino rats results in a markedly 
elevated rate of oxidation of pyruvate, citrate, a-ketoglutarate, succinate, glutamate 
and fumarate, but not /3-hydroxybutyrate and caprylate by liver homogenates. This 
effect was not observed with kidney or heart preparations and it was not due to re
duced food consumption. The administration of vitamin A to deficient animals reduced 
the oxidation rates to normal values within 48 hours.

Th e role o f v itam in  A  in  the visual cycle 
has been elucidated in  great detail p ri
m arily  through the efforts o f W a ld  and his 
sta ff (1 , 2 ) .  H ow ever, it is evident that the 
action o f v itam in  A  in  h igher anim als is 
not accountable solely on the basis o f one 
such system. Th is is especia lly em phasized 
by the dem onstration that v itam in  A  acid 
can replace v itam in  A  alcohol in  correcting 
deficiency lesions except the defect in  the 
visual cycle ( 3 ) .  In  other work, Fe ll and 
associates ( 4 )  have shown that excess v ita 
m in  A  results in  the resorption o f cartilage 
rudim ent organ  cultures presum ably by the 
release o f hydrolytic enzym e from  the cells
(5 ) .  A n  additional action o f v itam in  A  on 
m ucopolysaccharide biosynthesis in  vitro 
has been described by W o lf  and collabor
ators (6 , 7 ) .3 H ow ever, a unified concept 
o f the m echan ism  o f v itam in  A  action has 
not yet evolved.

A  possible role o f v itam in  A  in  re
spiratory systems was suggested by several 
sources. A n  increased basal m etabolic rate 
in  vitam in  A -defic ient anim als has been re
ported from  d ifferen t laboratories (8 -1 0 ). 
In  in  vitro  studies, R ed fearn  (1 1 )  noted an 
increase in  endogenous oxidation  by liver 
hom ogenates from  v itam in  A -defic ient rats. 
M ore recently, V igna is (1 2 )  observed an 
increase in  the N A D P H  cytochrom e c re 
ductase and a decrease in  the pyrid ine nu
cleotide transhydrogenase activities o f liver 
m itochondria from  vitam in  A-defic ient rats. 
He suggested that this m igh t result in  re 
spiration uncoupled from  phosphorylation  
and m igh t account fo r  the observed e leva
tion in  basal m etabolic rate. Ray and 
Sadhu (1 3 )  recen tly reported that adm in is
tration o f excess v itam in  A  to rats resulted

in  a sign ifican tly decreased oxidation  o f 
succinate by live r slices and hom ogenates. 
W o lf  et al., on the other hand, in  a fe w  ex 
perim ents reported no change in  oxidative 
phosphorylation  or in  C I40 2 production 
from  in jected  rad ioactive acetate due to 
v itam in  A  deficiency (14 , 15 ). Th e ques
tion o f a possible role o f v itam in  A  in  re 
spiratory systems was therefore reopened. 
In  the present paper, results are reported 
w hich  dem onstrate a m arked increase in  
the oxidation  o f tricarboxylic acid cycle in 
term ediates by hom ogenates o f liver from  
vitam in  A  -deficient rats.

METHODS

M ale w ean ling rats4 w ere housed in  over
hanging w ire cages. T h ey  w ere g iven  food 
and w ater ad lib itum  throughout unless 
otherwise indicated. The diet was a m odi
fication  o f that used by Beilin  and Steen- 
bock (1 6 )  and consisted o f:  ( in  per c en t) 
v itam in -free casein,5 18; cystine, 0.2; salts 
(ca lc iu m  and phosphorus f r e e ) ,  2; CaCCh, 
1.0; an equ im olar m ixture o f K 2H P 0 4 and 
K H 2P 0 4 to g ive 0.3%  P  in  the diet; rough- 
age,6 3; cottonseed oil,7 10; v itam ins and

Received for publication July 8, 1963.
1 Published with the approval of the director of the 

Wisconsin Agricultural Experiment Station.
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2 National Science Foundation Fellow.
3 Wolf, G., and A. Moretti 1961 Vitamin A and 
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4 Obtained from the Holtzman Company, Madison, 
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6 Cellu Flour, Chicago Dietetic Supply House, Chi
cago. _

7 Wesson Oil, Wesson Sales Company, Fullerton, 
California.
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glucose m onohydrate,8 65. Th e calcium  
and phosphorus free  salts conta ined: ( in  
per c en t) KC1, 57.5; N aC l, 20.9; M g S 0 4, 
17.9; F eS 0 4-7H20 , 3.22; N aF , 0.113; 
C uS04, 0.078; M n S 0 4, 0.04; K 2A12(S 0 4) 2, 
0.018; K I, 0.010; CoC12-6H20 , 0.004; and 
N a 3A s 0 4- 12H20 , 0.0017. Th e  water-soluble 
vitam ins w ere added to g ive  the fo llo w in g : 
( in  m g/kg o f d ie t ) Th iam ine, 5; riboflavin , 
5; pyridoxine, 5; v itam in  B i2, 0.02; Ca 
pantothenate, 28; n icotinam ide, 20; in 
ositol, 200; fo lic  acid, 0.2; biotin, 0.1; and 
choline chloride, 500. A  supplem ent o f fat- 
soluble vitam ins in  cottonseed o il9 supplied 
875 ug a-tocopherol, 105 ug 2 m ethyl, 1,4- 
naphthoquinone, and 225 IU  o f v itam in  
D 2/week.

Unless otherwise noted, the rats w ere 
d ivided equally in to  2 groups. One group 
received  no vitam in  A , whereas each rat in 
the rem ain ing group received  either 33 IU  
v itam in  A  acetate or its equ iva lent o f 
3-carotene in  cottonseed o il10 daily. The 
rats becam e severely deficien t in  v itam in  A  
a fter hav ing received  the unsupplem ented 
diet fo r  28 to 35 days, as ind icated  by 
xerophthalm ia, w eigh t loss and in  some 
cases ataxia. U pon the appearance o f 
these symptoms, the anim als w ere k illed  by 
a sharp b low  on the head fo llow ed  by par
tia l decapitation. Th e tissues w ere re
m oved quickly, ch illed  and then hom ogen
ized  in  0.154 m  KC1 or 0.25 m  sucrose at 
0 °C  to y ie ld  a 10% w / v  hom ogenate by 
m eans o f a Potter-E lveh jem  hom ogen izer 
fitted w ith  a T e flon  pestle. Th e hom og
enates (0.3 to 0.5 m l) w ere added to chilled 
W arburg vessels conta in ing a solution o f 
3 nmoles A T P , 40 nmoles potassium  phos
phate bu ffer, pH  7.3, 10 nmoles M gC l2, sub- 
trate, 0.08 nmoles cytochrom e c, and either 
335 nmoles sucrose or 280 nmoles KC1 in  
3 m l fina l incubation volum e. Th e concen
tration  o f substrates was 15 nmoles/vessel 
except succinate (3 0  nm oles) and citrate 
(4 5  nm oles). W h en  pyruvate or caprylate 
w ere used as substrates, 0.1 nmole o f fu- 
m arate was added as the 4-carbon primer. 
O xidation  uptake was m easured fo r  30 
m inutes at 37°C  by standard W arburg 
techniques. Th e  center w e ll contained 0.2 
m l 10% KO H  absorbed on filter paper and 
the gas phase was air. A n  aliquot o f each 
hom ogenate w as analyzed fo r  N  by Nessler- 
ization  fo llow in g  d igestion  by a slight m od i

fication  o f the m ethod o f Johnson (1 7 ) .  
Th e results are expressed as m icroliters o f 
oxygen  consum ed per hour per m illig ram  
o f hom ogenate n itrogen  ( Qo2N  ).

RESULTS

In  the first series o f experim ents, the 
oxidation  o f a varie ty  o f substrates by liver 
KC1 hom ogenates from  v itam in  A -defic ient 
and v itam in  A  fed-rats was investigated. 
Quite clearly, v itam in  A  defic iency m ark
ed ly increased the oxidation  rates o f pyru
vate, citrate, a-ketoglutarate, glutam ate, 
succinate, and fum arate (tab le  1 ). N o  ef-

TABLE 1

Effect of vitam in A on the oxidation of 
substrates by liver homogenates

Substrate Without 
vitamin A

With
vitamin A1 Decrease

Qo2 (N ) Q02 (N ) %

Pyruvate2 109 ±  4.73 85±2.33 22
Citrate 144 ±4.4 97 ±  5.0 33
a-Ketoglutarate 154 ±5.9 102 ±4.0 34
Glutamate 149 ±9.2 106±5.7 30
Succinate 205 ±7.5 152± 5.9 26
Fumarate 130 ±6.64 94 ±2.4 28
/3-OH-Butyrate2 96 ±3.9 90±3.7 6
Caprylate2 132 ±5.6 144 ±5.4 0

1 Each rat received the equivalent of 33 IU of 
vitamin A daily.

23xl0“ 4 m fumarate was present in these vessels 
to provide oxalacetate primer.

3 se of mean was calculated from at least 6 deter
minations.

fe e t was observed w ith  either 3-hydroxy- 
butyrate or caprylate. These results sug
gest that the action o f  v itam in  A  is on a 
system com m on to all the tricarboxylic acid 
cycle substrates such as electron transport, 
oxidative phosphorylation or m itochondria l 
structure. H ow ever, on this basis it  is d if
ficu lt to provide an exp lanation  fo r  the lack 
o f e ffect w ith  3-hydroxybutyrate or capry l
ate, although w ith  the latter, the exp lana
tion  m ay be related to its surface active 
properties.

Th e e ffect o f v itam in  A  on hom ogenate 
oxidations was not observed w ith  k idney or 
heart, whereas in  the same anim als a strik
in g  e ffect was noted w ith  liver (tab le  2 ) .

8 Cerelose, Corn Products Company, Chicago 6, Illi
nois.

9 See footnote 7.
10 See footnote 7.
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TABLE 4
Reduction of vitam in A-deficient liver homogenate 

oxidations by the administration of 
vitam in A 1’2

Hours after 
vitamin A 
adminis
tration1

Citrate Succinate Glutamate

Q02 (N) Qoo (N ) Qo2 (N )

o3 137 186 171
6 126 179 170

24 118 180 161
48 90 131 105
72 82 135 90

724 79 136 103

V itam in  A  daily
throughout 95 138 107

1 On twenty-eighth day one-half the rats received 
3000 IU vitamin A acetate.

2 Each value represents an average o f at least 6 
determinations.

3 The average values from deficient rats killed dur
ing the 72-hour period were in close agreement with 
these values.

4 Food restricted to 6 g/day/rat.

DISCUSSION

Th e nature o f the changes in  h om og
enate oxidation  brought about by the de
fic iency must rem ain  a m atter o f specu
lation. Th e  oxygen  consum ption was 
increased w ith  a num ber o f substrates sug
gesting that the effects o f v itam in  A  de
fic iency must be on a com ponent or com 
ponents com m on to all these systems. 
H ow ever, it is then difficult to exp la in  the 
lack o f e ffect o f the deficiency when 
caprylate and (3-hydroxybutyrate w ere used 
as substrates. In  v iew  o f the w ork  o f 
D ingle and co-workers (1 9 , 2 0 ) that v ita 
m in  A  m ay be in vo lved  in  m em brane struc
ture and stability, it is possible that the 
present results are related to changes in  
m itochondria l structure. Pre lim in ary  re 
sults w ith  the electron  m icroscope in  this 
laboratory are in  agreem ent w ith  this pos
sibility. I f  this is the case, then the fa ilu re 
to observe an e ffect o f v itam in  A  deficiency 
w hen  caprylate or (3-hydroxybutyrate w ere 
used as the substrates m ay w ell be related 
to the surface active properties o f these 
compounds. In  any case, a thorough ex 
am ination  o f the nature o f the changes in  
hom ogenate and m itochondria l respiratory 
systems m ay be o f value in  the elucidation  
o f the b iochem ical m echanism s o f v itam in  
A  action.
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Effect of Fasting on the Incorporation in Vitro of 
Palmitate-C14 into Glycerolipids of Mitochondria* 1 2

AMORNRAT CHAREONCHAI2 a n d  RALPH M. JOHNSON
The Institute o f N utrition  and Food Technology and The School of Home
Economics, The Ohio State University, Columbus, Ohio

ABSTRACT The effect of a 24-hour fast and a re-feeding of glucose, corn oil, or 
egg albumin by a stomach tube following the fast upon the incorporation of palmitate- 
1-C14 into various lipids of rat liver mitochondria was determined. Both normal ani
mals and animals with regenerating livers were used. Fasting depressed the incorpor
ation of palmitate-l-C14 into both triglycerides and total phospholipids. The latter was 
reflected in an almost complete cessation of the incorporation of C14 into ethanolamine 
phosphatide, and little change in that of the inositol and choline phosphatide. When 
the fasted rats were fed glucose, the incorporation of C14 into triglycerides and ethanol
amine and choline phosphatides increased. Re-feeding corn oil depressed the incor
poration of palmitate-l-C14 into the lipids and re-feeding egg albumin increased C14 
uptake by the phospholidips but not by the triglycerides. With mitochondria from re
generating livers, the incorporation of palmitate-l-C14 into the choline phosphatides 
was markedly increased, and that in the other lipids decreased when compared with 
the values found employing mitochondria from normal livers. Fasting the partially 
hepatectomized animals resulted in lower incorporation of C14 into choline phospha
tides and triglycerides. Glucose, corn oil, and egg albumin re-feedings generally had 
the same effects on regenerating liver mitochondria as on normal ones.

Work elsewhere has demonstrated that 
lipid metabolism may be altered markedly 
in the fasting animal. For example, there 
is an increase in serum non-esterified fatty 
acids and glycerides during fasting (1—3); 
also a decreased biosynthesis in vitro of 
fatty acids and cholesterol has been ob
served to result from fasting (4—9). Lyon 
et al. (10) reported a decreased conver
sion of acetate to fatty acids in rats as 
early as 12 hours after they withheld food. 
They were able to demonstrate that a lack 
of dietary carbohydrate was the principal 
cause of the depressed lipogenesis.

Studies in this laboratory using palmi
tate-C14 in vitro and whole liver homogen
ate as enzyme have shown that the 
physiological changes accompanying liver 
regeneration favor an increased incorpora
tion of palmitate-C14 into ethanolamine but 
not into choline phosphatides. With liver 
mitochondria as enzyme, however, the in
corporation of palmitate-C14 into both cho
line and ethanolamine phosphatide is in
creased during liver regeneration. In 
neither case was the formation of triglyc
erides stimulated appreciably (11).

The present experiments were conducted 
in an attempt to learn more of the phys
iological circumstances that might direct

the metabolism, selectively, of one or an
other of the glycerolipids. The incorpora
tion of palmitate-C14 into triglycerides, and 
ethanolamine, choline, and inositol phos
phatides in vitro has been studied using 
normal and regenerating liver tissues ob
tained from fasted and fasted, re-fed rats.

METHODS

Male Holtzman rats, 3 to 8 months old, 
weighing 350 to 400 g, were used. They 
had been reared with a standard com
mercial pelleted rat diet. Animals were 
fasted 24 hours as described by Van Brug- 
gen et al. (12). Following a fasting period, 
the rats were re-fed by stomach tube. 
Either 5 g glucose in 7 ml water, 2.3 g 
corn oil, or 5.0 g egg albumin dissolved in 
8 ml water was administered in this man
ner. The animals were killed either at the 
end of the 24-hour fast, or 6 hours after 
the re-feeding. When partially hepatecto
mized animals were used, they were fasted
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for the 24-hours 48 hours following hepa- 
tectomy.

The rats were killed and livers perfused 
as described by Johnson and Albert (13), 
and mitochondria were prepared accord
ing to the method of Stein et al. (14). 
They were suspended in tris buffered iso
tonic KC1, and served as enzyme.

The incubation medium contained: (in 
nmoles) glycerol, 50; magnesium chloride, 
50; sodium succinate, 100; glucose, 50; 
sodium a-glycerophosphate, 25; phosphate 
buffer pH 7.4, 20; tris buffer pH 7.4, 50; 
sodium ATP, 5; DPN, 5; coenzyme A, 1; 
potassium palmitate-l-C14 (380,000 count/ 
min), 2.8; and mitochondria equivalent to
2.5 g of fresh liver, in a final volume of
4.5 ml. Incubations were carried out in an 
atmosphere of air at 3 7 °  with shaking for 
10 minutes. This incubation period was 
selected on the basis of earlier experiments 
which involved incubations up to one hour
(11). The reactions were stopped by the 
addition of 20 ml of methanol. Zero time 
controls were used in which the reactions 
were stopped immediately after adding the 
mitochondria to the media. Lipids were ex
tracted, freed of palmitate-C1'1, and triglyc
erides, and ethanolamine, choline, and 
inositol phosphatides prepared, and radio
activity determined as described previously
(11). The identity of the phosphatide frac
tions was established by us by hydrolyzing 
each in 1.7 n  methanolic-HCl and compar
ing the hydrolysis products with inositol, 
and with similarly hydrolyzed phosphoryl

ethanolamine and phosphoryl choline, us
ing thin layer chromatography (15).

Phosphorus was determined on all phos
pholipids by a modification of the method 
of Fiske and SubbaRow (16), and triglyc
erides were determined by weighing air- 
dried aliquots of their solutions.

RESULTS

Data obtained using liver mitochondria 
from unoperated animals are shown in 
table 1. Fasting for 24 hours decreased the 
incorporation of palmitate-C14 into both the 
triglycerides and total phospholipids. The 
latter reflected a sharp decrease, almost to 
a complete cessation, of the incorporation 
of radioactivity into ethanolamine phos
phatide. Incorporation into the choline 
phosphatide fraction was moderately de
pressed,3 and no change as a result of fast
ing was observed in the inositol phospha
tide fraction.

When the fasted rats were fed 5 g of glu
cose by stomach tube, and tissues taken 6 
hours later, incorporation of C14 into tri
glyceride was restored to a level exceeding 
that observed in non-fasted rats. An in
creased incorporation of C14 was observed 
also in both the ethanolamine phosphatide 
and choline phosphatide fractions. Again, 
there was no change in the incorporation 
of palmitate-C14 into inositol phosphatide.

3 The values for the Incorporation of palmitate-l-C14 
into choline phosphatide of each of the control ani
mals were, respectively, 6760, 7920, 4480, 11080, and 
8840 counts/min/mg of lipid.

T A B LE  1
Incorporation of palm itate-l-C14 into various lipids of rat liver mitochondria

Experimental
group Triglyceride1 Total

phospholipid1
Ethanolamine
phosphatide1

Inositol
phosphatide1

Choline
phosphatide1

Control 5214 8480 34720 12360 7120
(1044-8246) (5920-11800) (19320-89320) (10000-15520) (4480-11080)

Fasted 2845 3660 2210 11720 4970

Fasted,
(2690-3122) (3200-3960) (2080-2360) (10320-13000) (4680-5140)

glucose-fed 8210 5425 7760 11320 6120

Fasted,
(1528-9272) (4760-5840) (5400-12680) (8480-14240) (4840-7320)

corn oil-fed 1340 4065 4172 6115 3320

Fasted, egg
(1160-2320) (3960-4220) (3040-5120) (4480-7680) (3160-3520)

albumin-fed 2270 6365 8870 11300 5635
(2006-2554) (5960-6600) (8615-9280) (10080-12220) (5040-6080)

1 Count/min/mg of lipid. There were 5 animals in the control group, and 3 animals in each of the other 
groups. Average values are given, with ranges shown in parentheses.
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Upon re-feeding corn oil, the incorpora
tion of palmitate-C14 remained suppressed 
in all of the lipids. The incorporation into 
triglyceride was actually lower than that 
noted in the fasted animals. The specific 
activity of ethanolamine phosphatides was 
approximately twice that observed in the 
fasted animals, but was low compared with 
that in non-fasted animals. The incorpora
tion into inositol phosphatide and choline 
phosphatide was lower than that observed 
in the fasted animals which were not re
fed.

When the rats were fed egg albumin via 
stomach tube following the fast, the in
corporation of palmitate-C14 into triglyc
eride remained suppressed, but a partial 
restoration was observed in the total phos
pholipids. The effect of egg albumin re- 
feeding was similar to that of glucose, ex
cept that the latter resulted in a restora
tion, to normal levels, of the incorporation 
of palmitate-l-C14 into triglycerides, where
as the former did not.

The results of the experiments using 
mitochondria from regenerating liver are 
shown in table 2. The incorporation of 
palmitate-l-C14 into triglycerides was less 
than that observed when mitochondria 
from unoperated, non-fasted animals were 
used. The incorporation into the total 
phospholipids was approximately the same, 
although this was not true for individual 
phospholipids. There was a marked de
pression of C14 uptake into ethanolamine

phosphatides, and a probable slight depres
sion in inositol phosphatide. On the other 
hand, the palmitate-l-C14 was incorporated 
into the choline phosphatide to about twice 
the extent noted in the non-fasted unoper
ated controls.

Fasting and re-feeding were, in general, 
accompanied by similar effects with regen
erating livers as with normal ones. When 
the partially hepatectomized animals were 
fasted 24 hours there was decreased up
take of palmitate-l-C14 into both triglyc
erides and total phospholipids. Although 
the incorporation of the isotope into etha
nolamine phosphatide fraction of the liver 
from the fasted animal was slightly higher 
than that of the non-fasted, it was still 
much lower than that in the non-fasted 
unoperated animals. Fasting did not af
fect the uptake of palmitate-l-C14 into ino
sitol phosphatide. The high specific activ
ity of choline phosphatide due to the liver 
regeneration was depressed as a result of 
the fast.

Upon re-feeding glucose, the ability of 
the mitochondria to incorporate palmitate- 
l-C14 into triglyceride was restored, and 
even exceeded that observed in the non- 
fasted controls (table 2). The slight in
crease for the total phospholipids probably 
reflects the increase observed in the etha
nolamine phosphatide fraction. Corn oil 
re-feeding suppressed the incorporation of 
palmitate-l-C14 into all of the lipids, where
as egg albumin re-feeding had the same

TABLE 2
Incorporation of palm itate-l-C14 into various lipids o f regenerating rat liver mitochondria

Experimental
group Triglyceride1 Total

phospholipid1
Ethanolamine
phosphatide1

Inositol
phosphatide1

Choline
phosphatide1

Regenerating
control 2980 8950 1320 8730 14480

(1762-4256) (7560-10160) (1080-1480) (5760-11240) (13600-14800)

Fasted 1636 5920 2360 10240 6560

Fasted,
(1470-1738) (5680-6210) (2040-2640) (9880-10520) (6440-6600)

glucose-fed 6234 6520 8810 7820 7120

Fasted,
(5976-6530) (5300-7640) (6960-10440) (7240-8360) (6520-7640)

corn oil-fed 1144 3040 2480 4660 3180

Fasted, egg
(980-1275) (2770-3280) (2000-2600) (4580-4720) (2680-3440)

albumin-fed 2830 9020 5880 10000 7440
(2556-3137) (8420-9040) (5840-6250) (9360-10640) (7160-7680)

1 Count/min/mg of lipid. Three 
shown in parentheses.

animals were used in each group. Average values are given, with ranges
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effects as the glucose re-feeding, but to a 
lesser extent.

DISCUSSION

The experiments described here are con
cerned only with the incorporation of 
palmitate-l-C14 into the glycerolipids indi
cated, without any assumption being made 
concerning the pathway of its entry. Also, 
the data do not permit an interpretation 
relative to rates of formation of any of the 
lipids.

Experiments, cited earlier (6 ), using 
acetate-C14 to determine the effects of fast
ing on fatty acid synthesis in vivo measure 
the net formation of the fatty acids plus 
the incorporation of the latter into the vari
ous lipids in which they are found. Al
though undoubtedly there is some break
down of the precursor palmitate and its 
re-incorporation into lipids in a form other 
than palmitate in the present experiments, 
this is presumably of minor importance, 
and the present studies are believed to 
measure predominantly the incorporation 
of the palmitate-l-C14 intact into the vari
ous glycerolipids. Assuming this, the re
sults of the experiments reported here sug
gest that the depressed incorporation of 
acetate-C14 into fatty acids of phospholipids 
and neutral lipids following fasting, which 
has been observed by others (5, 6, 10) is 
due in part, as least, to a decreased esteri
fication of fatty acid into the lipids. Al
though it might also be due, in part, to a 
greater dilution by non-labeled precursor 
fatty acids present in the tissues, it ap
pears reasonable to suggest, on the basis 
of the present data, that whether there is 
actually a depression of the formation of 
fatty acids from acetate during starvation 
remains to be demonstrated.

The fact that following a 24-hour fast, 
the extent of depression of the incorpora
tion of palmitate-l-C14 into triglyceride, 
ethanolamine phosphatide, and choline 
phosphatide differed widely, is worthy of 
comment. In view of the similarity in the 
biosynthetic pathways of ethanolamine 
and choline phosphatides (17) it was un
expected to find the marked depressing 
effect of fasting on the incorporation of 
palmitate-l-C14 into ethanolamine phospha
tide, and relatively little effect on its in
corporation into the choline phosphatide

fraction. Preliminary experiments to be 
reported, in which diglyceride is used as 
precursor, revealed differences from those 
reported here, and suggest the present 
data might reflect metabolic pathways in 
addition to simple esterification of palmi
tate-l-C14 into the compounds measured.4 
Other investigators recently have described 
routes of formation for some of the glyc
erolipids that might be considered in an 
explanation of the data (18-22).

Inositol phosphatide formation differs 
from that of ethanolamine or choline 
phosphatide (23-25) and may account in 
part for the relative insensitivity of the in
ositol phosphatides to starvation, under the 
experimental conditions used in the present 
work. Of interest, in this respect, is Ditt- 
mer and Hanahan’s (26) conclusion from 
studies in vivo that palmitic acid of liver 
inositides was not derived from the same 
source as that of other phospholipids.

The present study demonstrates that a 
short period of fasting appears to alter 
metabolic activity within the mitochondria 
of the liver cell, in such a way as partially 
to explain alterations in lipid metabolism 
observed with in vivo studies on fasting
(12). No inference may be drawn from 
this study concerning the nature of the 
change within the mitochondria which re
sults from the fast, however. One possibil
ity is that there is an alteration in mito
chondrial enzyme levels or activities, or 
both. Another is that the fatty acid com
position of the mitochondrial phospho
lipids or glycerides, or both, has been al
tered as a result of the fast, and this may 
influence the manner in which any given 
fatty acid might be incorporated into the 
lipids of the tissues. Recalling the prefer
ential incorporation of different fatty acids 
into various lipids observed in vivo by 
others (26-28), one might expect the 
present results to vary depending on the 
nature of the fatty acid employed as pre
cursor. Experiments are underway to in
vestigate this.
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Effect of Soybean Trypsin Inhibitor on Methionine 
and Cystine Utilization* 1

EVA KWONG a n d  RICHARD H. BARNES 
Graduate School of Nutrition, Cornell University,
Ithaca, New York

ABSTRACT Feeding unheated soybean or heated soybean with a single oral dose of 
crystalline soybean trypsin inhibitor to rats increases the amount of expired C14Oa 
derived from a tracer dose of DL-methionine-2-C14. This increased oxidation of labeled 
methionine is suppressed by feeding supplementary cystine. In growth and protein 
efficiency studies, cystine supplements unheated soybeans, but has no effect when 
heated soybeans are fed in an otherwise complete semipurified diet. Unheated soy
beans were fed at a level in the diet that would provide the rat’s normal requirement 
for methionine, assuming adequate cystine from the soybean protein (0.17% available 
methionine). Under these conditions dietary supplementation with either 0.3% 1,- 
cystine or 0.3% DL-methionine gave equal growth responses. It is concluded that in 
the rat, feeding unheated soybeans does not selectively impair the availability or tissue 
utilization of methionine, but there is a metabolic block in the utilization of cystine 
for protein synthesis. Furthermore, this block appears to be caused in some unknown 
manner by the trypsin inhibitors naturally occurring in unheated soybeans.

In spite of years of knowledge that a 
heat treatment of soybeans is necessary 
for optimal utilization of the protein, an 
adequate explanation of the mechanism 
whereby unheated soybeans exhibit infe
rior nutritional value has never been given. 
It has been generally accepted that the 
trypsin inhibitor in the unheated soybean 
is the major factor (1 ). Furthermore, 
it has been proposed on the basis of in
direct approaches that methionine avail
ability or tissue utilization is uniquely de
pressed when the unheated soybean is fed, 
presumably an effect of the trypsin inhib
itor content (2 -4 ). Evidence has been 
given that ruled out an impairment of 
methionine absorption (availability) as an 
explanation for the low nutritive value of 
the unheated legume (5, 6). However, a 
defect in tissue utilization of the amino 
acid has been given additional support (7). 
The present investigation was designed to 
examine, by more direct methods, the in
fluence of unheated soybeans and more 
specifically the effect of soybean trypsin 
inhibitors on the tissue utilization of me
thionine and cystine in rats.

EXPERIMENTAL

In most of the studies reported here, 
DL-methionine-2-C14 was administered to 
rats by stomach tube or by intr aperitone al

injection in a tracer dose of 10 nc/100 g 
body weight. The rats (Holtzman) were 
obtained as male weanlings. They were 
caged individually and pair-fed a diet 
(table 1) containing either 40% of a well 
heat-treated, extracted soybean meal or 
50% of an extracted, unheated soyflake. 
It had been determined previously that 
these relative amounts of the 2 soybean 
preparations would provide equal quanti
ties of “available” methionine (6 ). After 
2 weeks of this regimen, the rats weighed 
from 100 to 150 g. Food was removed 
from the cages and 16 hours later a dose 
of 50 mg crystalline soybean trypsin inhib
itor in 2 ml H20 (Kunitz type (8 )2 was 
given by stomach tube to one-half of the 
rats that had received the heated soybean 
diet. In all studies either 3 or 4 rats were 
used for each treatment. Two hours later 
all of the rats (now divided as 3 groups — 
unheated soybean, heated soybean, and 
heated soybean plus trypsin inhibitor) were 
given DL-methionine-2-C14 either by stom
ach tube or by intraperitoneal injection. 
Immediately the rats were placed in all
glass, closed metabolism units (9 ) and
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TABLE 1

Composition of soybean diets

Major components
Unheated
soybean

diet
Heated
soybean

diet

% %
Unheated soyflakes 50.0 —

Heated soybean meal1 — 40.0
Glucose monohydrate2 27.7 37.7
Salt mixture3 4.0 4.0
B vitamins 2.0 2.0
Fat-soluble vitamins 1.0 1.0
Hydrogenated vegetable oil4 15.0 15.0
Choline dihydrogen citrate 0.3 0.3

Total 100.0 100.0

B vitamins in 2.0 g glucose monohydrate

mg
Thiamine HC1 0.40
Riboflavin 0.80
PyridoxineHCl 0.40
Ca pantothenate 4.00
Niacin 4.00
Inositol 20.00
Biotin 0.02
Folic acid 0.20
Vitamin B i2 0.003
Menadione 1.00

Fat-soluble vitamins in :1.0 g corn oil

mg
Vitamin A acetate 0.31
Vitamin D (calciferol) 0.0045
a-Tocopherol 5.00

1 Autoclaved at 107°C for 30 minutes.
2 Cerelose, Corn Products Company, Argo, Illinois.
3 Hubbell, R. B., L. B. Mendel and A. J. Wakeman 

1937 A new salt mixture for use in experimental 
diets. J. Nutrition, 14: 273.

4 Primex, Procter and Gamble Company, Cincinnati.

expired C02 was collected in 0.5 n  NaOH 
at one-hour intervals for either 6 or 12 
hours. The NaOH was completely drained 
and replaced with a fresh solution in the 
absorption tower at each sampling. A 1-ml 
aliquot portion of the NaOH was mixed 
with 10 ml of Bray’s scintillation solution3 
and counted in a Packard Tri-Carb Liquid 
Scintillation Spectrometer. In some studies, 
samples of feces, urine, and tissues were 
collected for further fractionation and 
counting, but the results are not reported 
in this communication. In a few experi
ments, conventional protein efficiency ra
tios and maximal growth rates were meas
ured. These experiments will be described 
under results.

The results of a typical experiment in 
which the labeled methionine was given 
by stomach tube are shown in figure 1. 
The CI40 2 production increased to a max
imum in about 2 hours and then declined 
to a low, very slowly decreasing rate by 
6 hours. The rats receiving unheated soy
beans or heated soybeans with a single 
dose of trypsin inhibitor had a consistently 
greater rate of CI402 production during the 
first 3 or 4 hours than those receiving 
heated soybeans without any supplement. 
It had been found in earlier experiments 4 
that rats receiving either unheated soy
beans or heated soybeans supplemented 
with a single dose of trypsin inhibitor had 
a more rapid rate of intestinal absorption 
of labeled methionine than rats receiving 
heated soybeans alone. Therefore, it was 
possible that the increased rate of oxida
tion of the a-carbon of the methionine was 
merely a reflection of this increased rate 
of passage into the blood. To check this 
point, the DL-methionine-2-C14 was given by 
intraperitoneal injection. The results of 
this type of study are illustrated in figure 2. 
In essence, the same type of response was 
obtained as in the orally treated rats; hence 
it can be concluded that the altered rate 
of methionine oxidation was a tissue phe
nomenon not accounted for by rate of in
testinal absorption.

A series of related studies was then 
carried out in which different supplements 
and different labeled amino acids were ex
amined by either oral or intraperitoneal 
administration (table 2). Only C140 2 pro
duction and total C14 absorption calculated 
from intestinal contents plus fecal radio
activity are given for tissue distribution, 
and urinary excretion C14 data could not be 
interpreted as reflecting labeled methionine 
per se. A second trypsin inhibitor from 
soybeans, the At fraction of Rackis et al.
(10), gave the same response as the Ku- 
nitz-type or A2 fraction in the Rackis classi
fication.5 L-Methionine-C14HE gave much 
lower C140 2 recoveries, as would be ex
pected due to the ubiquitous role of the

3 Bray, G. A. 1960 A simple efficient liquid 
scintillator for counting aquecms solutions in a liquid 
scintillation counter. Anal. Biochem , 1: 279.

4 Unpublished results.
5 This preparation was generously provided by Dr. 

M. L. Nesheim, Cornell University.



3 9 4 EVA K W O N G  A N D  R IC H A R D  H . BARNES

Fig. 1 Amount of C140 2 produced by rats following the administration of DL-methionine- 
2-C14 by stomach tube. Rats had previously been fed unheated soybeans (R.S.) or heated 
soybeans (H .S.). One group received a single dose of 50 mg trypsin inhibitor by stomach 
tube 2 hours prior to C02 collection.

Fig. 2 Amount of C140 2 produced by rats fol
lowing the administration of ni.-methionine-2-C14 
by intraperitoneal injection. Rats had previously 
been fed unheated soybeans (R.S.) or heated soy
beans (H .S.). One group received a single dose of 
50 mg trypsin inhibitor (T .I.) by stomach tube 2 
hours prior to C02 collection.

methyl group in transmethylation reac
tions. Nevertheless, the typical increase in 
C140 2 due to trypsin inhibitor is evident. 
Penicillin added to the diet in an amount 
that consistently improves growth rate of 
rats receiving unheated soybeans had no 
effect on the stimulation of methionine 
oxidation caused by feeding unheated soy
beans. The antibiotic effect is, therefore, 
not accounted for by this phenomenon. 
When the diet was supplemented with 
0.3% DL-methionine during the 2-week 
feeding period, the rate of oxidation of the 
tracer methionine 2-C14 was increased, as 
might be anticipated as a result of adapta
tion. The enhanced oxidation rate due to 
feeding unheated soybeans is evident, but 
the magnitude of the effect appears to be 
decreased.

To determine whether the methionine 
oxidation alteration generally applies to 
other amino acids, L-lysine-2-C14 was used 
in place of DL-methionine-2-C14 with all 
other experimental conditions remaining 
the same. Rate of C140 2 was considerably 
lower than with labeled methionine, but 
the characteristic response to unheated 
soybeans or trypsin inhibitor was not ob-
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TABLE 2

C14 recovery in expired CO.: and intestinal tract plus feces follow ing the administration
of Cu-labeled amino acids

Exp.
no. Diet1 Supplement Labeled 

amino acid

Recovery, % of administered activity 

Stomach tube peritola!

12-hr recovery

Cq Intestine Absorp- 
2 + feces tion

6-hr
recovery

C02

1 H.S. 2 — DL-methionine-2-C14 8.0 3.1 96.9 9.5
R.S. 3 — DL-methionine-2-C14 13.7 3.1 96.9 15.8
H.S. Trypsin inhibitor (A 2) DL-methionine-2-C14 13.3 3.4 96.6 12.9

2 H.S. — DL-methionme-2-C14 8.7 3.5 96.6
H.S. Trypsin inhibitor (A i) DL-methionine-2-C14 12.0 2.9 97.1

3 H.S. — L-methionine-C14H3 2.1
R.S. — L-methionine-C14H3 2.9
H.S. Trypsin inhibitor (A 2) L-methionine-C14H3 3.4

4 H.S. — DL-methionine-2-C14 11.5 1.8 98.2
H.S. Penicillin 4 DL-methionine-2-C14 10.8 2.5 97.5
R.S. — DL-methionine-2-C14 14.6 2.8 97.2
R.S. Penicillin DL-methionine-2-C14 13.0 3.5 96.5

5 H.S. DL-methionine 5 DL-methionine-2-C14 16.3 2.5 97.5
R.S. — DL-methionine-2-C14 19.3 2.8 97.2

6 H.S. — L-lysine-2-C14 7.6 1.8 98.2 5.7
R.S. — L-lysine-2-C14 8.5 1.0 99.0 6.0
H.S. Trypsininhibitor (A 2) L-lysine-2-C14 7.9 2.5 97.5 6.1

1 Diet as described in table 1.
2 Heated soybeans — steamed full-fat soy chips.
3 Raw soybeans — uncooked full-fat soy chips.
4 Procaine penicillin, 100 mg/100 g diet.
5 D L -M e t h io n in e ,  0.3%  i n  d ie t .

served. The small differences in rate of 
C140 2 production, ranging from about 5 to 
14%, were within experimental variation 
and far below the changes obtained with 
labeled methionine, which were in the 
order of 70%.

Oxidation of the carbon chain of methio
nine is known to be involved in the 
conversion of methionine into cysteine. 
One possible explanation for the increased 
production of Cl102 from the a-carbon of 
methionine caused by trypsin inhibitor 
could be an increased conversion of me
thionine into cysteine. To test this possi
bility, rats were fed the 40% heated soy
bean meal diet, but one-half of them 
received a supplement of 0.3% L-cystine 
in the diet. After the 2-week feeding period, 
followed by removal of the food for 16 
hours, the rats that had received the die
tary supplement were given a single dose 
of 50 mg L-cystine with or without trypsin 
inhibitor by stomach tube. All rats were

given DL-methionine-2-C14 intraperitoneally 
and immediately placed in metabolism 
units. The C1402 production data are shown 
in table 3. The rate of C140 2 production 
was not affected by the cystine supplement 
alone. However, in the absence of the 
cystine supplement, trypsin inhibitor in
creased C1402 in the characteristic manner. 
This increase due to trypsin inhibitor was

TABLE 3

Effect o f cystine supplements in  the diet on C14 
recovery in  expired COz follow ing intraperi

toneal in jection of BL-methionine-2-C14

Diet1 Supplement
C14 recovery 

as % of 
administered 

activity

H.S. __ 8.7
H.S. Cystine 8.2
H.S. Trypsin inhibitor 11.4
H.S. Cystine-(-trypsin inhibitor 8.9

1 H.S. indicates heated soybeans — steamed full-fat 
soy chips.
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completely blocked by added cystine. The 
results were extremely uniform among in
dividual rats in each group so that it can 
be concluded the trypsin inhibitor effect is 
abolished by cystine and this is interpreted 
as presumptive evidence that the increase 
in C140 2 from the oxidation of methionine-
2-C14 is the resultant of an increased con
version of methionine to cysteine.

An old and repeated observation is that 
cystine supplements unheated soybeans so 
as to increase growth rate and protein 
efficiency. Frequently investigators study
ing soybean products have stated in their 
literature reviews that cystine supplements 
soybean products in general, although not 
to the same degree as methionine. Actually 
this has been a misrepresentation of the 
literature, for only unheated soybeans have 
shown an unequivocal supplementation 
with cystine and the usual observation has 
been that soybean products, well heat- 
treated, are unaffected by this amino acid 
(11, 12). This point has been checked in 
the present study by comparing unheated 
and heated soybeans at 10% protein in 
the diet and measuring growth rate and 
calculating protein efficiency ratios. These 
results are shown in table 4, and in con
firmation of other studies, improvement 
was obtained only with unheated soybeans. 
Methionine is the first limiting amino acid 
in all soybean products; hence it would be 
expected that this amino acid would give 
a greater response than cystine, for the 
cystine content of unheated and heated 
soybeans is the same (table 4 ) and obvi
ously the normal cystine requirement is 
provided by the soybean protein. If cys
tine is not limiting in soybean protein, and

this has been shown previously to be the 
case with isolated soybean protein (7 ) as 
well as in the current studies, there must 
be an increased requirement when un
heated soybeans are fed. The effect of 
methionine supplementation is to make up 
the deficiency of methionine in the protein 
and, in addition, provide for an increased 
cystine requirement in the case of the un
heated soybeans. It follows that methio
nine should provide for a greater response 
than cystine alone.

Recently it has been shown that in the 
presence of adequate cystine, the growing 
rat’s requirement for methionine is approx
imately 0.17% available methionine in the 
diet (7 ). This can be provided by feeding 
a diet containing 50% unheated solvent 
extracted soybean flakes containing ap
proximately 25% protein. At this dietary 
level a plateau in growth was obtained, 
but the growth rate was inferior to that of 
rats receiving heat-treated soybeans. In 
these studies a further growth response 
could be obtained if a relatively large ex
cess of methionine was added to the diet. 
If at this level of unheated soybean in the 
diet (50% supplying approximately 25% 
protein) cystine supplementation would 
give the same response as methionine, the 
methionine supplementation effect could 
be ruled out and the defect would then be 
specifically related to a cystine require
ment. An experiment was designed to test 
this hypothesis. An unheated soybean 
preparation (uncooked full-fat soy chips) 
that had been used in other experiments 
was included in the semipurified diet as 
described in table 1, at a level that would 
provide 25% protein. This diet was then

TABLE 4

Cystine and methionine content of unheated and heated soybeans; growth rate and protein  
efficiency ratio for rats receiving diets -with 10% protein for 28 days

Diet Cystine Methionine No.
rats

Food
consumed

Gain in 
weight PER i

g/lBg-N 9/100g 
protein g/rat/day g/rat/day

R.S.2 1.65 1.39 10 10.0 1.2 1.2
R.S.-f 0.3% L-cystine 10 10.5 1.7 1.6

H.S.3 1.60 1.38 6 10.5 2.3 2.2
H.S. +  0.3% L-cystine 6 8.2 2.0 2.4

1 PER indicates protein efficiency ratio.
2 Raw soybeans — uncooked full-fat soy chips.
3 Heated soybeans — steamed full-fat soy chips.
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TABLE 5

Comparison of cystine and methionine supplementation of unheated soybean when sufficient 
soybean protein is in  the diet to provide the normal methionine requirement and the 

effect o f inorganic sulfur supplementation o f unheated soybean 1

Diet Protein 
in diet

Gain in 
weight

Food
consumed PER 2

% g/rat/day g/rat/day
R.S.3 25 4.1 ____ .

R.S.+  0.3% L -c y s t in e 25 5.1 — ____

R.S.+  0.3% D L -m e th io n in e 25 5.0 — —

R.S.4 10 1.6 9.6 1.7
R.S.+  0.5% NA2SO4 10 1.6 9.2 1.7

1 Four-week feeding period, 10 rats/group.
2 PER indicates protein efficiency ratio.
3 R.S. — unheated soybeans — uncooked full-fat soy chips.
4 R.S. — unheated soybeans — ground dehulled soybeans.

supplemented with either 0.3% DL-methio- 
nine or 0.3% L-cystine and fed to weanling 
male rats for 4 weeks. The growth re
sponses shown in table 5 were the same for 
the methionine and cystine supplemented 
groups. This experiment provides final 
proof that methionine utilization for 
growth is not impaired when unheated 
soybean is fed, for the cystine supplemen
tation effect accounted for all of the growth 
response obtained with methionine supple
mentation.

Also in table 5 are results of growth and 
protein efficiency ratios when 10% protein 
from unheated soybean was supplemented 
with inorganic sulfate. The negative re
sponse to sulfate feeding shows that the 
cystine effect is not merely a reflection of 
an increased requirement for sulfate. Pre
sumably the block in cystine utilization is 
in protein synthesis.

DISCUSSION

The metabolic defect caused by trypsin 
inhibitor and exhibited in an increased 
oxidation of methionine is undoubtedly re
lated to an increased conversion of methio- 
inine to cysteine. Since it has also been 
shown with unheated soybeans that there 
is a specific increase in the requirement of 
cystine, it follows that the metabolic de
fect is responsible, in part at least, for the 
growth depression when unheated soy
beans are fed. It also follows that this is 
a specific effect of the trypsin inhibitors 
of unheated soybeans. The improvement 
in nutritive value by heat treatment must 
then be due, at least in major part, to the

destruction of trypsin inhibitor and not an 
effect upon the remaining soybean protein. 
The decrease in apparent absorbability of 
nitrogen when unheated soybeans are fed 
could be accounted for by an increased 
metabolic fecal nitrogen due to increased 
intestinal secretions, although the diges
tion and absorption of trypsin inhibitor 
nitrogen per se have never been studied 
and could contribute.

The increased loss of nitrogen in the 
feces cannot, in itself account for the low 
nutritive value of unheated soybeans in 
rats. There may be a selective secretion of 
cystine or cystine-rich proteins into the gut 
with subsequent bacterial degradation of 
cystine as is suggested by some of the re
sults obtained by Carroll et al. (5 ). In the 
chick, much larger nitrogen and sulfur 
excretion in the feces is observed when 
unheated soybean preparations are fed (13) 
and, therefore, incomplete absorption of 
protein may be a major contributor to low 
nutritive value in this species. In the rat, 
total sulfur excretion does not increase in 
the feces, but there is an increased urinary 
excretion of sulfur when unheated soy
beans are fed (14). This has led us to the 
hypothesis that the increased cystine re
quirement is due to a metabolic block in 
its utilization for protein synthesis. All 
other possibilities of cystine utilization 
have not been ruled out, but it has been 
shown that additional dietary inorganic 
sulfate will not replace the need for 
cystine.

In 1941, Hayward and Hafner (12) 
presented a brilliant discussion of the prob
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able role o f cystine in  supplem enting un
heated soybeans, wh ich  appears to have 
been lost entirely to subsequent in vesti
gators. Basically w hat was accom plished 
in  the current studies was to provide fu r
ther p roo f fo r  a hypothesis that they pre
sented w hich  postulated that a defect in  
cystine u tilization  fo r  protein  synthesis was 
the prim ary defect in  unheated soybeans 
and that m eth ion ine supplem entation 
acted both to provide m ore cystine and 
also to m ake up the specific defic iency o f 
m eth ion ine in  the protein.
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Supplementation of Cereal Proteins with Amino Acids
VI. EFFECT OF AMINO ACID SUPPLEMENTATION OF ROLLED 

OATS AS MEASURED BY NITROGEN RETENTION 
IN YOUNG CHILDREN* 1'2

R. BRESSANI, D. L. WILSON, M. CHUNG, M. BfiHAR a n d  

N. S. SCRIMSHAW 3
Institute of N utrition  of Central America and Panama (IN C A P ), 
Guatemala, Central America

ABSTRACT As a further test of amino acid supplementation of a protein, using 
the amino acid levels of the FAO reference protein as a guide, children were fed diets 
in which rolled oats, supplemented with potentially limiting amino acids, were the 
sole protein source. The series began and ended with isonitrogenous, isocaloric periods 
in which milk served as the protein source and basal periods of the unsupplemented 
oat diet were interspersed between each test period. Each diet was fed for 3 successive 
3-day periods. At intakes of 2 g of protein/kg, no significant effect on nitrogen reten
tion was observed with additions to 308 mg/g N  of lysine, to 296 of methionine or 
both together. At a level of 222 mg/g N  of threonine alone or in combination, the 
increase was significant and the nitrogen retention only slightly below that with milk. 
At 1.5 g of protein/kg, some increase in retention was observed with either lysine 
alone or methionine alone to these levels. Threonine alone was not tested. The com
bination of either lysine and methionine or all 3 amino acids gave a further increase 
in retention. A tendency for a higher retention in a basal period following an experi
mental one in which methionine had been one of the supplementary amino acids was 
noted. This was interpreted as due to an adverse effect of methionine supplementation 
at the level of this amino acid in the FAO reference protein, as previously observed 
with the methionine supplementation of corn diets.

Since the nutritive value o f  a protein  
depends prim arily  upon its am ino acid 
com position, com parison w ith  a good 
am ino acid pattern  is a h elp fu l w ay  o f 
obtain ing an estim ate o f the deficien t 
am ino acids o f most proteins. Th e  value 
o f such com parisons is o ften  lim ited , how 
ever, because the b io log ica l ava ilab ility  o f 
the am ino acids must be taken in to ac
count. It  is necessary, therefore, to con
firm  by b io log ica l tria l the am ino acid 
deficiencies o f proteins fo r  an im al and 
hum an feed ing. Such determ inations also 
help to evaluate and im prove am ino acid 
re ference patterns.

U sing the n itrogen  balance technique 
w ith  young ch ildren, the effects o f am ino 
acid supplem entation o f lim e-treated co m  
(1 - 3 ) ,  and o f w heat flour have been stud
ied  (4 , 5 ) .  T h e  results ind icated  discrep
ancies betw een  the order o f deficient 
am ino acids as determ ined experim entally  
and that predicted from  com parison o f the 
am ino acid pattern  o f the cerea l protein  
w ith  that o f the FA O  re ference protein

(6 ) .  For exam ple, by com parison w ith  the 
FAO  re ference protein, both corn and 
wheat are deficient in  m eth ionine. N eve r
theless, ch ildren fed  diets based on w heat 
protein  showed no change in  n itrogen  re 
tention w hen  the diet was supplem ented 
w ith  m eth ionine and those rece iv in g  corn 
consistently showed a decrease.

Because o f the less m arked am ino acid 
deficiencies o f ro lled  oats, am ino acid  sup
plem entation  o f this protein  source was 
chosen as a fu rther and m ore sensitive 
test o f the efficiency o f the FAO  am ino 
acid re ference pattern  ( 6 ) .  Studies car
ried out in  rats by T a n g  et al. ( 7 )  ind i
cated that ro lled oats are deficien t in  ly 
sine, m eth ion ine and threonine, in  this 
order, but the results o f other investigators 
suggest that a fter lysine, threonine, tryp
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tophan and m eth ion ine are next lim itin g  to 
an equal extent.4 T a n g  et al. ( 7 )  reported 
that threonine addition to ro lled  oats sup
plem ented w ith  lysine and m eth ion ine re
sulted in  an im provem ent in  w eigh t gain 
and protein  efficiency ratio (P E R )  because 
this am ino acid is not com pletely available 
to the rat.

U sing 6 w om en as subjects, Leverton  
and Steel ( 8 )  recen tly obtained n itrogen  
balance results using adequate protein  in 
takes and sem ipurified diets whose essen
tia l am ino acid patterns sim ulated those o f 
the FAO  reference protein  and rolled oats. 
T h e ir  results are not com parable, how ever, 
because they used ratios o f essential am ino 
acid n itrogen  to total n itrogen  vary ing 
from  1 :9  to 1 :19 instead o f the 1:4 .2  
specified in the FAO  reference protein.

MATERIAL AND METHODS

Techn iques described previously (1 —5 ) 
w ere used to m easure the e ffect o f am ino 
acid addition to rolled oats on n itrogen

retention in  children. Th e first o f 2 series 
o f studies invo lved  4 ch ildren  fed  2.0 g 
protein/kg/day throughout ten 9-day ex 
perim ents. The 3 children in  the second 
series were fed  1.5 g protein/kg/day. Th e 
in itia l age, w eigh t, protein  and ca lorie in 
take o f each are shown in table 1. Th ey 
w ere fed  a basal d iet con ta in ing 92%  o f 
rolled oats,5,6 3%  o f g lycine and 5%  o f 
cornstarch. The basal diet conta ined: ( in  
per c en t) 17.0 protein, 5.5 fa t; 65.7 carbo
hydrate and 430 kcal/100 g. Th e added 
am ino acids w ere substituted fo r  the 
starch, and the n itrogen  from  these re
placed glycine n itrogen  so that all diets 
rem ained isoca loric and isonitrogenous. 
A ll o f the protein  was fu rn ished by ro lled 
oats, whereas the additional calories were 
provided by dextrose and m argarine added 
to the experim ental diets before cooking. 4 5 6

4 Bressani, R., unpublished data.
5 Supplied by the Quaker Oats Company, Chicago.
6 Chemical composition of the rolled oats: (in per 

cent) moisture, 10.6; ether extract, 6.0; crude fiber, 
2.0; nitrogen, 2.590; ash, 1.8.

TABLE 1
Age, weight, protein and caloric intake of experimental subjects

Case Age Weight Protein
intake

Calorie
intake

kg g/kg/day cal /kg/day
PC-105 4 yr 6 mo 15.14 2.0 89
PC-108 1 yr 11 mo 9.75 2.0 90
PC-110 3 yr 7 mo 12.47 2.0 89
PC-110 3 yr 3 mo 15.06 2.0 90
AT-7 1 yr 7 mo 8.05 2.0 100
AT-7 2 yr 1 mo 9.25 2.0 100
AT-7 2 yr 4 mo 10.91 2.0 100

PC-116 2 yr 1 mo 11.54 1.5 90
PC-117 2 yr 5 mo 11.17 1.5 89
PC-118 2 yr 6 mo 13.12 1.5 90

TABLE 2
Essential amino acid content of rolled oats, FAO reference pattern and rolled oats basal diet

Amino acid Rolled
oats

FAO
pattern Difference Basal rolled 

oats diet
g/g N 9/9 N 9/9 N g/g N

Isoleucine 0.343 0.270 — 0.315
Leucine 0.515 0.306 — 0.474
Lysine 0.233 0.270 0.037 0.214
Cystine 0.135 0.270Methionine 0.086 0.049 0.203
Phenylalanine
Tyrosine

0.301
0.145 0.360 — 0.410

Tryptophan 0.068 0.090 0.022 0.062
Threonine 0.203 0.180 ____ 0.187
V aline 0.294 0.270 — 0.270
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A  m u ltiv itam in  and m inera l capsule 7 was 
also given  daily. Th e  handling o f the food  
and the co llection  o f feces, urine and food  
fo r  analysis have been described (2 , 5 ).

Th e essential am ino acid content in  
m illigram s o f am ino acid per gram  o f n i
trogen o f ro lled  oats as determ ined m icro- 
b io log ica lly  (1 0 )  and o f the FA O  reference 
protein  ( 6 )  are shown in  table 2. Oats 
contain only 82%  o f the m eth ion ine plus 
cystine, 86%  o f the lysine and 75%  o f 
the tryptophan contained in  the FAO  re f
erence protein. Because o f reports that 
threonine added to oat protein  increased 
the growth o f rats ( 7 ) , 8 ch ildren w ere also 
fed  ro lled oats supplem ented w ith  threo
n ine alone or in  com bination  w ith  lysine 
and m eth ionine. Th e quantities o f l -ly 
sine HC1, DL-methionine and DL-threonine 
added alone or in  com bination  w ere 0.34, 
0.27 and 0.20%  , respective ly, values which 
are slightly h igher than needed to bring 
the pattern o f oats to that o f the FAO  
reference protein. In  the case o f threonine, 
0.20%  was added to m eet the presumed 
deficiency o f this am ino acid due to its 
reduced ava ilab ility  ( 7 ) .  A m ino acid pro

portions were the same w ith  the 2 levels 
o f protein  intake. Tryptophan  was not 
studied because previous results w ith  lime- 
treated corn ( 1 - 3 )  and wheat flour (4 , 5 ) 
indicated that a low er leve l o f this am ino 
acid than observed in  oats was sufficient 
fo r  m axim al response.

RESULTS

Tab le 3 shows the e ffect o f d ifferen t 
am ino acid additions to ro lled  oats as 
measured by the n itrogen  balance m ethod 
at a protein  intake o f approxim ately 2.0 g/ 
kg o f body weight/day. A ll n itrogen  values 
perta in ing to the same d ietary treatm ent 
from  all the children studied w ere pooled. 
O f the additions to the ro lled  oat basal 
diet only threonine im proved  n itrogen  
balance sign ifican tly ( P  <  0 .0 5 ). W hen 
the 3 possible com binations o f 2 am ino 
acids w ere added to the basal diet, only 
those conta in ing threonine gave h igher n i
trogen retention values than the basal diet. 
Th e response is not greater, how ever, than

7 Gevral, donated by Lederle Laboratories, Amer
ican Cyanamid Co., Pearl River, New York.

8 See footnote 4.

TABLE 3
Effect of supplementing rolled oats with lysine, methionine and threonine alone and in  combination 

on nitrogen balance in children fed 2.0 g of protein/kg/day

Diet
No.

children
tested

No.
balance
periods1

Nitrogen
N retained2

Significance 
of comparison 
to basal dietIntake Fecal Urine

Milk 4 25
mg/kg/day

327 ± 4
mg/kg/day

51 ± 3
mg /kg /day

203 ± 7
% of intake 
22.3 ±1.9 P <  0.01

Basal 4 82 330 ± 1 68 ±1 208 ±3.2 16.4 ±0.9 —

Basal +  lysine 4 12 344 ± 3 72 ± 4 223 ± 8 14.1 ±  1.6 NS:;

Basal +  methionine 4 15 331 ± 3 70 ± 4 208 ± 4 15.9 ±  1.7 NS

Basal-f threonine 3 10 328 ± 7 65 ± 4 193 ± 4 20.9 ±2.0 P <  0.05

Basal-f lysine 
-j-methionine 4 12 326 ± 4 65 ± 4 210 ±  9 15.7 ±  2.5 NS

Basal +  methionine 
+  threonine 2 6 324 ± 4 65 ± 4 199 ± 5 18.6 ±  2.4 NS

Basal +  lysine 
+  threonine 2 7 315 ±  7 61 ±  4 190 ±  12 20.7 ±  3.9 NS

Basal +  lysine 
-f methionine 
+  threonine 2 6 328 ± 3 66 ± 2 197 ±  6 20.0 ±2.0 NS

Milk 2 5 315 35 211 21.9 P <  0.01

1 Each of 3-day duration. . „
2 Average nitrogen absorbed as percentage of nitrogen intake: milk, 86.6; all basal rolled oats diet, 79.5; all 

basal rolled oats diet plus amino acid supplements, 79.5.
3 NS = not significant.
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TABLE 4
Effect of supplem enting rolled oats w ith lysine, m ethionine and threonine on  the nitrogen balance

of children fed 1.5 g protein /k g /day1

Diet
Nitrogen

N retained2
Significance 

of comparison 
to basal dietIntake Fecal Urine

mg/kg/day mg/kg/day mg/kg/day % of intake
Milk 253 ± 5 27 ± 2 158 ± 5 26.8 ±2.2 P <  0.01

Basal3 251 ± 1 49 ± 2 164 ± 3 15.1 ±1.7 —

Basal +  lysine 251 ± 2 49 ± 2 157±4 17.9±2.3 NS4

Basal +  methionine 250 ± 3 53 ±  2 153 ± 4 18.8+1.9 NS

Basal-f lysine 
+  methionine 244 ± 2 51 ± 4 129 ± 5 26.2 ±2.9 P <  0.01

Basal-f lysine
+  methionine +  threonine 249 ± 4 53 ± 4 134 ± 5 24.9 ±3.0 P <  0.01

Milk 242 ± 2 31 ± 3 125 ± 8 35.5 ±3.6 P <  0.01

1 Three children, 3 balance periods of 3-days each.
2 Average nitrogen absorption expressed as percentage of nitrogen intake: milk, 88.1; rolled oat basal diet, 

80.6; rolled oat basal diet plus amino acid supplements, 79.9.
3 Nine balance periods of 3-days duration each.
4 NS = not significant.

that observed from  the addition  o f threo
n ine alone.

N o  fu rther im provem ent in  n itrogen  bal
ance over the values observed from  the 
threonine addition alone or from  the com 
bination  o f threonine w ith  either lysine or 
m eth ion ine was obtained by supplem enting 
w ith  all 3 o f these am ino acids. Th e n itro
gen balance values from  threonine addi
tion  alone or in  com binations w ere only 
slightly low er than those obtained from  
the isocaloric, isonitrogenous feed in g  o f 
m ilk. Th e d ifference is en tirely  accounted 
fo r  by the slightly greater n itrogen  absorp
tion  w ith  m ilk.

Tab le  4 presents the results o f supple
m enting the ro lled  oat basal d iet fed  at a 
leve l o f  approxim ately 1.5 g/kg o f body 
w eigh t, a leve l w h ich  is considered low  fo r  
the children studied. A t this leve l there is 
an apparent tendency fo r  both lysine and 
m eth ion ine to increase n itrogen  retention 
w hen  added to the basal diets although this 
e ffect fe ll  short o f statistical significance. 
W ith  the com bination  o f lys ine and m e
thion ine the increase w as h igh ly sign ifi
cant and did not d iffe r from  that w hen 
threonine w as added to the com bination. 
T h e  leve l aga in  fe ll short o f the average 
retention  w ith  m ilk  by about the d ifference 
in  n itrogen  absorption betw een  the 2 types 
o f diets.

DISCUSSION
That the am ino acid pattern o f  oats is 

better, even  w ithout supplem entation, than 
that o f  corn is indicated by the h igher 
n itrogen  balances re lative to m ilk  w hen  the 
oat protein  basal diet was fed . Th e results 
o f the present study in  ch ildren  ind icate 
that instead o f  lysine, m eth ion ine and 
tryptophan as predicted from  com parison 
w ith  the FAO  re ference protein, only threo
nine is deficien t in  oats fed  at a protein  
intake o f 2.0 g/kg/day. A t a leve l o f  1.5 g 
protein/kg/day, both lysine and m eth io
n ine also appear to be sligh tly deficien t 
although only w ith  the two added together 
is the d ifference significant.

T a n g  et al. ( 7 )  suggested that threonine 
is lim itin g  in  oats because its b io log ica l 
ava ilab ility to the rat is on ly 7 0 % . It  is 
probable that even though acid hydroly- 
zates o f oats appear to contain  adequate 
amounts w hen  judged by the 180 m g thre- 
on ine/g o f n itrogen  in  the FA O  pattern, 
its ava ilab ility  to the hum an is su ffic iently 
reduced that this am ino acid becom es lim 
itin g  in  this cereal. Apparently  at low er 
levels o f  n itrogen  in take both m eth ion ine 
and lysine becom e lim itin g  to some degree.

A  9-day basal period was introduced 
betw een  each experim ental period. Th is  
gave an opportunity to note the e ffec t o f 
am ino acid supplem entation on the nitro-
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TABLE 5
Change in nitrogen retention from  an experimental to a subsequent basal diet period

Basal period following:
Protein intake, g/kg/day

2.0 1.5

Milk
% N intake retained 

-10 .3  -16.1
Basal +  lysine -  3.5 -  1.4
B asal +  methionine +  3.1 +  2.0
B as al +  threonine -  3.4 —

Basal +  lysine +  methionine -  0.9 —

Basal +  threonine +  lysine -  5.0 —

B as al +  threonine +  methionine +  7.7 —

B as al +  threonine +  methionine +  lysine -  5.8 —

gen retention  during the fo llow in g  basal 
period. In  previous IN C A P  studies, the 
basal period tended to be low er in  n itrogen  
retention at the same leve l o f  intake 
w hen  the preced ing experim ental period, 
although isonitrogenous, furn ished protein  
o f h igh  quality and resulted in  re la tive ly  
h igh  retention. D epletion  due to in fection , 
or trauma, as w e ll as low  protein  intakes, 
also resulted in  h igh  retentions in  im m e
diately subsequent periods even  w ith  diets 
o f re la tive ly  poor protein  quality. Th e 
poorer n itrogen  retention  observed by Lev- 
erton and Steel ( 8 )  in  young w om en  fed  
an oat diet can be exp la ined  by the overly 
diluted essential am ino acid n itrogen  to 
total n itrogen  in  the diets used by them.

In  the present studies the decrease in  
n itrogen  retention  w ith  the basal diet was 
greatest fo llow in g  either m ilk  or the basal 
supplem ented w ith  threonine in  any com 
bination  and least w hen  the basal period 
fo llow ed  m eth ion ine addition  (ta b le  5 ). 
Th is suggests that the added m eth ionine 
m ay have been producing a latent im bal
ance wh ich , although not sufficient to 
low er n itrogen  retention  during the experi
m ental period o f supplem entation w ith  m e
thionine, nonetheless had an effect. Th is 
was observed in  all basal periods wh ich  
fo llow ed  m eth ion ine addition regardless o f 
sim ultaneous addition  o f threonine and ly 
sine and is sim ilar to the e ffect previously 
encountered during periods o f m eth ion ine 
supplem entation o f corn. In  the fu ture 
attention  should be g iven  to the possible 
sign ificance and value o f the differences 
in  retention  o f n itrogen  observed on the 
same basal diet depend ing upon the 
quality o f protein  in  preced ing ison itrog
enous periods.

S ince an increased n itrogen  retention  
during supplem entation w ith  threonine 
alone was evident only at low  levels o f 
protein  intake, it  w ou ld be pertinen t to 
learn  w hether this e ffect is related to ca l
oric consum ption. M eth ion ine addition  to 
low  n itrogen  diets o f low  ca loric density 
has been reported to decrease urinary n i
trogen excretion  in  rats (1 0 , 11 ) and dogs
(1 2 ) ,  but not in  adult m an (1 3 ) .
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Effects of Food Restriction and Realimentation on 
Serum Proteins: Complement Levels and 
Electrophoretic Patterns* 1

HENRY E. WEIMER, JAMES F. GODFREY, ROBERTA L. MEYERS 
a n d  JAMES N. MILLER
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University of California, Los Angeles, California

ABSTRACT The effects of food restriction and refeeding on the hemolytic comple
ment activity and electrophoretic patterns of the serum proteins of adult, male, 
Sprague-Dawley rats were investigated. Groups of rats, fed 50% of the food required 
for weight maintenance, were bled following weight losses of 12, 26 and 33%. Other 
groups were repleted following depletion and bled when their initial weight was 
regained. Complement levels became significantly decreased in the 12% depleted 
group, but increased in the 26 and 33% groups. Values for the repleted groups were 
in the normal range. The depletion regimen caused significant decreases in total 
serum protein, albumin, at- and /3-globulins while a2- and 7 -globulin levels were either 
normal or increased. Total protein, albumin and ar globulin concentrations remained 
significantly low in the repleted groups whereas a2- and y-globulins were either normal 
or significantly increased. It was concluded that (a )  in semi-starvation states there is 
a conservation of serum components which are involved in native and acquired resist
ance to infectious agents; and (b )  albumin, ai- and /3-globulins provide a labile reserve 
of proteins for tissue utilization and maintenance.

Increased in terest in  serum com plem ent 
is shown by the recent publication  o f sev
eral review s on the subject (1 - 5 ) .  The 
role o f com plem ent in  both native and 
acquired resistance to in fectious agents is 
w ell established (3 , 4 ).  N otw ithstand ing 
the im portance o f good nutrition  in  resist
ance to disease (6 , 7 ),  the effects o f va ri
ous d ietary regim ens on com plem ent levels 
have received  little  attention. Studies on 
the in fluence o f diet have been prim arily 
concerned w ith  the effects o f ascorbic acid 
on com plem ent levels in  gu inea pigs (3, 4).

A lthough rat serum contains hem olytic 
com plem ent o f re la tive ly  h igh  activ ity ( 8 ) ,  
m ost workers have used the rat only in  
studies concerned w ith  species com pari
sons and the in terchangeability o f com ple
m ent com ponents (4 , 8 ) .  Inasm uch as the 
rat is a m ore suitable test anim al fo r  m any 
nutritional studies, this species has been 
used in  the current study in  wh ich  the 
effects o f food  restriction  and re feed in g  on 
serum com plem ent leve ls and electropho
retic patterns were investigated.

EXPERIMENTAL

Adult, m ale rats o f the Sprague-Daw ley 
strain w ere used. Th e anim als w ere caged

singly in  suspended w ire cages w ith  w ire 
bottoms and were m ain tained w ith  a diet 
o f com m ercia l laboratory chow  2 and tap 
water. T w o  days prior to the in itia tion  o f 
the experim ent a baseline blood sam ple o f
5.0 m l was obtained from  approxim ately 
20%  o f the anim als (g rou p  A l )  in  each 
o f the groups. The samples w ere collected 
from  ligh tly  anesthetized rats by cardiac 
puncture.

One group (A 2 ) o f rats was fed  22 g/day 
o f the stock diet, an am ount adequate fo r 
w eigh t m aintenance. Th e other groups (B , 
C, D )  w ere fed  one-half this amount until 
w eigh t losses o f 12, 26, 33%  , respectively, 
w ere obtained. A t this tim e one-half o f 
the rats w ere bled and the rem ainder were 
fed  the stock diet ad libitum . Blood sam 
ples w ere also obtained upon w eigh t 
repletion.

H em olytic  com plem ent activ ity w as de
term ined by a m odification  ( 9 )  o f the 50% 
end-point method o f Kent et al. (1 0 ) .  P ro 
tein, electrophoretic and hem atologic anal-
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TABLE 1
Summary of weight data on adult rats relative to food restriction and refeeding

Group No. rats Original
wt

Depletion
wt

Depletion
time Final wt Repletion

time

A l Baseline bleeding 
( normal control) 22

9 9 days 9

406 ±4.9

days

A2 Age and wt control 14 410±7.71 (34 )2 409 ±8.1
B l 12% Depleted 15 409 ±5.5 356±4.73 6
B2 12% Depleted:repleted 15 406 ±4.8 358 ±  5.43 6 405 ±5.3 4
Cl 26% Depleted 14 405 ±6.7 298 ±  3.83 22
C2 26% Depleted:repleted 14 400 ±4.0 298 ±  3.33 22 401 ±4.1 6
D l 33% Depleted 13 412±8.3 275 ±  4.43 27
D2 33% Depleted:repleted 13 411 ±  7.2 275 ±  4.63 27 399 ±5.8 10

1 Values include s e .
2 Number of days animals were fed the restricted diet.
3 Statistically significant difference from baseline values (group A l) is indicated: P <  0.01.

TABLE 2
Summary of hematologic and serum complement data on adult rats relative to different 

regimens of food restriction and refeeding

Group Hemoglobin Hematocrit Serum complement

g/100 ml % C'Hso
A l Baseline bleeding 13.5± 0.161 45 ± 0.5 46 ±2.0
A2 Age and wt control 14.0 ±0.25 45 ± 0.9 43 ±  1.1
B l 12% Depleted 14.7 ±  0.182 50±0.82 38 ±  1.3s
B2 12% Depleted:repleted 13.1 ±  0.19 36±0.92 46 ±2.4
C l 26% Depleted 14.2 ±  0.303 50 ±  1.02 58 ±  2.02
C2 26% Depleted: repleted 11.4 ±  0.142 39 ±  0.52 47 ±2.4
D l 33% Depleted 15.1 ±  0.202 49± 0.72 53 ±  1.8s
D2 33% Depleted:repleted 11.5±0.182 41 ±0 .92 47 ±  3.1

1
2
3
Values include s e .
Statistically significant difference 
Statistically significant difference

from baseline values (group 
from baseline values (group

A l): P <  0.01. 
A l): P <  0.05 > OÓ

yses w ere carried out by procedures de
scribed previously (1 1 ) .  Analysis o f the 
data was m ade by standard statistical pro
cedures, using the t test (1 2 ) .

RESULTS AND DISCUSSION

General and w eigh t data are sum m a
rized  in  table 1. Feed ing the restricted 
diet caused a rapid  w eigh t loss, 9 g/day, 
during the early stage o f dep letion  ( B l ) .  
Th e rate o f loss becam e stabilized at a 
low er leve l, 5 g/day, as the rats adjusted 
to the d ietary regim en  (C l ,  D l ) .  Th e 
introduction  o f the ad lib itum  feed in g  in 
duced prom pt gains in  body w eight. The 
rate o f gain  o f the 26%  depleted-repleted 
group (C 2 )  was appreciably greater than 
that o f the com parable 12% (B 2 )  or 33% 
(D 2 )  groups.

Th e results o f hem atologic and serum 
com plem ent analyses are presented in

table 2. Food restriction  caused a m arked 
and un iform  hem oconcentration  in  all de
pleted groups which  w as not proportional 
to the amount o f w eigh t lost. R e feed in g  
was accom panied by a conspicuous hemo- 
dilution  which  was inversely  related in  
general to the tim e required fo r  w eigh t re
pletion. S im ilarly, hem oglobin  values in 
creased sign ifican tly in  all depleted groups 
and decreased in  repleted groups w ith  the 
exception  o f group B2.

Figs. 1 a, b Effects of food restriction ( solid 
line) and refeeding (dashed line) on serum pro
tein concentrations.
KeyiO =  total serum protein Q  =  a2-globulin

■  =  albumin Q =  /3-globulin
©  =  ai-globulin □  =  7-globulin

Statistically significant differences from baseline 
values (group A l )  are indicated: superscript 1, 
P <  0.01; superscript 2, P <  0.05 >  0.01.
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G R O U P A I  B l  B 2  Cl  Dl  C 2  A 2  D 2
Figure la

G R O U P A I  B l  B 2  C l  Dl 0 2  A 2  D2
Figure lb



4 0 8 H . E. W E IM E R . J. F . G O DFR EY, R. L . M E Y E R S  A ND  J. N . M IL L E R

D epletion  at the 12% leve l ( B l )  caused 
a sign ificant reduction  in  hem olytic com 
plem ent activity, although fu rther de
p letion  elic ited  pronounced increases in  
serum com plem ent concentrations. Th e 
com plem ent values fo r  the 26%  ( C l )  and 
33%  ( D l )  groups were not only s ign ifi
can tly greater than those o f group B l but 
also o f the control groups A1 and A2. The 
increase in  the hem olytic com plem ent ac
tiv ity o f serum during m oderate ( C l )  and 
severe ( D l )  depletion  suggested that there 
m igh t be either a release o f com plem ent 
from  tissues or a decrease in  a serum in 
h ib itor under these conditions. Restora
tion o f body w eigh t was accom panied by a 
u n iform  return o f com plem ent activ ity to 
norm al in all repleted groups irrespective 
o f the depletion  level.

Th e effects o f the d ietary regim ens on 
the partition  o f serum proteins are shown 
in  figures la  and b. T o ta l serum protein 
concentrations w ere not altered fo llow in g  a 
12% w eigh t loss (B l ) .  S ign ificant changes, 
how ever, occurred in  the album in, « 1-, a-,-, 
and y-globulin fractions wh ich  tended to 
offset each other. Further dep letion  (C l ,  
D l )  was characterized by sign ificant re
ductions in  total serum protein  levels re fe r
able to dim unition  o f album in, “1- and
3-globulin concentrations.

W eigh t restoration was accom panied by 
variab le patterns o f response o f the serum 
protein  fractions in  the repleted groups. 
The responses w ere in fluenced by the ex 
tent o f prior depletion and by the degree 
o f hem odilution. Tota l serum protein  con
centrations either declined (B 2 )  or in 
creased sign ifican tly (D 2 )  or rem ained 
essentially the same (C 2 ) .  The conclusion 
that the observed changes w ere not pri
m arily  a result o f  vary ing degrees o f hem o
dilution  was supported by the d ivergent 
responses o f the subfractions o f serum fo l
low in g  realim entation.

In  group B2, rep letion  was characterized 
by fu rther reductions in  the concentration  
o f the albumin, “ 1- and y-globulin fractions, 
whereas the a2- and 3-globulins rem ained 
at depletion levels. In  group C2, the albu
m in  and y-globulin declined, the 3-globulin 
increased and the °i- and a2-globulin con
centrations rem ained unchanged. In  the 
m ost drastically depleted group, D2, the 
increase in the concentration  o f the a2-

globulin  frac tion  was m ost pronounced, 
although the elevation  o f the “ i-globulin 
was also h igh ly  significant. A lbum in  was 
the only frac tion  to undergo a conspicuous 
decline.

The pronounced serum protein  a ltera
tions observed in  the age and w eigh t con 
trol group (A 2 )  w ere unexpected in  v iew  
o f the norm al values fo r  hem atocrit, h em o
globin and com plem ent. A ll serum fra c 
tions w ith  the exception  o f the a2-globulins 
were sign ificantly reduced notw ithstanding 
the lack o f change in  body w eigh t. It m ay 
be in ferred  from  these observations th a t : 
( a )  tissue m aintenance has a h igher p r i
ority in  the organ ism ’s m etabolic processes 
than the serum proteins; ( b )  a d iet ade
quate fo r  w eigh t m aintenance is inade
quate fo r  m ain tenance o f several serum 
protein fractions; and ( c )  the album in. 
ai- and 3-globulins o f serum provide a 
lab ile reserve o f proteins fo r  tissue u tiliza 
tion. Th e observation o f a norm al com 
plem ent leve l (A 2 )  m ay re flect a conserva
tion o f factors invo lved  in  native and 
acquired resistance to in fectious agents.

Th e results o f the current study con firm  
and extend an earlier observation  o f R ice 
and Annau (1 3 )  w ith  respect to the lack 
o f correlation  betw een  hem olytic com ple
m ent activ ity  and the concentrations o f 
serum protein  fractions. W ork in g  w ith  
gu inea pigs, they noted no correspondence 
between com plem ent leve ls and the con 
centration  o f album in or globulin  fractions 
separated by salt precipitation . U sing a 
m ore d iscrim inating m ethod o f separation, 
w e observed no parallelism  between com 
plem ent leve ls and the m a jor fractions o f 
serum. Th e lack o f correlation  m ay be 
attributed to the fa c t that the proteins 
constituting the com plem ent com plex rep 
resent such a sm all percentage o f the total 
serum proteins ( <  1% )  that the e lec tro 
phoretic m ethod used w ou ld not detect 
them.

A  com parison o f the results o f the e lec 
trophoretic analyses fo r  the 26%  depleted- 
repleted group (C 2 )  w ith  the correspond
in g  values o f repleted rats previously 
subjected to the same loss in  w eigh t by 
feed ing  a protein -free diet (1 1 )  dem on
strated the m arked in fluence o f previous 
d ietary history. In  the la tter group (1 1 ) ,  
total protein, album in, at-, a2- and 3-glob-
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ulin concentrations w ere restored to their 
norm al range upon w eigh t rep letion ; how 
ever, in  group C2 total protein , album in 
and the “ i-globulin levels rem ained s ign ifi
can tly depressed. It m ay be in ferred  that 
sem i-starvation has a greater deb ilitating 
e ffect upon the protein  synthetic m echa
nism s o f the organ ism  than a sim ple pro
tein  deficit.

A  longitud inal study allows an estim ate 
to be m ade o f the re lative sensitivity and 
resistance o f the various serum fractions 
to nutritional in fluence. A lthough quanti
tatively the largest o f the serum fractions, 
album in was less a ffected by the depletion 
regim en  than the or 3-globulins. The 
“ i-fraction  declined 33%  in  the m oderate 
( C l )  and severely ( D l )  depleted groups 
and the 3-globulins had decreased 26%  in 
group D l.  T h e  a-»- and y-globulins w ere 
not on ly resistant to the dep leting effects 
o f the restricted diet but increased in  con
centration, an observation  that m ay be 
attributed in  part to the concom itant hemo- 
concentration. Upon repletion , increased 
levels o f the latter 2 fractions w ere ob
served fo r  the 33%  depleted group (D 2 ) ,  
whereas the other serum com ponents re
m ained sign ifican tly low.

The results o f the present study are at 
variance w ith  the observations o f Pruzan- 
sky and Axe lrod  (1 4 )  and o f W ertm an  
et al. (1 5 )  w ith  respect to the effects o f 
partial inan ition  on serum com plem ent 
levels. Both groups o f workers (1 4 , 15 ) 
observed decreased hem olytic com plem ent 
activ ity in  their inan ition  control groups, 
whereas s ign ifican tly  increased com ple
m ent titers were observed in  the current 
investigation  in  m oderate ly (2 6 %  )  and 
severely (3 3 %  )  depleted rats.

Several factors m ay be cited that m igh t 
explain  the d ivergent results: ( a )  the
above workers (14 , 1 5 ) used w ean lin g  
rats to in itia te their experim ents, whereas 
we used large, young, adult m ales (it  m ight 
be anticipated that the ability o f the adult 
rat to resist and to recover from  nutri
tional stress w ou ld be much greater than 
that o f the w e a n lin g ); ( b )  it is also pro
posed that com plem ent stores in tissues 
would be at a h igher leve l in  the adult 
than in  the young anim al; ( c )  in  both 
o f the cited studies (1 4 , 15 ), serial deter
m inations w ere not m ade (n o  data are

availab le fo r  com parisons at in term ediate 
points in  the depletion  reg im en s ); ( d )  in  
the fo rm er study (1 4 ) ,  the inan ition  
controls m ain tained a constant weight, 
whereas in  the latter (1 5 )  their weigh t 
doubled. Th e m aintenance o f a constant 
w eigh t (c f .  group A 2 )  had no e ffect on 
com plem ent titers in  adult rats.

Th e studies reported above suggest that 
there is a conservation  o f serum constit
uents (com plem ent, y-globulin ) which  are 
invo lved  in  native and acquired resistance 
to in fectious agents. Th e physio logic fu n c
tions o f the su-globulins are still obscure, 
but their m ain tenance under conditions o f 
severe nutritional stress can im p ly  an 
im portant role in  the organism 's survival. 
The experim ental conditions investigated 
reflect a nutritional situation observed in 
m any underdeveloped countries and in  
w ar-tim e and post-war periods.
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Mitochondria of Essential Fatty Acid-Deficient Rats* 1'2
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ABSTRACT ATPase, M g++-ATPase, DNP-ATPase, and ATP-Pi exchange was meas
ured in liver mitochondria from normal and essential fatty acid-deficient rats. Little 
difference was noted in these systems when freshly prepared mitochondria were used. 
When the mitochondria were aged at 30°C for various times, however, differences 
between the normal and deficient mitochondria became apparent. Uncoupling of 
oxidative phosphorylation occurred relatively rapidly in deficient mitochondria that 
were aged, and this appeared to be linked to a loss of ATP-P, exchange activity, but 
not to ATPase activity.

In  earlier studies it was observed that 
live r m itochondria  from  essential fa tty  
acid-deficient rats (d e fic ien t m itoch on dria ) 
exh ib ited an uncoupled oxidative phos
phorylation. Th ey swelled m uch m ore 
rapid ly on aging at 30° than did norm al 
ones, and appeared to be swollen  w hen  ob
tained by the usual m ethods (1 - 3 ) .  Haya- 
shida and Portm an  ( 4 )  have m ade fu rther 
observations on the sw elling characteristics 
o f deficien t m itochondria, and others have 
dem onstrated an increased m etabolic rate
( 5 ) ,  cytochrom e oxidase ( 6 ) ,  and m ito
chondrial dehydrogenase activ ity ( 7 )  asso
ciated w ith  essential fa tty  acid deficiency 
(E F A )  in  rats.

In  the present study, live r m itochondria  
from  EFA-deficien t rats w ere com pared 
w ith norm al m itochondria, w ith  respect to 
A TPase, and ATP-P i exchange. A  fu n c
tional relationship betw een  these enzym e 
systems and ox idative phosphorylation  has 
been indicated by w ork  in  a num ber o f 
laboratories (8 , 9 ).

METHODS

A n  essential unsaturated fa tty  acid 
deficiency was produced in  rats, and 
m itochondria w ere prepared as described 
elsewhere (1 0 , 1 1 ), tak ing increased pre
cautionary m easures to conclude the pre
parative procedures rapid ly, and to keep 
all m aterials as cold as possible. Th ey 
w ere suspended in  cold 0.25 m  sucrose 
and used as enzym e im m ediately , or w ere 
aged by keeping them  in  0.25 m  sucrose at

30 °C fo r  va ry ing periods o f time. A TPase 
was assayed by m easuring the release o f 
Pi from  A T P  in  the presence or absence o f 
2-4,dinitrophenol (D N P )  or M g + + , and 
ATP-P i exchange was measured as de
scribed by Cooper and Lehn inger (1 2 ) .  
O xidative phosphorylation  was measured 
as described previously ( 1 ) .

RESULTS

N o  d ifferences w ere observed betw een  
fresh ly prepared norm al and deficien t m ito 
chondria in  ATPase, M g ++ activated A T P 
ase, D N P  activated ATPase, or ATP-P i 
exchange (tab le  1 ). Th e activ ities o f these 
enzym e systems changed considerably in  
the m itochondria l preparations that w ere 
aged at 30 °C fo r  30 m inutes, and aging 
a ffected  the deficien t m itochondria  d iffe r
en tly than it  did the norm al ones. For 
exam ple, the D N P -ATPase activ ity  o f aged 
deficien t m itochondria w as sign ifican tly 
( P  <  0 .0 1 ) less than that o f aged norm al 
m itochondria. ATP-P i exchange activ ity in  
both m itochondria  preparations was 
sharply reduced as a result o f  the aging, 
but in  norm al m itochondria  it was s ign ifi
can tly  greater (P  <  0 .0 5 ) than that ob
served in  the deficien t m itochondria. M eas
urem ents o f the extrem ely low  levels o f 
A TP -P i exchange observed in  the aged
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TABLE 1
ATPase and ATP-Pi exchange activities in liver mitochondria from  normal and fat-deficient rats1*2

Freshly prepared mitochondria Aged mitochondria

Normal Deficient Normal Deficient

ATPase 688± 2 1 3 s 757 ± 2 4 2 1868±316 1324 ±8 0 1
ATPase +  M g+ + 919 ±  213 1192 ± 2 4 2 3460 ±3 8 6 4451 ±8 0 1
ATPase +  D NP 411 2±34 0 4134 ±4 2 3 2212 ± 187 1054 ±2 7 0
ATP-Pi exchange 749 ± 9 5 729 ± 1 5 6 10 ± 2 .5 2 ± 0 .4
ATP-Pi exchange-)-Mg+ + 9 7 6 ±  183 1018± 153 166 ± 6 6 25 ± 1 3
ATP-P i exchange +  D NP 58 ± 6 .0 33 ±  6.7 1 3±5 .7 1 .6 ±0 .5

1 Nine animals/group. ATPase values are millimicromoles of Pi released. ATP-Pi exchange values are milli- 
micromoles of ATP32 formed.

2 The following were present in the ATPase incubation medium: ATP, 0.01 m ; Mg++ (when used), 0.003 
M; DNP (when used), 0.0004 m ; histidine buffer, pH 7.0, 0.03 m ; mitochondria from 50 mg tissue, 1.0 ml 
final volume. Incubation was carried out for 20 minutes at 23°C. Pi was determined according to the method 
of Martin and Doty (13), modified to use one-fifth the volume of each ingredient they described.

3 Mean ±  se of mean.

preparations were subject to error, how
ever, and the reliability of the absolute 
values shown may be questioned.

In an attempt to determine whether the 
changes with aging of the enzyme systems 
under consideration occurred concurrently 
with a loss of phosphorylation capacity in 
the 2 preparations, the experiment shown 
in table 2 was performed. A gradual de
crease in oxidative phosphorylation was 
observed in normal mitochondria that were 
aged at 30°C for increasing times, where
as an almost precipitous loss in oxidative 
phosphorylation capacity occurred in the 
deficient mitochondria similarly treated. 
There appeared to be no abrupt changes in 
either ATPase or Mg++-ATPase that obvi
ously might account for the precipitous re
duction in oxidative phosphorylation.

A sharp reduction in ATP-Pi exchange 
occurred in both mitochondria preparations 
after aging for 15 minutes. The deficient 
mitochondria differed, however, in that the 
exchange activity at the end of this period 
was almost imperceptible, whereas the ex
change activity in the normal mitochondria 
after a similar aging was approximately 
one-third that observed in fresh prepara
tions.

DISCUSSION
In work subsequent to that reported ear

lier (1 ), we observed that if extreme care 
was exerted, it was possible to prepare liver 
mitochondria from EFA-deficient rats that 
demonstrated less uncoupling than previ
ously described. Our experience in this re
spect has been similar to that of Weinbach 
(14), who prepared mitochondria that ex
hibited increased oxidative phosphorylation

stability, by exerting greater care in their 
isolation. The extreme lability of oxidative 
phosphorylation in liver mitochondria from 
rats rendered deficient in unsaturated fatty 
acids is demonstrated in the experiments 
reported here. Although the shortest aging 
period shown in table 2 is 15 minutes, we 
have observed preparations of deficient 
mitochondria in which there was almost no 
oxidative phosphorylation capacity after 
only 7.5 minutes’ aging at 30°C.

The present experiments did not reveal 
any unique relationship between oxidative 
phosphorylation and ATPase activity in de
ficient mitochondria that was not noted in 
normal mitochondria. The differences ob
served in ATP-Pi exchange capacity in the 
2 preparations, upon aging, (table 2) may 
be of significance, however, and worthy of 
comment. Although there was a rapid 
decrease in ATP-Pi exchange activity in 
normal mitochondria aged at 30°C, there 
was not a corresponding loss of oxidative 
phosphorylation capacity. Weinbach (14) 
observed a similar relatively rapid decline 
in the exchange reaction as compared with 
oxidative phosphorylation in liver mito
chondria. Apparently, there is a minimal 
exchange capacity essential for oxidative 
phosphorylation, which is lost by the de
ficient mitochondria upon relatively short 
periods of aging at 30°C. A further dem
onstration of the lability of the ATP-Pi 
exchange reaction in deficient mitochon
dria was observed in experiments in which 
different portions of mitochondrial prep
arations were aged for 30 minutes at vari
ous temperatures. The stability of the ex
change reaction decreased with increasing





414 RALPH M. JOHNSON

ACKNOWLEDGMENT

The technical assistance of Mrs. Barbara 
Endahl is gratefully acknowledged.

LITERATURE CITED
1. Klein, P. D.s and R. M. Johnson 1954 

Phosphorus metabolism in unsaturated fatty- 
acid deficient rats. J. Biol. Chem., 211: 103.

2. Levin, E., R. M. Johnson and S. Albert 1957 
Mitochondrial changes associated with essen
tial fatty acid deficiency in rats. J. Biol. 
Chem., 228: 15.

3. Johnson, R. M. 1963 Swelling studies on 
liver mitochondria from essential fatty acid 
deficient rats. Exp. Cell Res., in press.

4. Hayashida, T., and O. W. Portman 1960 
Swelling of liver mitochondria from rats fed 
diets deficient in essential fatty acids. Proc. 
Soc. Exp. Biol. Med., 103: 656.

5. Burr, G. P., and A. J. Beber 1937 Metab
olism studies with rats suffering from fat 
deficiency. J. Nutrition, 14: 553.

6. Tulpule, P. G., and J. N. Williams, Jr. 1955 
Study of the role of essential fatty acids in 
liver metabolism. J. Biol. Chem., 217: 229.

7. Hayashida, T., and O. W. Portman 1960 
Mitochondria dehydrogenase activity of rat 
liver deficient in essential fatty acids. Arch. 
Biochem. Biophys., 91: 206.

8. Racker, E. 1961 Mechanisms of synthesis 
of adenosine triphosphate. Adv. Enzymol., 
23: 323.

9. Slater, E. C., and W. C. Hfilsman 1958 
Ciba Foundation Symposium on the Regula
tion of Cell Metabolism. Little, Brown, and 
Company, Boston, p. 58-83.

10. Klein, P. D., and R. M. Johnson 1954 A 
study on the onset of unsaturated fatty acid 
deficiency in subcellular particles of rat livers. 
Arch. Biochem. Biophys., 48: 380.

11. Levin, E., R. M. Johnson and S. Albert 1958 
Phospholipid metabolism in cell fractions of 
regenerating liver. Arch. Biochem. Biophys., 
73: 247.

12. Cooper, C., and A. L. Lehninger 1957 
Oxidative phosphorylation by an enzyme com
plex from extracts of mitochondria. J. Biol. 
Chem., 224: 561.

13. Martin, J. B., and D. M. Doty 1949 Deter
mination of inorganic phosphate. Anal. 
Chem., 21: 965.

14. Weinbach, E. C. 1959 Stability of oxida
tive phosphorylation and related reactions in 
isolated liver mitochondria. J. Biol. Chem., 
234: 1580.

15. Low, H., P. Siekevitz, L. Ernster and O. Lind
bergh 1958 Studies on the relation of the 
adenosine triphosphate inorganic phosphate 
exchange reaction of mitochondria to oxida
tive phosphorylation. Biochim. Biophys. Acta, 
29: 392.



I n t e r r e l a t i o n s h i p s  o f  A s c o r b i c  A c i d  a n d  P a n t o t h e n i c  
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ABSTRACT Two- to four-day-old male guinea pigs, weighing from 68 to 112 g, 
were fed a semi-synthetic ration along with 4 levels of ascorbic acid: 0, 2, 10, and 
40 mg/day and 4 levels of calcium pantothenate: 0, 0.06, 0.2 and 1 or 8 mg/day to 
observe whether an interrelationship existed between the 2 vitamins in the guinea 
pig. Ascorbic acid in blood serum and adrenal glands reflected dietary intake of this 
vitamin. Hemoglobin and packed red blood cell volume increased slightly with a 
dietary increase of each vitamin. Pantothenic acid in the urine reflected intake of 
this vitamin. When calcium pantothenate was included in the diet, blood and liver 
values were higher than when it was omitted. Blood pyruvic acid was not correlated 
with concentration of pantothenic acid in blood or diet. Acute pantothenic acid defi
ciency symptoms included soft wooly fur, lethargy, diarrhea, convulsions and hemor
rhagic adrenals. Large amounts of calcium pantothenate did not prevent symptoms 
of scurvy, and large amounts of ascorbic acid were not beneficial in pantothenic acid 
deficiency; neither did large amounts of either of the 2 vitamins have any effect on 
weight gain, food intake or efficiency of food utilization when compared with the 
smallest amounts given in these experiments.

In 1951 D aft3 reported that when 
weanling rats were fed a pantothenic acid- 
deficient diet which was supplemented 
with 2% ascorbic acid, they showed 
either no pantothenic acid deficiency 
symptoms, or the development of the de
ficiency syndrome was “at the least greatly 
delayed or modified.” Later Hundley and 
Ing4 found that this effect was not specific 
for ascorbic acid. Normally the rat is able 
to synthesize as much ascorbic acid as it 
needs, but requires a dietary source of 
pantothenic acid whereas the guinea pig 
requires a dietary source of both ascorbic 
acid and pantothenic acid.

Since the development of a satisfactory 
purified diet for guinea pigs (1 ), it has 
become possible to study the members of 
the vitamin B complex and their inter
relations with other nutrients in the nu
trition of the guinea pig. In 1954 Reid 
and Briggs (2 ) reported that “the sparing 
effect of large amounts of dietary ascorbic 
acid on pantothenic acid deficiency in the 
rat could not be duplicated in the guinea 
pig.” These authors conceded that “Fur
ther studies are required, however, before 
drawing the conclusion that in diets con
taining sub-optimum amounts of panto
thenic acid no benefit is derived from the 
presence of dietary ascorbic acid in excess

of the amount necessary to prevent 
scurvy.” Since Reid and Briggs used 
growth and survival as their main criteria, 
it seemed worthwhile to reinvestigate the 
possibility that dietary ascorbic acid could 
have a sparing effect on the pantothenic 
acid-deficient guinea pig. The possibility 
of a sparing effect of pantothenic acid on 
the scorbutic guinea pig was investigated 
also.

METHODS

Twenty-one male guinea pigs, 2 to 4 
days old and weighing 68 to 116 g, were 
obtained from a commercial source. The 
experimental design was of the Latin 
square type with 2 vitamins as the vari
ables and was replicated twice. Amounts 
of the vitamins in mg/day were ascorbic 
acid: 0, 2 and 40; calcium pantothenate: 
0, 0.06 and 1 or 8. Instead of the maxi
mal amounts of the 2 vitamins, control 
animals received 10 mg ascorbic acid and

Received for publication July 3, 1963.
1 Journal Paper no. J-3925 of the Iowa Agricultural 

and Home Economics Experiment Station, Ames, 
Iowa, Project no. 1213.

2 Present address: School of Home Economics, Uni
versity of Missouri, Columbia.

3 Daft, F. S. 1951 Effect of vitamin C on panto
thenic acid-deficient rats. Federation Proc., 10: 380 
(abstract).

4 Hundley, J. M., and R. B. Ing 1953 Prevention 
of pantothenic acid deficiency with glucuronolactone 
and other compounds related to ascorbic acid. Fed
eration Proc., 12: 417 (abstract).

J. N u t r it io n , 81 : ’ 63 415



4 1 6 CECELIA PUDELKEWICZ AND CHARLOTTE RODERUCK

0.2 mg calcium pantothenate. The experi
ments lasted 30 and 33 days. One animal 
in the first experiment, receiving daily 
supplements of 2 mg ascorbic acid and 
0.06 mg calcium pantothenate, died of a 
lung infection; therefore no data were ob
tained for this pig.

The purified ration was a modification 
of that used by Reid and Briggs (1 ) and 
was composed of the following: (in % ) 
casein (vitamin-free), 30; glucose, 11.6; 
dextrin, 11.7; gum arabic, 15; corn oil, 7.3; 
salts,5 5; potassium acetate, 2.3; mag
nesium oxide, 0.5; inositol, 0.2; choline 
chloride, 0.2; and vitamins.6 The ingredi
ents were mixed together and stored at 
—20°C. As needed, 400-g lots were mixed 
with 35 to 40 ml of distilled water, rolled 
out, and cut into bite-size pieces. The 
ration was spread out on trays and dried, 
with frequent turning, in an air oven for 
approximately 3 hours at a temperature 
below 55°C. When thoroughly dried, it 
was cooled and stored in tightly covered 
containers in a freezer. Approximately 
0.25 ug of vitamin Bu plus the varying 
amounts of calcium pantothenate and 
ascorbic acid were fed orally each day. 
Ascorbic acid was dissolved in 70% glu
cose, calcium pantothenate in distilled 
water. When 40 mg of ascorbic acid were 
fed, it was divided into 4 doses, whereas 
0.2 mg of calcium pantothenate was fed in 
2 doses, 8 mg of calcium pantothenate (in 
the first experiment) in 4 doses, and 1 mg 
of calcium pantothenate (in the second 
experiment) in 5 doses. All other amounts 
of the 2 vitamins were given in single 
doses.

The animals were weighed daily and 
food consumption was recorded. At weekly 
intervals blood samples were taken from 
an ear vein for blood plasma ascorbic acid 
determinations. Each week urine was col
lected for 48 hours and analyzed for panto
thenic acid. At the conclusion of each 
study the following determinations were 
made: packed red blood cell volume, hemo
globin, serum ascorbic acid, blood pyruvic 
acid, ascorbic acid in the adrenal glands 
and pantothenic acid in the blood and 
liver. The appearance of each animal was 
noted at autopsy. Scorbutic animals were 
killed when symptoms of scurvy were so 
pronounced that death appeared to be im

minent. The animals were anesthetized 
with an intraperitoneal injection of a solu
tion of sodium pentobarbital. Blood sam
ples were obtained from the portal vein. 
Methods used for blood and tissue anal
yses were described in a previous paper (4).

RESULTS AND DISCUSSION

Guinea pigs fed neither ascorbic acid 
nor calcium pantothenate developed scor
butic symptoms within 18 days, whereas 
those fed calcium pantothenate but not 
ascorbic acid developed symptoms within 
23 days. Hence it appears that when no 
ascorbic acid was fed, calcium panto
thenate delayed the appearance of scor
butic symptoms 5 days. Large amounts of 
calcium pantothenate did not prevent 
symptoms of scurvy, however.

The largest amount of ascorbic acid (40 
mg/day) did not protect the animals 
getting no calcium pantothenate against 
pantothenic acid deficiency. Symptoms of 
pantothenic acid deficiency included leth
argy, soft wooly fur, diarrhea, convulsions 
and hemorrhagic adrenals.

Control animals, fed 10 mg of ascorbic 
acid and 0.2 mg of calcium pantothenate 
each day, gained weight at an everage of
4.8 g/day during the course of the experi
ment. Their weight gains compared favor
ably with those of animals of similar initial 
weights, fed a similar diet, maintained by 
Reid and Briggs (2 ).

No trends in weight gain, food consump
tion or food efficiency were observed with 
increasing amounts of either of the 2 
vitamins. Comparisons made between pigs 
getting neither ascorbic acid nor cal
cium pantothenate and those getting large 
amounts of ascorbic acid but no cal
cium pantothenate indicated that defi
ciency symptoms appeared in both groups 
of pigs within 18 days. Reid and Briggs 
(2 ) reported that guinea pigs subjected to 
a lack of both ascorbic acid and panto
thenic acid in the diet, died earlier than 
guinea pigs with either deficiency alone.

Hemoglobin and packed red blood cell 
volume increased slightly with intake of

5 Phillips and Hart (3).
6 Vitamins were added in amounts to provide the 

following in mg/kg of diet: thiamine-HC1, 16; ribo
flavin, 16; pyridoxine-HCl, 16; nicotinic acid, 200; 
biotin, 0.6; folic acid, 10; a-tocopheryl acetate, 20; 
2-methyl-naphthoquinone, 2; vitamin A 18,000 USP 
units; and vitamin D, 2,550 USP units.
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each of the 2 vitamins. Pigs getting no 
ascorbic acid had the lowest average hemo
globin value, 10.85 g, whereas those 
getting 10 and 40 mg averaged 11.94 
g/100 ml of blood. Animals fed no cal
cium pantothenate averaged 11.28 g, and 
those fed 0.2 and 1 or 8 mg averaged 11.82 
g/100 ml of blood. Data for packed red 
blood cell volume followed the same trends, 
and average values ranged from 32.6 to 
36.3%. Anemia was characteristic of 
animals after they had been fed the anti
metabolite, Cii-methylpantothenic acid, for 
47 days in a previous study (4 ) but was 
not observed in animals whose diets were 
lacking in pantothenic acid in this study.

This may indicate that anemia can be 
produced only when pantothenic acid de
ficiency is developed over a longer period 
of time.

Serum ascorbic acid (table 1) was re
lated to intake of the vitamin as was the 
concentration of ascorbic acid in the adre
nal glands. Increasing the amount of die
tary calcium pantothenate did not affect 
the concentration of ascorbic acid in either 
blood serum or adrenal glands.

The concentration of pantothenic acid 
in the blood ranged from 13 to 50 ug/100 
ml; in the liver, from 78.7 to 143.9 ug/g 
and in the urine from 3.0 to 283.2 ng/day 
(table 2). In general, when calcium panto-

TABLE 1
Ascorbic acid concentrations of blood serum and the adrenal glands

Supplements

Ascorbic Calcium 
acid pantothenate

Ascorbic acid values1

Blood serum
Adrenal
glandsWeek of study

1 2 3 4 5

m g/d ay m g/ d a y m g / 100 m l m g / 100 m l m g / 100 m l m g / 100 m l m g / 100 m l m g / 100 g

0 0 — 0.09 0.05 — — 13.78
0 0.06 0.26 — 0.06 — — 9.84
0 1 or 8 — 0.06 0.08 0.10 — 10.34

2 0 — 0.10 0.19 0.10 0.09 31.31
2 0.06 — 0.12 0.15 0.24 0.08 36.05
2 1 or 8 — 0.14 0.25 0.16 0.15 47.21

10 0.2 0.41 0.28 0.19 0.26 0.20 80.55

40 0 ____ 0.42 0.69 — — 67.65
40 0.06 0.29 0.41 0.71 0.51 0.43 119.42

1 Individual values represent from 1 to 3 animals.

TABLE 2
Concentration of pantothenic acid in  blood, liver and urine

Supplements
No. of 

animals
Pantothenic acid

Ca pan
tothenate

Ascorbic
acid Blood Liver Urine1

m g/ d a y m g/d ay ug/100 m l v-g/g ng/day

0 0 3 242 97.0 9.42
0 2 3 16 96.6 7.62
0 40 3 253 114.8 5.72

0.06 0 2 483 115.3 14.0
0.06 2 1 20 91.5 7.2
0.06 40 2 26s 143.9 19.2

0.20 10 2 32 102.4 14.4

1 0 1 — 140.0 31.4
1 2 1 39 122.7 29.0
8 0 1 50 124.6 199.6
8 2 1 32 78.7 114.5

1 Mean values of weekly 48-hour collections.
2 Figure is mean for 2 animals.
3 Figure represents one animal.
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thenate was included in the diet, blood and 
liver values were higher than when it was 
not fed; however, there were wide varia
tions in values. The concentration of pan
tothenic acid in the urine reflected the 
intake of this vitamin, but animals fed no 
calcium pantothenate excreted fairly large 
amounts of the vitamin, the values ranging 
from 3.7 to 16.2 ag/day. Excretion of pan
tothenic acid for individual animals varied 
from week to week but showed no particu
lar trends. Increasing the amount of ascor
bic acid did not affect the concentration 
of pantothenic acid in the blood, liver or 
urine.

There was no correlation between blood 
pyruvic acid and blood pantothenic acid 
or intake of calcium pantothenate. Pyruvic 
acid values ranged from 1.86 to 4.54 mg 
100 ml blood. At autopsy it was noted that 
the amount of visceral fat was related 
directly to intake of calcium pantothenate.

Although no attempt was made in the 
work presented here to duplicate the stud
ies of Daft, the results reported do confirm 
the observations of Reid and Briggs (2 ); 
viz: that in the diet of the pantothenic 
acid-deficient guinea pig, large amounts of 
ascorbic acid appeared to be of no benefit. 
Reid and Briggs fed ascorbic acid at levels 
of 0 and 0.1 to 2.0% of the diet and re
ported that their animals were protected 
from scurvy even at the lowest level fed. 
Neither did any of the animals fed the 
lowest level of ascorbic acid (2 mg/day) 
in the present investigation display any 
symptoms of scurvy.

In diets containing suboptimal amounts 
of calcium pantothenate, Reid and Briggs 
reported that no benefit was derived from 
dietary ascorbic acid in excess of the 
amount needed to prevent scurvy. These 
workers considered calcium pantothenate 
fed at the level of 10 mg/kg of diet as 
suboptimal, 20 mg/kg as optimal and 40 
mg/kg as an upper level, but reported no 
data on food consumption. If their ani
mals consumed 9 to 15 g feed/day (based 
on consumption in this investigation), in
take of calcium pantothenate was approxi
mately 0.09 to 0.15 mg, 0.18 to 0.30 mg 
and 0.36 to 0.60 mg/day. These levels cor
respond with 0.06, 0.2 and 1 or 8 mg/dav 
in the present study.

Whereas Reid and Briggs used a larger 
number of animals, and growth and sur
vival as their principal criteria, the present 
investigators used a smaller number of ani
mals but a larger number of criteria to 
arrive at essentially the same conclusions.
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ABSTRACT The effect of the antagonists of 3 B-vitamins on Aedes aegypti L. larvae, 
grown with an artificial diet, was studied. An inhibition index was computed for each 
of the antagonists. The ability of the vitamins to overcome the toxicity of the antago
nists, and the growth-promoting effect of some vitamin analogues, which have vitamin
like activity in other organisms, were tested. Pyrithiamine was 40 times more toxic 
for mosquito larvae than oxythiamine. The toxicity of pyrithiamine was overcome 
by thiamine, although the inhibition index was lower with higher amounts of the 
vitamin in the diet. Galactoflavin was not toxic and had no riboflavin-sparing activity. 
Atabrine was toxic and its toxicity was independent of the amount of dietary ribo
flavin. Small amounts of atabrine slightly improved the rate of the larval development 
with diets containing suboptimal amounts of riboflavin. w-Methylpantothenate was 
the only toxic pantothenic analogue. Its toxicity was not reversed by the vitamin. 
D-Pantothenyl alcohol and pantoyltaurine were not inhibitory. None of the panto
thenic acid analogues had any vitamin-like activity. The effect of vitamin analogues 
in the nutrition of mosquito larvae is compared with that in other organisms.

Antimetabolites have proved to be a 
useful tool in insect nutrition and biochem
istry. Antivitamins have been used for 
determining the vitamin requirements of 
insects when aseptic conditions or a chemi
cally defined diet have not been available
(1,2). Antimetabolites have also been used 
in the study of insect tissues in vitro (3 ), 
and of insect development (4 ). A new ap
proach to insect control by the production 
of metabolic deficiencies has been sug
gested (5 ); antimetabolites, for example, 
have been used as control agents against 
insects feeding on textiles (6 ). The toxic 
effects obtained were attributed to vitamin 
deficiencies, although the antimetabolic 
action of the antagonists has not been 
proved. Detailed studies of the effect of 
antimetabolites on insects are needed to 
estimate their possible value in insect con
trol. However, data on the quantitative 
vitamin-antivitamin relationship in insect 
nutrition are scarce. Our studies on the 
effect of antimetabolites in the nutrition 
of Aedes aegypti larvae, reared aseptically 
with an artificial diet, have shown that the 
mosquito larvae resemble higher animals 
in their response to choline (7 ), pyridoxine
(8 ), and nicotinic acid antagonists (9 ).

Vitamin analogues, such as 3-acetylpyri- 
dine and cu-methylpyridoxine, which have 
a vitamin-like activity for mammals, have 
shown a similar activity for mosquito lar
vae (8,9).

The present study is concerned with the 
effect of thiamine, riboflavin, and panto
thenic acid analogues on A. aegypti larvae, 
grown with an artificial diet. We studied 
the relative toxicities of the better known 
antagonists and the ability of the vitamins 
to overcome their toxic effect. The vitamin
sparing activity of the riboflavin and pan
tothenic acid analogues, which have shown 
vitamin-like activity in other organisms, 
was also tested.

MATERIALS AND METHODS 

Methods for rearing sterile A. aegypti 
larvae, for preparing the media and test
ing their sterility, and for evaluating the 
results have been reported previously (10). 
One larva was reared per tube, and its de
velopment recorded daily until it reached 
the adult stage or died. There were usually 
10 replicates for each diet. The value of 
various diets was compared by using an 
index, which was obtained by dividing the

Received for publication August 12, 1963.
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sum of the percentage of larvae pupating 
plus the percentage of larvae reaching the 
adult stage by the median day of pupation. 
An index of about 25 was usually obtained 
with the basic diet (at 28°) and can be 
considered as optimal. Under these condi
tions up to 100% of the larvae reached the 
adult stage with a median larval period of 
8 days. An index of zero was considered 
as complete inhibition, irrespective of the 
last instar reached by the larvae. The 
inhibition index was the ratio of moles of 
antimetabolite to moles of vitamin that re
sults in 50% inhibition (11).

The standard diet (10 ) was based on 
solid vitamin-free casein (50 mg/tube) 
and 5 ml of liquid medium containing 
the following ingredients: (ng/ml) RNA,1 
1000; inorganic salts,2 1450; cholesterol, 6; 
biotin, 0.1; folic acid, 0.6; thiamine-HCl,

2; riboflavin, 2; pyridoxine-HCl, 4; nico
tinamide, 10; calcium pantothenate, 10; 
choline chloride, 100. In experiments with 
antagonists of thiamine, riboflavin, or cal
cium pantothenate the respective vitamin 
was omitted from the basic medium. The 
appropriate amount of thiamine, ribo
flavin, or calcium pantothenate, together 
with the antagonist tested, was added to 
the tube before the larva was introduced. 
All antimetabolites were obtained from 
commercial sources.

RESULTS

The first step was to determine the quan
titative requirements of the larvae for

1 Nucleic Acid Sodium Salt (Yeast), Mann Research 
Laboratories, Inc., New York 6.

2 Inorganic salts contained the following: KH2PO4, 
600; K2HPO4, 600; FeS04-7H20, 12; MnS04-4H20, 12; 
NaCl, 12; CaCl2, 12; MgS04-7H20, 200.

TABLE 1
Effects of thiam ine-HCl, riboflavin, and calcium pantothenate on Aedes aegypti larvae

Vitamin1 No. of 
larvae

No. of 
pupae

No. of 
adults

Median 
day of 

pupation
Index2

lig/ml
Thiamine-HCl 0 18 0 0

0.02 22 0 0
0.1 10 4 4 14 5.7
0.15 13 11 11 9.5 17.8
0.2 45 45 44 8 24.7
23 21 20 19 7.5 24.7

20 22 22 21 7.5 26.1
200 26 26 25 8 24.5

1000 11 11 104 7.5 25.4
2000 32 31 24s 7.5 22.9
4000 22 21 15 8.5 19.3

Riboflavin 0 32 0 0
0.02 10 0 0
0.1 20 4 3 42 0.8
0.2 19 16 13 23 6.6
0.6 9 9 9 11 18.2
1.0 62 59 55 8.5 21.6
23 20 20 19 8 24.4

10 22 22 22 8.5 23.5
20 11 10 6 10 14.5

Ca pantothenate 0 36 0 0
0.2 20 0 0
1.0 22 9 6 20 3.4
2 32 32 29 10 19.0
4 53 52 47 8.5 22.0

103 25 25 25 8.5 23.5
400 21 21 20 8.5 23.0

2000 21 21 20 8.5 23.0
4000 12 12 11 9 21.3

1 Each vitamin tested was omitted from the standard basic diet and added in graded doses.
2 index -  % of pupae + % of adults

median day of pupation
3 Amount of vitamin in the standard basic diet.
4 One out of 10 adults incompletely emerged.
5 Three out of 24 adults incompletely emerged.
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TABLE 2
Effects o f graded doses o f antivitamins on Aedes aegypti larvae fed diets containing 

the m inim al amount of the corresponding vitam in (th iam ine■ HCl, 0.2; 
riboflavin, 1; calcium pantothenate, 4 fig/ml)

Antivitamin
added

No. of 
larvae

No. of 
pupae

No. of 
adults

Median 
day of 

pupation
Index1

fig/ml
None 32 32 31 8.5 23.2

Pyrithiamine -HBr 10 19 18 16 9 19.9
20 20 16 16 9.5 16.8

100 23 9 5 15.5 3.9
200 10 0 0

Oxythiamine chloride 10 11 11 10 9 21.2
20 11 11 11 9.5 21.1

100 12 12 10 10 18.3
200 12 12 11 9.5 20.2

1000 12 11 10 11.5 15.2
2000 11 6 5 9 11.1

None 23 23 21 8 23.9

Galactoflavin 20 10 9 9 7.5 24.0
50 10 10 10 7.5 26.7

100 11 11 11 7.5 26.7
200 17 13 12 7.5 19.6

Atabrine 20 10 10 10 9 22.2
50 12 8 8 17 7.8

100 11 5 5 28 3.2
200 14 2 2 26 1.1

None 80 79 69 8.5 21.8

D-Pantoyl alcohol 200 7 7 7 8 25.0
400 26 24 22 9 19.6

1000 9 8 7 9.5 17.6
2000 31 30 27 10 18.4
4000 27 26 25 12 15.7

Pantoyltaurine 200 11 11 10 8.5 22.5
400 18 18 17 9 21.6

1000 17 16 16 8.5 22.1
2000 17 16 16 9 20.9
4000 12 12 12 9.5 21.1

w-Methylpantothenate 200 17 17 16 8.5 22.8
400 12 8 5 8.5 12.7

1000 13 3 3 12 3.8
2000 5 0 0

%  of pupae + %  of adults 
median day of pupation

thiamine-HCl, riboflavin, and calcium pan
tothenate. Each of the vitamins was 
omitted singly from the standard basic 
diet, and added in graded amounts (table 
1). The minimal requirements for thi
amine-HCl, riboflavin, and calcium panto
thenate for normal development were 0.2, 
1, and 4 ug/ml, respectively. These con
centrations were used to test the effect of 
the antivitamins. According to Woolley
(11) the antimetabolite-metabolite rela
tionship is observed most clearly when

enough metabolite is used to meet normal 
requirements.

The effect of excessive amounts of the 
vitamins was also tested, as large amounts 
of pantothenic acid are known to be highly 
toxic for house fly larvae (1 ). The highest 
amount of calcium pantothenate tested, 
which was 1000 times the minimum re
quired, was not inhibitory for mosquito 
larvae. However, an excess of thiamine 
caused pupal mortality or incomplete emer
gence of some of the adults (see footnotes
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4 and 5, table 1). Riboflavin was inhibi
tory when used in amounts 10 times that 
of the standard basic diet. The inhibition 
was mainly due to pupal mortality, but lar
val development was also retarded. The 
toxicity of riboflavin might be due to its 
low solubility; 20 ug/ml of riboflavin, 
which caused 40% inhibition, was the 
highest concentration of this vitamin that 
could be introduced into the diet in solu
tion. Some of the riboflavin possibly pre
cipitated on standing, and the larvae might 
have ingested much greater quantities of 
this vitamin than those in solution. Sodium 
salicylate could not be used to increase the 
solubility of riboflavin since it was toxic 
for the larvae (10). Thus the highest 
amounts of riboflavin and thiamine HC1 
that could be used to overcome the toxicity 
of the antagonists, were 10 and 200 ug/ml, 
respectively.

The effect of graded doses of antivita
mins, when added to diets containing the 
minimal amount of the corresponding vita
min, is shown in table 2. The relative 
toxicities of the 2 antithiamines differed 
widely. The inhibition index for pyrithi
amine HBr (mol wt 420) was approxi
mately 250, and that for oxythiamine chlo
ride (mol wt 340) was 10,000 (mol wt of 
thiamineHCl, 337).

The toxicity of pyrithiamine for mos
quito larvae could be overcome by increas
ing the amount of dietary thiamine (table 
3). The antagonism, although reversible, 
was not competitive, since the inhibition 
index was lower in the presence of larger 
amounts of the vitamin (11). The inhibi
tion index was 240 with diets containing 
minimal amounts of thiamine HC1 (0.2 
ug/ml) and 120 with the standard basic 
diet (2 ug/ml thiamine HC1). Lethal doses 
of pyrithiamine could be overcome by fur
ther increasing the amount of thiamine 
10 or 100 times. With these diets less than 
one-half of the maximal inhibition oc
curred, and therefore the inhibition in
dexes could not be computed. Large 
amounts of pyrithiamine (250 and 500 
ug/ml) impaired the emergence of adults; 
this was also observed in the presence of 
an excess of thiamine.

Galactoflavin and atabrine were tested 
with diets containing minimal riboflavin 
(table 2). The highest amount of galacto

flavin that could be introduced into the 
diet in solution (200 ug/ml) caused only 
20% inhibition, which was due to larval 
mortality. With more galactoflavin a pre
cipitate was formed and all larvae died in 
the first instar. It is possible that with 
200 ug/ml of galactoflavin some of it pre
cipitated and was eaten by a larva. Thus 
the toxicity of galactoflavin could not be 
assessed quantitatively. Riboflavin itself 
was inhibitory at the limit of its solubility.

In the presence of 50 and 100 ug/ml of 
galactoflavin the index was slightly im
proved (table 2). Since small amounts 
of galactoflavin have a riboflavin-sparing 
activity for certain bacteria (12), we in
vestigated whether galactoflavin spared 
riboflavin in the nutrition of mosquito lar
vae. No such effect was noted (table 4). 
Addition of 2 or 20 ug/ml of galactoflavin 
did not improve the riboflavin-deficient 
diets, whereas higher amounts of the 
analogue were inhibitory. The inhibition 
caused by 200 ug/ml of galactoflavin was 
greater than that expressed by our index, 
which does not take into account the viabil
ity of the adults, since some of the adults 
were unable to emerge normally (see foot
notes 3, 4 and 5, table 4).

The antimalarial drug atabrine was 
very toxic for mosquito larvae. With diets 
containing minimal riboflavin (1 ug/ml) 
complete inhibition was obtained in the 
presence of 250 ug/ml of atabrine. The in
hibition index, as calculated from table 2, 
was about 30 (mol wt atabrine, 509; mol 
wt riboflavin, 376). The toxic effect of ata
brine for mosquito larvae could not be 
overcome by increasing the amount of 
dietary riboflavin 10 times. Atabrine, in 
concentrations ranging from 50 to 200 
Ug/ml was equally toxic with diets con
taining 1 or 10 ug/ml of riboflavin. The 
toxic effect of atabrine was most pro
nounced on the young larva. Many larvae 
died in the first or second instar, but those 
that survived reached the adult stage, al
though their development was very slow.

Low doses of atabrine improve the 
growth of young rats, receiving subopti- 
mal amounts of riboflavin (13). The ribo
flavin-sparing activity of atabrine for mos
quito larvae was therefore tested (table 5). 
A single non-toxic dose of atabrine (5 
ug/ml) was added to diets deficient in
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TABLE 3
Response of Aedes aegypti larvae to graded doses of pyrithiam ine-HBr in  the presence 

of different amounts of thiam ine-HCl

Pyri- Thiamine-HCl, /tg/ml
thiamine-HBr 0.2 2 20 200

n g / m l

0 21.11 ( 10)2 22.7 (1 0 ) 23.9 (1 1 ) 22.4 (1 0 )
20 20.2 (1 1 ) 24.1 (1 4 ) 26.7 (14 ) 23.5 (9 )
50 12.7 (7 ) 21.9 (12 ) 23.3 (1 2 ) 21.6 (11)

100 7.5 (12 ) 22.7 (1 0 ) 26.7 (1 1 ) 19.6 (12 )
250 0 (8 ) 13.6 (11 ) 24.63( 13 ) 21.4 (11)
500 1.8 (10 ) 18.24( 11) 20.95(9 )

1 Values indicate index which = % of pupae + J^o^adults
median day of pupation

2 Figures in parentheses indicate number of larvae.
3 Two out of 12 adults incompletely emerged.
4 Six out of 7 adults incompletely emerged.
5 Five out of 7 adults incompletely emerged.

TABLE 4
Effects of graded doses of galactoflavin on Aedes aegypti larvae fed riboflavin-free

and low riboflavin diets

Riboflavin
Galactoflavin, ¿ig/ml

0 2 20 200

tig/ ml
0 01 ( 6 ) 2 0 (7 ) o (6 ) o (6 )
0.1 0.9 (11 ) 0 (5 ) 0 (7 ) 0 (5 )
0.2 6.1 (9 ) 7.6 (6 ) 3.7 (5 ) 0 (5 )
0.4 12.0 (1 2 ) 15.2 ( 6 ) 10.0 (5 ) 9.83(6 )
0.6 18.2 (9 ) 21.0 (5 ) 15.2 (5 ) 16.04(5 )
0.8 22.2 (11 ) 25.0 (5 ) 22.2 (6 ) 20.05(5 )
1.0 25.0 (9 ) 26.7 (8 ) 25.0 (6 ) 15.6 (5 )

• V  • .  . , % of pupae + % of adults
median day of pupation

2 Figures in parentheses indicate number of larvae.
3 Four out of 5 adults incompletely emerged.
4 Three out of 5 adults incompletely emerged.
5 One out of 5 adults incompletely emerged.

TABLE 5
Effect of atabrine on Aedes aegypti larvae fed diets deficient in riboflavin

Riboflavin Atabrine, 
5 ilg/ml

No. of 
larvae

No. of 
pupae

No. of 
adults

Median 
day of 

pupation
Index1

ng/vil
0 — 16 0 0
0 + 15 0 0
0.25 — 30 21 19 24 5.6
0.25 ~T 31 25 23 19 8.1
0.5 — 31 28 27 15.5 11.5
0.5 + 32 29 26 11.5 14.9
1.0 — 20 18 18 9.5 19.0
1.0 + 10 9 9 8.5 21.2

2 — 10 10 9 8 23.7
2 + 11 11 10 8.5 22.5

%  of pupae + % of adults 
median day of pupation
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TABLE 6
Effects of pantothenic acid analogues on Aedes aegypti larvae fed diets 

deficient in  calcium pantothenate

Ca
pantothenate

Analogue added, 20 /¿g/ml

None D-Pantothenyl
alcohol

Pantoyl-
taurine

oi-Methyl
pantothenate

u g / m l

0 0‘ ( l l ) 2 0 (1 0 ) 0 (1 3 ) 0 (1 0 )
1 4.5 (1 0 ) 4.7 (1 1 ) 5.2 (1 0 ) 8.5 (1 1 )
2 20.0 (1 1 ) 17.5 (1 2 ) 17.1 (1 0 ) 18.7 (9 )

. , . . . . . .  . . , %  o f pupae + %  o f adults1 Values indicate index which = ---- ,. ,----- r------- -------
median day of pupation

2 Figures in parentheses indicate number o f larvae.

riboflavin. With these diets larval develop
ment was slower than normal, but the 
percentages of pupae and of adults were 
not lower. Atabrine had no growth-pro
moting effect when added to the riboflavin- 
free diet. However, atabrine improved the 
rate of larval development when added to 
riboflavin-deficient diets. The mean day 
of pupation ( the values in table 5 are those 
of the median day of pupation) with diets 
containing 0.25 ug/ml of riboflavin was
23.8 ±  0.68 ( s e )  without atabrine and
21.2 ±  0.86 when 5 ug/ml of atabrine 
were added. This improvement, although 
slight, was statistically significant (P  < 
0.05). The beneficial effect of atabrine 
was more obvious with diets containing 
0.5 ug/ml of riboflavin. The mean day 
of pupation was lowered from 16.5 ±  0.76 
( s e )  to 12.4 ±  0.42 (P  <  0.01). The addi
tion of atabrine to low-riboflavin diets, 
however, did not make possible optimal 
development.

The effect of 3 pantothenic acid ana
logues on mosquito larvae, grown with 
diets containing a minimum of calcium 
pantothenate (4 ug/ml) was tested. Pan
toyl taurine was not toxic for the larvae 
(table 2). D-Pantothenyl alcohol retarded 
larval development, but inhibition was less 
than 50%, as measured by the index, 
when the analogue was present in a con
centration of 4 mg/ml. The only toxic 
pantothenic acid analogue was co-methyl- 
pantothenate, which caused larval and 
pupal mortality, and slowed down develop
ment. The inhibition index was about 100.

The ability of calcium pantothenate to 
reverse the toxic effect of co-methylpanto- 
thenate and the inhibition caused by d - 
pantothenyl alcohol was tested by increas

ing the amount of calcium pantothenate 
500 times. Graded amounts of co-methyl- 
pantothenate and D-pantothenyl alcohol, 
ranging from 200 to 4000 ug/ml, were 
added to diets containing 4 and 2000 
ug/ml calcium pantothenate, respectively. 
Neither the toxic effect of co-methylpanto- 
thenate nor the inhibition caused by panto- 
thenol were reversed by the vitamin.

Finally, the ability of the pantothenic 
acid analogues to replace or spare the vita
min in mosquito larvae was investigated. 
D-Pantothenyl alcohol, pantoyl taurine and 
cj-methylpantothenate had no pantothenic 
acid sparing activity for mosquito larvae 
(table 6). The diets deficient in calcium 
pantothenate could not be improved by the 
addition of low, non-toxic doses of the 3 
analogues.

DISCUSSION

Pyrithiamine, which is a competitive 
antagonist of thiamine in higher animals 
and in fungi and bacteria (11), requiring 
thiamine, had a similar effect in mosquito 
larvae and in house fly larvae (1 ). The 
relative toxicides of pyrithiamine and oxy- 
thiamine for insects are similar to those 
for higher animals and for yeasts and 
lactic acid bacteria. A single dose of pyri
thiamine, but not of oxythiamine, is toxic 
when injected into silkmoth pupae (4 ). 
Pyrithiamine was 40 times more toxic for 
mosquito larvae than oxythiamine. The 
inhibition indexes in chickens, as com
puted from the growth response curves, 
are 4 for pyrithiamine and 200 for oxythi
amine.3 In Kloeckera and Lactobacillus the

3 Naber, E. C., W. W. Cravens, C. A. Baumann and 
H. R. Bird 1954 Effect of thiamine analogs on 
embryonic development and growth of the chick. 
Federation Proc., 1 3 : 469 (abstract).
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inhibition indexes for pyrithiamine and 
oxythiamine were 4 to 40 and 1000 to
20,000, respectively (14). In mice both 
analogues inhibit growth but only pyrithi
amine induces typical polyneuritis (11). 
Various explanations of the different tox
icides of the 2 antithiamines have been 
offered (15).

No galactoflavin-riboflavin antagonism 
could be demonstrated in mosquito larvae, 
which were only slightly inhibited by a 
200:1 galactoflavin: riboflavin ratio. Galac- 
toflavin has not been tested in other in
sects. In chicks a galactoflavin: riboflavin 
ratio of 40:1 was also not inhibitory (12), 
but in rats galactoflavin caused a competi
tively inhibitory effect at a ratio of 50:1
(16). Small amounts of galactoflavin had 
some riboflavin-sparing activity for Lacto
bacillus casei, grown with a riboflavin-defi
cient medium, but no such effect is ob
served in chicks (12). Galactoflavin had 
no riboflavin-sparing activity for mosquito 
larvae.

The antimalarial drug, atabrine, has 
been found to be a competitive antagonist 
of riboflavin phosphate in enzymatic sys
tems, and a growth inhibitor for L. casei. 
The latter effect could be overcome by in
creasing the riboflavin-content of the me
dium (17). Atabrine treatment in higher 
animals did not lead to a riboflavin-defi
ciency. On the other hand, low, non-toxic 
levels of atabrine improve the growth of 
young rats fed on a low riboflavin diet and 
increase urinary excretion of riboflavin in 
adult rats (13). Thus the same compound 
that competitively antagonizes riboflavin 
phosphate exerts a riboflavin-sparing ef
fect. Atabrine shortened the larval period 
in mosquito larvae fed riboflavin-deficient 
diets. As in rats, atabrine exerted only a 
slight riboflavin-sparing action in mosquito 
larvae. The riboflavin-sparing action of 
atabrine in rats has been explained by the 
partial replacement of riboflavin by the 
structurally similar analogue in flavin-con
taining enzymes, or by the inhibition, by 
atabrine, of the metabolic destruction of 
the vitamin (13). Since a sparing effect 
was also observed in A. aegypti larvae, 
the same explanation may hold for that 
species.

According to Woolley (11), the action 
of an antagonist cannot always be over
come by the addition of the metabolite. 
When the harmful effect of an analogue 
of a vitamin is not reversed by the vitamin, 
it is difficult to decide whether the toxic
ity is due to the analogue’s antimetabolic 
activity. In the case of galactoflavin and 
atabrine there was no evidence that these 
compounds act as riboflavin antagonists 
for mosquito larvae, and indeed they can 
hardly be considered as true riboflavin 
antagonists for these insects.

Since no specific signs of a pantothenic 
acid deficiency in mosquito larvae are 
known, the antimetabolic activity of o>- 
methylpantothenate could only be inferred 
by analogy. u-Methylpantothenate is the 
only pantothenic acid analogue that causes 
a pantothenic acid deficiency in higher ani
mals, including rats, mice, chicks (18), and 
humans (19). This analogue is the most 
toxic of all pantothenic acid analogues for 
several species of lactic acid bacteria (20).

Pantoyl taurine and pantothenol inhibit 
the growth of bacteria, but not that of 
higher animals (17). Pantothenol only 
slightly inhibited mosquito larvae, and 
pantoyl taurine had no inhibitory effect. 
Similarly, pantothenol and pantoyl taurine 
inhibited house fly larvae only when ad
ministered in high concentrations (1 ). 
Furthermore, pantoyl taurine is not toxic 
when injected into silkmoth pupae (4 ). 
Thus mosquito larvae, similarly to the 
other insects investigated, resemble higher 
animals, rather than bacteria, in their re
sponse to inhibitory analogues of panto
thenic acid.

D-Pantothenyl alcohol, which is an ef
fective substitute for pantothenic acid in 
warm blooded animals, but not in lactic 
acid bacteria (17), was ineffective in mos
quito larvae.

The utilization of pantothenyl alcohol by 
animals depends upon its in vivo conver
sion to pantothenic acid. Mosquito larvae 
are apparently unable to perform this con
version.
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ABSTRACT The effect of varying levels of dietary protein on the turnover rates of 
the combined proteins of several tissues in rats was studied. The rate of loss of isotope 
from the proteins of each tissue labeled following injection of DL-methionine-S35 was 
measured in young rats fed diets containing zero to 60% of casein for 3 weeks. The 
tissues examined were liver, kidney, plasma, spleen, intestinal mucosa, heart, muscle 
and testis. The apparent turnover rate of the proteins of each tissue was calculated 
from the slope of the response curve of the specific activity obtained plotting against 
the first, fourth and seventh day following injection of labeled methionine. Among 
these tissue proteins, the turnover rates of intestinal mucosa, plasma, kidney, spleen 
and liver proteins were affected by the protein level in the diet, and were increased 
with increments of the protein level. However, no further increase was observed by 
increasing the protein level above 25 or 40%. The response curves of the changes in 
turnover rates of these proteins plotted against the protein level were similar to that 
of body weight plotted in a similar way.

It is pertinent from the point of view of 
nutrition to determine the effect of dietary 
protein level on the turnover rate of tissue 
proteins. Solomon and Tarver (1 ) demon
strated that the rate of loss of methionine
s '  from the proteins of plasma, liver and 
kidney in rats was dependent on the pro
tein content of the diet and that the rate 
of loss with a high protein diet was higher 
than that with a diet containing low pro
tein. Steinbock and Tarver (2 ) measured 
the changes in half-life and replacement 
rate of the plasma protein in rats that oc
curred when the protein content of the 
diet changed. Jeffay and Winzler (3 ) have 
reported that the turnover rate of the S33- 
labeled serum albumin in rats was depend
ent on the level of dietary protein, whereas 
the turnover rate of the S35-labeled serum 
globulins was not. In contrast, recently 
Yuile et al. (4 ), using C14-labeled plasma 
proteins in dogs, observed that the turn
over rates of both plasma albumin and 
globulins were increased by increasing the 
level of dietary protein, but any further 
increase was not demonstrated with more 
than adequate protein level. Thus the re
sults obtained by Yuile et al. differ some
what from those reported by Steinbock and

Tarver (2 ), and Jeffay and Winzler (3 ), 
in respect to the effect of increasing the 
level of dietary protein on the turnover 
rate of the total plasma protein, albumin 
and globulins. Furthermore, little informa
tion is available concerning the effect of 
dietary protein on the turnover rates of 
many other tissue proteins.

Muramatsu and Ashida (5 ,6 ) have re
ported that several liver enzymes in rats 
responded to the varying levels of dietary 
protein differently, and that the response 
curves of some enzymes were correlated 
with those of the growth rates in animals. 
With respect to this problem, it appeared 
desirable to know whether any relation
ships may exist between the response 
curves of turnover rates of tissue proteins 
plotted against the level of dietary protein 
and that of the growth rates of animals 
plotted in a similar way.

The present study was, therefore, 
planned to investigate in detail the effect 
of varying levels of dietary protein on the 
rate of loss of isotope from the proteins of
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tion, Department of Agricultural Chemistry, Shizuoka
University, Iwata, Shizuoka-ken, Japan.
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some tissues; liver, kidney, plasma, spleen, 
intestinal mucosa, heart, muscle and testis 
in rats injected intraperitoneally with S35- 
labeled methionine. It was found that the 
rates of loss of radioactivity from the pro
teins of intestinal mucosa, plasma, kidney, 
spleen and liver increased with increasing 
levels of dietary protein, but did not fur
ther increase significantly with the protein 
levels above 25 or 40%, and that the 
response curves of their turnover rates 
plotted against the dietary protein level 
were similar to those of the growth rates 
in animals plotted in a similar way, as 
observed in the activities of some liver 
enzymes (5, 6).

EXPERIMENTAL

Animals and diets. Male weanling rats 
of the Wistar strain were fed a basal diet 
containing 25% of casein until they at
tained a body weight of 55 to 60 g. They 
were housed in individual cages in an air 
conditioned room maintained at approxi
mately 25°C, and were fed the experimen
tal diet and water ad libitum throughout 
the test periods. The experimental diets 
used, in which variations in the protein 
content were accomplished by substitution 
for a-starch, are shown in table 1. About 
15 animals per group were used, except 
that 30 animals were used in a protein-free 
group.

Treatment of animals. After the rats 
had received the experimental diets for 
21 days, all animals received intraperito
neally 2 pc of DL-methionine-S35 (3.0 X 106 
count/min) per 100 g of body weight. They 
were then placed in metabolism cages, and 
killed on the twenty-second, twenty-fifth 
and twenty-eighth day of the experiment, 
i.e., on the first, fourth and seventh day 
after injecting methionine-S35. All rats were 
anesthetized with ether and killed by with
drawing blood from the heart.

Corrected s.a.t =

Preparation of samples. Blood was col
lected in a centrifuge tube containing 
0.2 ml of 1% sodium heparinate solution, 
and the plasma was separated by centrifu
gation. Liver, kidney, spleen, intestinal 
mucosa, heart, muscle and testis were rap
idly removed. They were frozen at — 20°C 
in a deep freezer, and aliquots were ho
mogenized in a glass homogenizer with a 
Teflon pestle using cold 10% TCA. In 
animals fed a protein-free diet, tissues of 
each of the 2 rats were pooled and homog
enized. Heart and muscle were dissolved 
in 0.4 n  NaOH prior to above treatment (7).

The labeled proteins of various tissues 
were prepared by the usual method (8 ), 
then digested with perchloric-nitric acid 
(Piries’ reagent). Sulfur was precipitated 
as benzidine sulfate, filtered and dried; 
then its radioactivity was measured on 
filter paper with a windowless gas-flow 
Geiger counter. Corrections were made for 
background, self-absorption and radioac
tive decay. The benzidine sulfate was then 
titrated with 0.01 n  NaOH in a boiling 
solution, using phenol red indicator. The 
results were expressed as specific activity 
(counts per minute per milligram of 
sulfur).

Correction of specific activity. In the 
growing animals the observed decrease in 
the specific activity with time following 
injection of labeled methionine is due not 
only to the turnover of the protein, but 
also to the dilution effect from an increase 
in the total protein as the animal increases 
in body size. Jeff ay (9 ) has shown that in 
the determination of serum proteins in 
growing rats the actual change in pool size 
must be considered. Therefore, to obtain 
the correct turnover rate of proteins of 
each tissue, the dilution effect due to the 
increase of protein content must be elim
inated. An estimation of the corrected spe
cific activity was made according to the 
following equation.

observed s.a. at timet X total protein content at timet 
total protein content on the first day following injection 

of labeled methionine 

where t =  time of day following injection of methionine-S35.
Corrected s.a.t =  expected specific activity corrected for increase 

of protein content at timet.
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TABLE 1
Composition of experimental diets

% % % % %
Casein 0 10 25 40 60
Sesame oil 5 5 5 5 5
Salts mixture1 5 5 5 5 5
Vitamin mixture1-2 0.25 0.25 0.25 0.40 0.60
a-Starch 89.6 79.6 64.6 49.4 29.2

1 Harper, A. E., J. Nutrition, 68: 405, 1959.
2 The diet also contained per 100 g: 0.15 g of choline chloride (1 ml in 5 0 %  ethanol) and 0.07 

ml of a mixture containing vitamin A, 30,000 IU and vitamin D2, 3,000 IU/ml (Chokora A, Eisai 
Company, Ltd., Tokyo).

The correction should be made essentially 
for zero time, but for convenience, was 
made for the first day following injection 
of labeled methionine. No correction was 
made for the muscle proteins. Protein was 
determined by the method of Lowry et al. 
(1 0 ) .

RESULTS
The rates of decrease of the specific 

activity in proteins of each tissue in this 
study are shown in figure 1. The curves 
in this figure were drawn by plotting the 
average data for the specific activity of 
proteins of each tissue against the time 
following injection of DL-methionine-S35.

In the preliminary experiments, we 
observed that the specific activities of 
proteins of each tissue following the 
intraperitoneal administration of labeled 
methionine reached a maximum at about 
one to 8 hours, after which it showed a 
gradual decline. However, no significant 
changes in muscle were observed through
out 7 days following injection of the iso
tope. These results were not significantly 
different from those of Tarver et al. (11, 
12), who observed the same reactions by 
administering methionine-S35, orally (11) 
or intravenously (12). In addition, it was 
found that the time required for reaching 
the maximal radioactivity in liver proteins 
was not markedly altered in each group 
fed diets containing varying levels of pro
tein. From these preliminary experiments, 
it was assumed that on the first day the 
level of the S35 labeling in several tissues 
would reach the maximal value. There
fore, the radioactivity in tissue proteins 
was measured on the first, fourth and 
seventh day following injection of methio
nine-S35 in order to determine the rate of 
loss of the labeling in tissue proteins, i.e., 
the turnover rate.

Figure la  indicates that the level of the 
labeling of liver proteins was highest in 
rats receiving a protein-free diet, and lower 
as the protein level of the diet was in
creased. Nearly the same value was ob
served for the 40 and the 60% casein 
group. Similar results were observed in 
kidney and intestinal mucosa. Figure la 
also shows that the rates of decrease of the 
specific activity of the liver proteins in rats 
of all groups were nearly linear throughout 
the duration of the experiment, and the 
rate of decrease was slowest with a protein- 
free diet and became greater as the level of 
the dietary protein increased from zero to 
25%, but did not greatly change with the 
protein levels above 25% . Changes in the 
specific activity of the methionine sulfur in 
the liver proteins of rats fed diets contain
ing different dietary protein levels using 
the procedure in which the cystine sulfur 
was removed as the cuprous mercaptide
(13), were also determined. No signifi
cant differences were observed between 
these results and those in figure la.

The rate of loss of radioactivity of the 
kidney proteins in rats receiving diets con
taining varying levels of casein was similar 
to that of the liver proteins (fig. lb ). How
ever, each initial level of the specific ac
tivity on the first day was slightly higher 
than that observed in the liver proteins.

The rate of decrease of the specific ac
tivity of the intestinal mucosa proteins in 
each group was higher than that of the 
liver and kidney proteins in each corre
sponding group (fig. lc ). In this tissue, 
the slope of the decline was not linear over 
the entire period, showing that there are 
at least 2 groups of proteins having differ
ent turnover rates in this experimental 
condition. The rate of loss of specific ac
tivity in these tissue proteins with a pro-
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Days

Fig. 1 Specific activities of the proteins of liver, kidney, intestinal mucosa, spleen, 
plasma, heart, muscle and testis in rats fed diets containing varying levels of casein. The 
curves are drawn by plotting the mean of the specific activity on the semilog section paper 
against the time following injection of DL-methionine-S35. Vertical lines represent specific 
activity (count/min/mg of sulfur of protein). Horizontal lines represent days after injection 
of the radioisotope. Values of each point represent standard error of the mean (X  10-3 ). 
Four to 5 rats were used for each point.
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tein-free diet and the 10% casein diet was 
less than that with the 25% or more casein 
diets, as observed in the liver and kidney 
proteins.

The specific activities of the spleen pro
teins in rats fed a protein-free diet were 
decreased from the first to the fourth day, 
followed by a slight increase from the 
fourth to the seventh day (fig. Id ). The 
initial levels of the specific activity of the 
spleen proteins on the first day following 
injection of the radioisotope in each group 
did not differ to the same extent as those 
of the intestinal mucosa, kidney and liver 
proteins, and the specific activity levels of 
zero and 10% casein groups were lower 
than those of the intestinal mucosa and 
kidney proteins in each corresponding 
group. Similar observations were also 
noted in the other tissues such as plasma, 
heart, muscle and testis (fig. le - lh ).  In 
these tissues, furthermore, the slope of the 
specific activity with a protein-free diet 
tended to remain relatively constant dur
ing the entire period under consideration, 
or to increase slightly from the fourth to 
seventh day of the experiments. In heart 
and testis tissues, the rate of loss of spe
cific activities failed to show large changes 
among all groups fed diets containing 
varying levels of casein. Therefore, the 
effect of dietary protein level on the rate 
of loss of radioactivity in heart and testis 
proteins was less clear. Muscle tissue pro
teins appear to show the least change in 
the rate of loss of the specific activity.

Fig. 2 Changes in the percentage decrease of 
specific activities of some tissue proteins of rats 
fed diets containing varying levels of casein.

Figure 2 was obtained by plotting the 
percentage decrease of the specific activity 
in proteins of each tissue during the period 
from the first to seventh day against the 
dietary level of protein. This figure indi
cates that the rate of loss of the label from 
the proteins in several tissues such as 
intestinal mucosa, plasma, kidney, spleen 
and liver, increased with increasing levels 
of casein in this diet, but no further in
crease was observed with the protein levels 
above 25 or 40%, and that the pattern of 
these changes resembled those of the body 
weight as shown in figure 3.

Fig. 3 Changes in body weight of rats fed 
diets containing varying levels of casein. Vertical 
lines represent standard error of the mean.

DISCUSSION

The radioactivity levels of the proteins 
in intestinal mucosa, kidney and liver on 
the first day following injection of methio- 
nine-S35 in each group were higher than, 
or the same as, those of the other tissues 
examined in each corresponding group. In 
all of the above mentioned tissues the 
radioactivities in the proteins were higher 
in rats that received lower protein diets 
than in those fed protein-rich diets. Sim
ilar observations have been made by sev
eral workers, in rat liver (1 ), in rat plasma
(14), in rat serum and liver (15), in rat 
visceral organs including liver (16), in dog 
serum (17). Sidransky and Farber (18), 
and Nimni and Bavetta (19), feeding rats 
a threonine- or tryptophan-deficient diet, 
respectively, also reported that the specific 
activity of liver and serum proteins for the 
deficient group was higher than that for 
the supplemented group. The lower spe
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cific activities, on the first day, of intestinal 
mucosa, kidney and liver proteins in rats 
that received the high protein diets are 
considered to be due to the greater dilution 
of the label with methionine in dietary 
protein, as suggested by Solomon and Tar
ver (1 ). In spleen, plasma, heart, testis 
and muscle, on the other hand, the specific 
activities on the first day did not differ 
with varying dietary protein levels as much 
as those in intestinal mucosa, kidney and 
liver, even though these tended to be lower 
as the protein level in the diet increased. 
Accordingly, it is considered that the label
ing in these tissues was not affected to any 
extent by variations in the methionine of 
dietary origin.

The slope of the response curve of 
the specific activity obtained by plotting 
against the first, fourth and seventh day 
following injection of labeled methionine 
will reflect the apparent turnover rate of 
the proteins of each tissue. The average 
apparent half-life of proteins of some tis- 
tues in rats fed the 25% casein diet, which 
were estimated from the slope of the re
sponse curve of the specific activity, were 
as follows: intestinal mucosa, about 2.0 to
2.9 days; plasma, 3.3 to 4.4 days; spleen,
4.1 days; kidney, 4.1 to 4.9 days; liver,
5.0 days. The half-life of heart, muscle 
and testis proteins could not be calculated, 
since the changes in the specific activities 
of these tissue proteins during 7 days were 
not significant. These values do not neces
sarily indicate the true turnover rates, be
cause the re-utilization of the label would 
occur. It may be considered, however, that 
the apparent turnover rates of some tissue 
proteins calculated above would be close to 
the true value, since it has been shown by 
Goldworthy and Volwiler (20) that re
utilization of the isotope does not become 
significant until about 4 weeks after intra
venous injection of labeled plasma protein 
into dogs fed an adequate diet. The half- 
life values of liver and plasma protein 
have been estimated by many workers, 
showing 2.8 to 7 days for the former pro
tein (11, 12, 21, 22) and 3 to 5 days for 
the latter one (2, 4, 23, 25). Thompson 
and Ballou (22) demonstrated the exist
ence of labile and also inert components 
in nearly all tissues. The value for the 
turnover rate of proteins of each tissue in

this study would belong to that of the 
dynamic component in tissue.

The results shown in figure 2 indicate 
that the apparent turnover rates of some 
tissue proteins increased with increasing 
the protein level in the diet, and those 
of intestinal mucosa and liver proteins 
reached a maximum with about 25% ca
sein level, and those of kidney, plasma and 
spleen proteins reached a maximum with 
about a 40% casein level, but no further 
increase occurred with the protein levels 
above 25 or 40%. These results are in 
agreement with those of Yuile et al. (4 ), 
who showed that the rate of plasma protein 
turnover was more rapid in dogs receiving 
adequate dietary protein than in those re
ceiving a deficient protein diet; and that 
when increments were made to this ade
quate dietary protein level, no further in
crease in turnover occurred. However, 
present data differed somewhat from those 
reported by Solomon and Tarver (1), Stein- 
bock and Tarver (2 ) and Jeff ay and Winz- 
ler (3 ), who observed that the turnover 
rate of liver, total plasma and serum albu
min protein in rats increased with increas
ing the levels of dietary protein. To con
firm our results, we made a re-investigation 
on the turnover rates of the liver proteins 
in rats receiving the 25% or more protein 
diets (26). The results showed that the 
turnover rate of liver proteins was slightly 
increased as the casein level in diets was 
increased from 25 to 60%. However, the 
increases were much less than those in the 
turnover rate of liver proteins with in
creasing the casein level from zero to 25% .

Previous reports indicated that the feed
ing of the lower protein diets that did not 
produce maximal growth resulted in the 
decrease of liver nitrogen and of some 
liver enzyme activities such as xanthine 
oxidase and succinic dehydrogenase in 
rats (5, 6). Comparison of the present 
results with the previous results leads one 
to consider that there may be a correlation 
between the pattern of the growth response 
and the response curves of the turnover 
rate of some tissue proteins or those of 
liver xanthine oxidase because the maxi
mal growth was obtained in rats receiving 
about 25% casein diet, at which level the 
turnover rate of some tissue proteins or
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the activity of liver xanthine oxidase 
reached each maximal value.

The decreased turnover rate of tissue 
protein might be considered as an occur
rence accompanied by the decreased de
composition of nucleic acid. In that case, 
this may be a reason that there is a corre
lation between the response curve of liver 
xanthine oxidase which participates in the 
catabolism of the purine bases of nucleic 
acid and that of the turnover rate of tissue 
protein.
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